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INTRODUCTION 

I n  March 1975,  Amoco O i l  Research, under c o n t r a c t  wi th  EPRI, began 
a three-year p r o j e c t  on l i que fac t ion  c a t a l y s i s  (1,2). The s p e c i f i c  purpose 
was t o  develop one o r  more supe r io r  c a t a l y s t s  f o r  hydro l ique fac t ion  processes  
i n  advanced s t a g e s  of development, such a s  the  H-Coal process .  The primary 
i n t e r e s t  was i n  the  conversion o f  coa l  t o  a clean-burning b o i l e r  f u e l ,  low 
i n  s u l f u r  and ash.  

The hydro l iquefac t ion  of coa l  i s  a complex process  which involves  

An improved c a t a l y s t  f o r  coa l  l i q u e f a c t i o n  must s a t i s f y  
c lose  i n t e r a c t i o n  between t h e  s o l u b i l i z e d  c o a l ,  hydrogen donor so lven t ,  
and c a t a l y s t .  
s eve ra l  requirements,  bu t  two key a s p e c t s  a r e  h igh  i n i t i a l  a c t i v i t y  f o r  
l i que fac t ion -desu l fu r i za t ion  and good ag ing  c h a r a c t e r i s t i c s .  

I n i t i a l  c a t a l y s t  performance w a 6  determined in a batch  test un i t .  
A l a r g e  number of c a t a l y s t s ,  both commercially a v a i l a b l e  and experimental ,  
have been screened f o r  i n i t i a l  performance. C a t a l y s t s  s e l e c t e d  on the  
b a s i s  of  t h e i r  phys ica l  and chemical p r o p e r t i e s  a s  w e l l  as i n i t i a l  per- 
formance i n  t h e  sc reen ing  test were then  sub jec t ed  t o  continuous flow 
opera t ion  f o r  approximately one week t o  determine t h e i r  e a r l y  deac t iva t ion  
behavior.  
t o  f a c t o r s  such  as coking, s i n t e r i n g  and meta ls  depos i t ion .  Therefore a 
c r u c i a l  a spec t  i n  developing a coa l  l i q u e f a c t i o n  c a t a l y s t  is continuous 
opera t ion  f o r  extended per iods .  

Good i n i t i a l  performance of a c a t a l y s t  may r a p i d l y  dec l ine  due 

EXPERIMENTAL 

Batch Screening Unit 

The screening  of  c a t a l y s t s  f o r  i n i t i a l  performance w a s  c a r r i e d  out  
i n  a one - l i t e r  s t i r r e d  au toc lave .  
(60-100 mesh g ranu les ,  p red r i ed ) ,  150 g coa l  and about 300 g l i que fac t ion  
so lven t  w a s  charged t o  t h e  au toc lave  a t  ambient condi t ions .  The coa l  w a s  
I l l i n o i s  No. 6 from Burning S t a r  Mine, ground to pass  a 40 mesh screen .  
The s o l v e n t  cons i s t ed  p r imar i ly  of mono-, di- ,  and t r imethylnaphtha lenes  
derived from petroleum r e f i n i n g  and was e s s e n t i a l l y  f r e e  of s u l f u r ,  n i t r o -  
gen and oxygen. 
and r e a c t o r  temperature w a s  r a i sed  t o  750°F i n  about 60 minutes.  

A mixture of  10 grams of c a t a l y s t  

Pressure ,  hydrogen flow rate and mixing speed were set 
Af te r  
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r eac t ion  a t  t h a t  temperature f o r  40 t o  60 minutes,  t h e  r e a c t o r  w a s  
cooled r a p i d l y  f o r  removal of t h e  r e a c t o r  con ten t s  a t  ambient condi t ions .  
The t e s t  cond i t ions  are l i s t e d  below. 

Ca ta lys t  Screening Conditions 

Ca ta lys t  
Coal, I l l i n o i s  No. 6 
Solvent 
Pressure  
Hydrogen flow rate 
Mixing speed 
Temperature (maximum) 
Reaction time a t  750°F 

l og ,  60-100 mesh 
150g 
300g 
2000 p s i g  
3 f t 3 / h r  
1800 rpm 
750°F 
40-60 minutes 

Product Workup and Analysis--Batch Unit  

Evaluation of c a t a l y s t  performance w a s  based on t h e  fo l lowing  pro- 
cedure f o r  s epa ra t ing  l i q u i d  product from s o l i d  res idue .  The r e a c t o r  
conten ts  were vacuum f i l t e r e d  and t h e  f i l t r a t e  segrega ted .  Res idua l  
material w a s  recovered from t h e  r e a c t o r  wi th  benzene and washed through 
t h e  f i l t e r  cake. A f t e r  a d d i t i o n a l  washing wi th  benzene, t he  f i l t e r  cake 
and paper were Soxhlet  e x t r a c t e d  f o r  1 6  hours  wi th  benzene. The benzene 
so lu t ions  were combined and d i s t i l l e d  t o  recover  an e x t r a c t  t h a t  was added 
t o  the  o r i g i n a l  f i l t r a t e .  The f i n a l  l i q u i d  which con ta ins  c o a l  product ,  
l i q u e f a c t i o n  so lven t  and a small amount of r e s i d u a l  benzene w a s  sub jec t ed  
t o  e lementa l  a n a l y s i s  t o  determine product q u a l i t y .  The a n a l y s i s  w a s  
cor rec ted  f o r  water and benzene p resen t .  The s o l i d  r e s idue  w a s  d r i e d  a t  
16OoC i n  a vacuum oven. A mois ture  and a sh  f r e e  conversion w a s  def ined  on 
t h e  b a s i s  of s o l i d  r e s idue  wi th  t h e  assumption t h a t  any change i n  t h e  
weight of  t h e  c a t a l y s t ,  which w a s  no t  s epa ra t ed  from t h e  c o a l  r e s idue ,  
would b e  of minor importance. Conversion, thus  de f ined ,  has  been re- 
fe r red  t o  as  benzene s o l u b l e  conversion although, s t r i c t l y  speaking, t h e  
f i l t e r e d  product i n i t i a l l y  segrega ted  i n  t h e  product workup conta ined  some 
converted ma te r i a l  t h a t  is i n s o l u b l e  i n  benzene. 

Cata lys t  Performance Indices--Batch Unit  

L iquefac t ion  conversion and t h e  s u l f u r  conten t  of t h e  c o a l  l i q u i d  
were used as t h e  primary i n d i c a t o r s  of c a t a l y s t  performance. 
obtained i n  t h e  absence of  c a t a l y s t  provided t h e  r e a c t i o n  b a s e l i n e  whi le  
F i l t r o l  cobalt-molybdenum on alumina w a s  s e l e c t e d  a s  t h e  r e fe rence  f o r  
comparing i n i t i a l  c a t a l y s t  performance. 

The r e s u l t s  

Under o therwise  cons t an t  cond i t ions ,  conversion of coa l  t o  l i q u i d  
product depends on r e a c t i o n  t i m e  and whether o r  n o t  a hydrogenation 
c a t a l y s t  i s  p resen t .  Simple r e a c t i o n  k i n e t i c s  do no t  de f ine  t h e  inc rease  
i n  conversion wi th  i n c r e a s i n g  r e a c t i o n  t i m e .  Hence, some means o t h e r  than  
t h e  r eac t ion  rate cons t an t  is needed t o  a s s e s s  c a t a l y s t  a c t i v i t y .  I f  t h e  
conversion obta ined  without added c a t a l y s t  can be  viewed as t h e  r e s u l t  of 
noncatalyzed o r  thermal r e a c t i o n ,  then a t  any given r e a c t i o n  t i m e  t h e  
increased  conversion obta ined  wi th  c a t a l y s t  p re sen t  is i n d i c a t i v e  of 
c a t a l y s t  performance. The r a t i o  o f  t h i s  i n c r e a s e  t o  t h a t  ob ta ined  wi th  
t h e  r e fe rence  c a t a l y s t ,  F i l t r o l  HPC-5, i s  def ined  a s  the  conversion index. 
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There i s  a l s o  a corresponding decrease  i n  product s u l f u r  conten t  a s  
r eac t ion  t i m e  is increased .  A s  with  conversion, a d e s u l f u r i z a t i o n  index 
can be  def ined  as t h e  decrease  i n  product s u l f u r  from t h e  noncatalyzed 
base l ine  r e l a t i v e  t o  t h a t  obtained wi th  t h e  r e fe rence  c a t a l y s t  a t  t h e  
same r e a c t i o n  t i m e .  

Continuous Tes t ing  Unit 

The continuous p i l o t  p l an t  c o n s i s t s  of t h r e e  main s e c t i o n s  a s  shown 
i n  t h e  flow diagram (Figure  1). The f i r s t  s e c t i o n  c a l l e d  t h e  feed  module 
conta ins  a l l  equipment f o r  feeding  coa l  s l u r r y  and h igh  p res su re  hydrogen. 
The c e n t e r  s e c t i o n  which is t h e  r e a c t o r  module con ta ins  a 1-liter s t i r r e d  
au toc lave  and l i q u i d  product recovery system. The t h i r d  module conta ins  
t h e  gas let-down, metering and sampling f a c i l i t i e s .  The des ign  condi t ions  
inc lude  a maximum working p res su re  and temperature of 4000 p s i g  and 900°F. 
Once-through hydrogen is used i n  t h e  c a t a l y s t  a c t i v i t y  test ,  bu t  gas r ecyc le  
has  been provided. The once-through ope ra t ion  is p re fe r r ed  f o r  ag ing  
tests s i n c e  hydrogen p res su re  i s  maintained cons t an t ,  independent of 
t h e  l i g h t  ends production. 

The combined stream of coa l  s l u r r y  and hydrogen gas  i s  cont inuous ly  
in t roduced  i n t o  t h e  bottom of t h e  l i q u e f a c t i o n  r e a c t o r  and r eac t ion  products 
withdrawn through a v e r t i c a l  overflow tube. 
given i n  Figure 2 .  Reactor holdup can be  va r i ed  by changing t h e  overflow 
tube  he igh t .  A 60 cc  c a t a l y s t  charge i s  r e t a i n e d  i n  a s t a t i o n a r y  annular  
baske t .  
a s su res  good mixing and con tac t ing  of t h e  c o a l  s l u r r y  wi th  t h e  c a t a l y s t .  

Test Conditions--Continuous Unit 

A schematic o f  t h e  r e a c t o r  i s  

A s p e c i a l l y  designed b l ade  impel le r  p l u s  h igh  a g i t a t i o n  ra te  

The nominal ope ra t ing  condi t ions  used f o r  c a t a l y s t  t e s t i n g  i n  t h e  
continuous p i l o t  p l a n t  are a s  follows: 

Cata lys t  Test Conditions 

Pressure  
Temperature 
Hydrogen feed  r a t e  
S lu r ry  feed  ra te  
S lu r ry  concent ra t ion  
LHSV 
Residence t i m e  
Ca ta lys t  charge  
Mixing speed 

137 a t m  (2000 ps ig )  
427OC (800°F) 
170 l i t e r s / h r  (6 s c fh )  
400 gmJhr 
20 wtX,  -400 mesh coa l  ( I l l .  1/6) 
1.33  gm coa l /h r  - c c  c a t  
48 minutes 
60 cc 
1500 rpm 

Product Workup--Continuous Unit 

Product workup requi red  cons iderable  a t t e n t i o n  i n  t h i s  c a t a l y s t  
development program. To measure c a t a l y s t  performance, one needs inform- 
a t i o n  on coa l  conversion and product q u a l i t y .  However, t h e  informat ion  
m u s t  s a t i s f y  c e r t a i n  requirements s p e c i f i c  t o  t h e  development program. 
This  i nc ludes  con t ro l  of t h e  aging test, a r ap id  measurement based on a 
small sample, and eva lua t ion  of t h e  product q u a l i t y ,  us ing  a l a r g e r  sample 
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Coal l i q u i d s  a r e  normally cha rac t e r i zed  by s o l u b i l i t y  i n  a given 
so lvent .  In so lub le s  i n  coa l  product m y  be determined by d i f f e r e n t  
procedures which vary  i n  e x t r a c t i o n  so lven t ;  t he re fo re ,  t he  so lven t  used 
def ines  conversion. 

The product workup methods s e l e c t e d  inc lude  two micro and one macro 
res idue  method using benzene and t e t r ahydro fu ran  (THF). Conversion based 
on the micro-benzene method (pressur ized  f i l t r a t i o n  us ing  m i l l i p o r e  ca r t -  
r i dge  f i l t e r )  provides a quick index  of product q u a l i t y .  Benzene so lub le  
ma te r i a l s ,  such a s  asphal tenes  and o i l s ,  r ep resen t  t he  upgraded f r a c t i o n  of 
b o i l e r  f u e l .  Conversion based on the  micro-THF method measures b o i l e r  f u e l  
y i e l d .  
sample f o r  b o i l i n g  range de termina t ion  and elemental  a n a l y s i s .  
THF r e s idue  method (Soxhlet  e x t r a c t i o n )  i s  used f o r  t h i s  purpose. 

Deta i led  eva lua t ion  of t h e  l i q u i d  c o a l  product r e q u i r e s  a l a r g e r  
The macro- 

DISCUSSION 
BATCH SCREENING RESULTS 

Cobalt-Molybdenum Composition 

The e f f e c t  of varying t h e  cobalt-molybdenum composition was examined 
t o  determine i f  t h e  optimum c a t a l y s t  composition f o r  coa l  l i q u e f a c t i o n  
might be d i f f e r e n t  than  t h a t  t y p i c a l l y  used i n  commercial desu l fu r i za t ion  
c a t a l y s t s  and t o  ga in  an i n d i c a t i o n  of t he  impact of d i f f e rences  i n  
c a t a l y s t  composition on performance i n  the  screening  test. The s tudy  was 
made with two alumina suppor ts  having d i f f e r e n t  su r f ace  proper t ies - -  
Cyanamid PA (ca.  300 m2/g, 60 8) and Kaiser KSA Light (ca.  180 m2/g, 160 %. 

With both aluminas, conversion index increased  r ap id ly  up to about 
10  w t %  MOO-, and then  very slowly a t  h igher  molybdena conten ts  (Figure 3).  
Both c a t a l y s t  systems responded s i m i l a r l y  t o  coba l t  wi th  t h e  optimum ly ing  
between 2 and 4 wtX COO. The Kaiser  alumina. however, provided a more 
a c t i v e  c a t a l y s t  than Cyanamid PA. 

For desu l fu r i za t ion ,  t h e  two suppor ts  were i n d i s t i n g u i s h a b l e  (Figure 4 ) .  
Like conversion, d e s u l f u r i z a t i o n  index  increased  r a p i d l y  up t o  about 10 w t %  
MOO but then l eve led  of f  as molybdena conten t  was increased  f u r t h e r .  The 
opt?mum coba l t  conten t  f o r  d e s u l f u r i z a t i o n  was a l s o  between 2 and 4 w t %  COO. 
However, desu l fu r i zah ion  was much more s e n s i t i v e  than  conversion when t h e  
cobal t  conten t  w a s  reduced t o  zero .  

Since c a t a l y s t s  made wi th  two suppor ts  having d i f f e r e n t  su r f ace  
p rope r t i e s  showed a s i m i l a r  r e l a t i o n s h i p  of performance t o  composition, 
i t  appears reasonable  t h a t  a s i n g l e  composition o f ,  say,  3 w t X  COO and 
15% Moo3 would be appropr i a t e  f o r  s tudying  the  e f f e c t s  of t he  support  on 
i n i t i a l  c a t a l y s t  performance. Furthermore, small dev ia t ions  from t h i s  
composition should have only a minor e f f e c t  on c a t a l y s t  performance. 

Surface Proper ty  Ef fec t s  

The study on su r face  p r o p e r t i e s  of cobalt-molybdenum c a t a l y s t s  
focused p r i m r i l y  on the  su r face  a r e a  and average pore diameter.  
sur face  p r o p e r t i e s  a r e  considered important because the  number of c a t a l y t i c  
s i t e s  a v a i l a b l e  depends on s u r f a c e  a r e a  and t h e  a c c e s s i b i l i t y  of these  
sites is  l imi t ed  by t h e  pore s t r u c t u r e .  
i nd ica to r  of po re  s t r u c t u r e  although t h e  d i s t r i b u t i o n  of pore s i z e s  m y  
wel l  be more important.  
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Consider,  f o r  example, t h e  r e l a t i o n s h i p  o f  i n i t i a l  performance t o  
the  s t r u c t u r a l  p r o p e r t i e s  of t h e  alumina suppor ted  c a t a l y s t s .  
t O  su r f ace  a r e a ,  conversion index (CI) is r e l a t i v e l y  cons t an t  over  a wide 
range whi le  d e s u l f u r i z a t i o n  index  (S I )  i nc reases  wi th  inc reas ing  su r face  
a r e a  (F igure  5). A corresponding d i s p a r i t y  of performance is shown wi th  
r e spec t  t o  average  pore  diameter (Figure 6 ) .  The p r e f e r r e d  average pore  
diameter f o r  d e s u l f u r i z a t i o n  appears  t o  be  sma l l e r  than  f o r  conversion. 

These observa t ions  provide a b a s i s  f o r  s e l e c t i n g  catalysts  f o r  

With r e spec t  

continuous t e s t i n g .  
might be reso lved  by a c l o s e r  look a t  such f a c t o r s  as pore  s i z e  d i s t r i b u t i o n .  
However, app ropr i a t e  choices  f o r  de te rmining  t h e  r e l a t i o n  of a c t i v i t y  
maintenance t o  s u r f a c e  p r o p e r t i e s  should  inc lude  aluminas wi th  average  
pore  d iameters  i n  t h e  range of 100 t o  200 8. 

There is admi t ted ly  some s c a t t e r  i n  t h e  d a t a  which 

DISCUSSION-- 
CONTINUOUS TESTING RESULTS 

The shor t - te rm aging behavior w i l l  now be  d i scussed  f o r  a v a r i e t y  o f  
c a t a l y s t s  t e s t e d  i n  t h e  continuous p i l o t  p l a n t .  The main c a t a l y s t  para- 
meters w e  have focused on are su r face  p r o p e r t i e s ,  impregnating procedures ,  
and type of c a t a l y t i c  metals. 

Sur face  P r o p e r t i e s  and Imprewat ion  Procedures 

The e f f e c t  of su r f ace  p r o p e r t i e s  and impregnating methods w a s  in- 
ves t iga t ed  by impregnating a series of alumina suppor t s  wi th  c o b a l t  and 
molybdenum. A phosphoric a c i d  impregnating a i d  was used i n  some cases 
to  a d j u s t  t h e  a c i d i t y  of t h e  impregnating so lu t ion .  Again, t o  f a c i l i t a t e  
da t a  i n t e r p r e t a t i o n ,  s u r f a c e  a r e a  and average  pore  diameter w e r e  t h e  two 
parameters used t o  c h a r a c t e r i z e  t h e  su r face  p r o p e r t i e s ,  al though t h e  
d i s t r i b u t i o n  of po re  s i z e s  should a l s o  be  considered. The va r ious  CoMo 
on alumina c a t a l y s t s  t e s t e d  a r e  l i s t e d  i n  Table I .  

Table I. CoMo on Alumina Ca ta lys t s  

Major Pores APD SA PV ABD 
Ca ta lys t  ID* 8 A&cc/gg/cc 

€IDS-1442 ( r e f )  30-110 58 323 .56 .57 
KSA-LP 50-250 105 195 .70 .59 
Grace-100UP 60-200 118 140 .54 .69 
Grace-2OOW 110-300 l a 7  7a .44 .75 

Grace-100U 60-200 122 167 .59 .68 
Grace-ZOOU 110-300 202 92 .52 .73 

- 
*U: unimodal; P: phosphorus a d d i t i o n  
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Referring t o  F igure  7 ,  w e  compare l i q u e f a c t i o n  conversion f o r  t h e  
var ious  c a t a l y s t s  t o  t h e  r e fe rence  c a t a l y s t ,  HDS-1442A. F i r s t  of a l l ,  
t h e  l a rge r  pore c a t a l y s t ,  Grace-ZOOUP, r e s u l t s  i n  h igher  conversion than  
the  smaller pore  vers ion ,  Grace-100UP. The c a t a l y s t  based on Kaiser  
KSA-LP alumina e x h i b i t s  a r ap id  d e c l i n e  i n  a c t i v i t y  even though i t s  APD 
is around 100 8. 
t h a t  t h e  KSA-LP alumina has  a broad d i s t r i b u t i o n  of pore s i z e s .  

Closer i n spec t ion  o f  t h e  pore s i z e  d i s t r i b u t i o n  r evea l s  

The e l imina t ion  of t h e  phosphoric a c i d  impregnating a i d  causes an 
upward s h i f t  i n  conversion f o r  t h e  c a t a l y s t  prepared wi th  Grace-100U 
alumina. However, no improvement w a s  observed on t h e  l a r g e  pore  Grace-ZOOU 
alumina by e l imina t ing  t h e  phosphoric ac id .  Therefore t h e  b e s t  l i q u e f a c t i o n  
performance is y h i e v e d  wi th  an  alumina having an  APD and su r face  area of 
100 8 and ZOO m /pm, r e spec t ive ly .  
a i d  is de t r imen ta l  t o  t h e  l i q u e f a c t i o n  performance. 

Furthermore,  a phosphoric a c i d  impregnating 

Desul fur iza t ion  performance of t h e  c a t a l y s t s  w a s  eva lua ted  by 
monitoring the  s u l f u r  conten t  of t h e  r e s i d  f r a c t i o n  (975OF+) of t h e  c o a l  
l i q u i d  product.  Re fe r r ing  t o  F igure  8, t h e  lowest s u l f u r  l e v e l  w a s  achieved 
wi th  t h e  c a t a l y s t  prepared on Grace-100U alumina. We aga in  conclude t h a t  
t h e  Grace-100U alumina g ives  t h e  b e s t  o v e r a l l  performance. 

Al te rna te  C a t a l y t i c  Metals 

A s e r i e s  of c a t a l y s t  tests t o  exp lo re  t h e  e f f e c t s  of vary ing  hydro- 
genation and cracking  a c t i v i t y  w a s  a l s o  performed. 
metals t e s t e d  inc lude  N i - W ,  Ni -Mo,  Ni-Mo-Re, a l l  suppor ted  on t h e  sma l l  
pore  Grace 100 alumina. Cracking a c t i v i t y  w a s  i nc reased  by impregnating 
t h e  alumina wi th  s i l i c a  p r i o r  t o  impregnation wi th  t h e  c a t a l y t i c  metals.  
The s p e c i f i c  vers ion  t e s t e d  w a s  a Ni-Mo on a s i l i c a  promoted alumina. 
Inspec t ions  f o r  t h e  c a t a l y s t s  employing a l t e r n a t e  c a t a l y t i c  metals are 
l is ted in Table 11. 

Al te rna te  hydrogenation 

Table 11. Ca ta lys t  Inspections--Alternate Hydrogenation Metals 

APD '$A PV ABD 
C a t a l y s t  Composition - 2 m J g & &  

HDS-1442A 3.1 COO-13. 2 Moo3 58 323 .64 .57 
Grace-100U 2.9 COO-16.8 Moo3 122 167 .59 .68 

NiW-100U 3 Ni0-25 W03 118 140 .52 .75 

NiMoRe-100U 3 Ni0-16 MoO3-2.3 R e  113 158 .58 .69 
.66 

NiMo-lOOU 2.0 Ni0-16.2 Moo3 119 163 .62 .67 

NiMo-lOOU/Si 3 Ni0-16 MOO? --- --- --- 
Benzene so lub le  conversion i s  p l o t t e d  a g a i n s t  t i m e  on stream i n  

Figure 9 f o r  all of t h e  c a t a l y s t s  i n  Table 11. 
molybdenum c a t a l y s t  (Grace-100U), bo th  NiMo and NiMoRe gave lower benzene 
so lub le  conversion and f a s t e r  d e c l i n e  rates. Addition o f  rhenium t o  
NiMo had l i t t l e  e f f e c t .  

Compared t o  the  cobal t -  

The more a c i d i c  suppor t ,  s i l ica promoted alumina, 



d id  not improve performance of nickel-molybdenum. The inc rease  i n  benzene 
so luble  conversion of NiMo c a t a l y s t s  over  t he  r e fe rence  HDS-1442A c a t a l y s t  
can probably be expla ined  by more f avorab le  s u r f a c e  p r o p e r t i e s  and h igher  
dens i ty .  Nickel-tungsten gave t h e  lowest benzene s o l u b l e  conversion which 
confirmed previous  ba tch  screening  r e s u l t s .  

CONCLUSIONS 

Ef fec t ive  tests have been developed t o  eva lua te  c o a l  l i que fac t ion  
c a t a l y s t s  and relate t h e i r  performance t o  c a t a l y t i c  p rope r t i e s .  I n i t i a l  
performance i n  t h e  ba tch  un i t  was r e l a t e d  t o  meta ls  loading  of coba l t  
and molybdenum and su r face  p r o p e r t i e s ,  s p e c i f i c a l l y  average pore  d iameter  
and su r face  a r e a .  
f o r  s e v e r a l  c a t a l y s t s  i n  a continuous p i l o t  p l a n t  u n i t .  
had the  most pronounced e f f e c t  on ag ing  performance; type  of c a t a l y t i c  
meta ls  appeared t o  be  a secondary e f f e c t .  

Aging behavior o f  l i q u e f a c t i o n  c a t a l y s t s  w a s  e s t ab l i shed  
Surface  p r o p e r t i e s  
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BATCH SCREENING OF COAL LIQUEFACTION CATALYSTS 
WITH A FALLING BASKET REACTOR 

William R. Alcorn, George E. Elliott, and Leonard A. Cull0 

The Harshaw Chemical Co., Box 22126,  Beachwood, Ohio 44122 

The Harshaw Chemical Company and Battelle Columbus Laboratories have 
been studying coal liquefaction catalysts in a joint program spon- 
sored by the Dept. of Energy. Its objective is the development of 
catalysts of improved life and selectivity for direct liquefaction 
processes. 

Harshaw's specific objective is to identify catalysts of superior 
activity and selectivity, i.e. those that most efficiently use hy- 
drogen in forming coal liquids with low heteroatom content. These 
will then be tested by Battelle for longer term aging characteristics. 
This paper is a report of progress with about half of the planned 
screening tests completed. 

Experimental System 

The test system, diagrammed in Figure 1, is based on an Autoclave 
Engineers 1-liter Magnedrive reactor and is designed to run whole 
formed catalysts in an environment of coal slurry with continuous 
hydrogen flow. 

Illinois No. 6 coal from Consolidation Coal Company's Burning Star 
Mine No. 2 was analyzed as follows after grinding and drying. 

Moisture 1 . 3  
Ash 1 2 . 0  
Carbon 68.3 
Hydrogen 4.7 
Nitrogen 1 . 2  
Sulfur 3.2 
Oxygen (by diff.) 9 . 3  

The coal is charged to the reactor as 30% MAF coal in a vehicle. 
Two vehicles have been used. The first is a "heavy o i l "  cut of a 
coal tar from Koppers Co. Analyses of this vehicle and the coal are 
shown below. 

Wt % Components 
Coal Heavy Oil 

Oil 1.0 76.9 
Asphaltenes 0.3 22.8 
Pre-asphaltenes 7.8 
Residue 90.9 1 0 - 3  

100.0 100.0 

% Sulfur 3.2 0.44 
% Nitrogen 1 . 2  0.96 
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I n  t h e  second series o f  r u n s  t h e  v e h i c l e  i s  t e t r a l i n .  Run c o n d i t i o n s  
f o r  t h e  t w o  series are a s  f o l l o w s :  

V e h i c l e  Heavy O i l  T e t r a l i n  

P r e s s u r e ,  p s i 9  
Temperature, OC 
A c t i v a t i o n  i n  H2/H2S, h r  
Thermal Reac t ion  P e r i o d ,  hr*  
C a t a l y t i c  Reac t ion  P e r i o d ,  h r  
I n l e t  H 2  Flow, SCFH 
C a t a l y s t  Charge, cc 
W t  Coal, g 
W t  Vehic le ,  g 
Volume of S l u r r y ,  cc 

* A f t e r  hea tup  t o  425OC 

4000 
425 

1 . 5  
0.5 
2.0 
5 

25 
188  
355 
471 

2500 
425 

1 . 5  
1 .0  
2 .0  

1 0  
25 

1 6 2  
306 
4 7 1  

F a l l i n g  Baske t  Reactor 

I t  i s  d e s i r a b l e  t h a t a c a t a l y s t  s c r e e n i n g  tes t  s i m u l a t e  cont inuous  oper -  
a t i n g  c o n d i t i o n s  as f a r  as  p o s s i b l e .  I n  t h i s  c a s e ,  f i v e  requi rements  
w e r e  set i n  advance.  

1. B a t c h  o p e r a t i o n  f o r  r a p i d  s c r e e n i n g .  
2 .  P r e - a c t i v a t e  t h e  c a t a l y s t  i n  s i t u  w i t h  H 2 / H  S. 
3. 
4 .  Avoid c o n t a c t  o f  c a t a l y s t  w i t h  s l u r r y  d u r i n g  hea tup .  
5 .  Separa te  thermal  from c a t a l y t i c  convers ion  e x p e r i m e n t a l l y .  

The F a l l i n g  Baske t  R e a c t o r ,  i l l u s t r a t e d  i n  F i g u r e  2 ,  w a s  developed t o  
m e e t  t h e s e  r e q u i r e m e n t s .  With t h i s  d e v i c e ,  t h e  c a t a l y s t  i s  suspended 
i n  t h e  gas  phase d u r i n g  t h e  i n i t i a l  s t a g e s  of t h e  run ,  t h e n  lowered 
i n t o  t h e  l i q u i d  f o r  t h e  c a t a l y t i c  r e a c t i o n  p o r t i o n .  C a t a l y s t  (25  cc) 
is loaded i n  t h e  f o u r  a r m s  o f  t h e  b a s k e t  assembly which moves a l o n g  a 
grooved s l e e v e  a t t a c h e d  t o  t h e  a g i t a t o r  s h a f t .  In  o p e r a t i o n  t h e  
b a s k e t  i s  he ld  a t  t h e  t o p  o f  t h e  s h a f t  by a h o r i z o n t a l  notched groove  
a s  l o n g  a s  t h e  s h a f t  i s  r o t a t e d  a t  a c o n s t a n t  RPM. ( R o t a t i o n  speed  
w a s  set a t  3 0 0  RPM a f t e r  a p r e l i m i n a r y  mixing s t u d y . )  When r o t a t i o n  
is  s topped  and momentar i ly  r e v e r s e d ,  t h e  b a s k e t  t r a v e l s  down t h e  
groove  t o  t h e  bot tom p o s i t i o n  where it remains f o r  t h e  rest of t h e  
r u n .  The p o i n t  a t  which t h e  b a s k e t  d r o p s  i s  recorded  by a temporary 
d r o p  i n  b a t c h  t e m p e r a t u r e .  

P r e - a c t i v a t i o n  o f  t h e  c a t a l y s t ,  h e a t u p ,  p r e s s u r i z a t i o n ,  and a p e r i o d  
of thermal  r e a c t i o n  are accomplished a f t e r  s e a l i n g  t h e  r e a c t o r ,  b u t  
b e f o r e  c o n t a c t i n g  c a t a l y s t  and s l u r r y .  The c a t a l y t i c  p e r i o d  starts 
when t h e  b a s k e t  i s  dropped i n t o  t h e  l i q u i d  and s t o p s  when t h e  h e a t e r  
is removed from t h e  a u t o c l a v e .  F i g u r e  3 ,  a t y p i c a l  tempera ture  h i s -  
t o r y  o f  a r u n ,  shows t h a t  t h i s  sequence  r e s u l t s  i n  a w e l l  d e f i n e d  
r e a c t i o n  p e r i o d .  F i g u r e  3 a lso shows t h e  endotherm t h a t  a lways 
o c c u r s  d u r i n g  h e a t u p  a s  t h e  coal undergoes thermal  d i s s o l u t i o n .  

U s e  formed c a t a l y s t  ( t a b l e =  s e x t r u d a t e s f  r a t h e r  t h a n  powder. 

P r o d u c t  A n a l y s i s  

P r o d u c t  a n a l y s i s  schemes are s i m i l a r  f o r  t h e  t w o  v e h i c l e s  e x c e p t  f o r  
t h e  a d d i t i o n  of a d i s t i l l a t i o n  s t e p  i n  t h e  t e t r a l in  r u n s  ( F i g u r e  4 ) .  
The v e h i c l e  remained w i t h  t h e  c o a l  l i q u e f a c t i o n  p r o d u c t s  i n  t h e  heavy 
o i l  runs .  The t e c h n i q u e s  used  t o  s e p a r a t e  o i l  (pentane  s o l u b l e ) ,  
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asphaltenes (benzene soluble, pentane insoluble), and pre-asphaltenes 
(pyridine soluble, benzene insoluble) are well known. 

Effluent gas was monitored by GC for 
that there were no significant differences among catalysts in the 
gases formed, nor between catalysts and no catalyst. It was con- 
cluded that light hydrocarbons come from the coal (not the vehicle) 
at the test operating conditions, whether or not catalyst is present. 

Samples of the separator condensate and the distillate obtained during 
product workup were analyzed by GC for the tetralin runs. Particular 
attention was paid to the relative amounts of decalin, tetralin, and 
naphthalene as indicators of hydrogenation activity. 

The results are presented in terms of elemental analyses of product 
( % S ,  %N, and H/C atomic ratio); extraction analyses (oil/asphaltene 
ratio and % pre-asphaltenes); the decalin/naphthalene ratios of dis- 
tillate and separator product (for tetralin runs); and conversion. 
Conversion is defined as 100 less the percent MAF coal charged that 
remains benzene insoluble. Note that the chemical analyses refer to 
coal plus vehicle in the heavy oil runs, but only to coal products 
in the tetralin runs. 

5 0  runs, enough to establish 

Catalysts 

Eight 1 / 8  in. tabletted catalysts were tested in the heavy oil series 
at 4000 psig. Four of these tablets and ten 1/16 in. extrudates have 
been tested to date in the runs with tetralin at 2500 psig. Various 
blank and duplicate runs were made with both vehicles. 

The reference catalyst is Harshaw's CoMo-0402 T 1/8, which has been 
reported in connection with work on the Synthoil process and other 
studies. Other catalysts are designated either by their commercial 
name (as HT-400) or by a simple chemical notation (as NiMo). The 
catalysts tested to date represent a variety of chemical compositions 
and support structures. For example, two sets of NiMo extrudates 
were made to have systematically varying pore structure; these are 
designated on Table 2 as A-1, B-1, etc. 

Catalysts are loaded on a volume basis ( 2 5  cc). Packed densities 
cover a wide range, tablets running 1.0 - 1.1 q/cc and extrudates 
0.6 - 0.8 g/cc. Weight of catalyst charged therefore ranges from 
about 1 5  to 2 8  q. 

General Results 

Test results from runs with heavy oil vehicle are summarized in 
Table 1, and from tetralin runs in Table 2 .  All runs were at the 
operating conditions given above except for the few special run times 
indicated by notes to the tables. The runs are listed in order of 
decreasing oil/asphaltene ratio in the product. 

Mass recoveries typically run 97 to 99% with heavy oil and higher 
with tetralin; the small variations do not affect the conclusions. 
"Conversion" of coal to liquids also falls within a narrow range for 
standard runs and does not differentiate among catalysts. Thermal 
conversion (no catalyst present) is about 2-3% lower than the average 
catalytic conversion with heavy oil, and about 6-7% lower with 
tetralin. The fact that the catalytic conversions are close attests 
to the reproducibility of the test, for conversion varied widely when 
time was varied as in Runs 18, 19, and 20. Excellent reproducibility 
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i s  a lso demonstrated by t h e  s i m i l a r  r e s u l t s  found i n  d u p l i c a t e  Runs 
32 and 50, and 29 and 52 (Table  2 ) .  

As noted  e a r l i e r ,  t h e  amount and composi t ion  o f  e f f l u e n t  g a s e s  do n o t  
appear  t o  be i n f l u e n c e d  by t h e  p r e s e n c e  o f  a c a t a l y s t .  S i m i l a r l y ,  
t h e  amount o f  s e p a r a t o r  condensa te  i s  e s s e n t i a l l y  c o n s t a n t  f o r  a 
f i x e d  r u n  t i m e .  However, i t s  composi t ion  is r e l a t e d  t o  t h e  a c t i v i t y  
of  t h e  c a t a l y s t  used ,  as may be  s e e n  from t h e  d e c a l i n / n a p h t h a l e n e  
r a t i o s  given i n  T a b l e  2 .  The d a t a  show t h a t  s e p a r a t o r  p r o d u c t  i s  more 
s a t u r a t e d  than  t h e  s o l v e n t  which remains i n  t h e  reactor and becomes 
" d i s t i 1 l a t e  " . 

S p e c i a l  Runs 
The marked e f f e c t  of  a c a t a l y s t  on s u l f u r  removal, H/C r a t io ,  and 
c o n v e r s i o n  o f  a s p h a l t e n e s  t o  o i l s  i s  s e e n  from comparison of  Run 9 
(no c a t a l y s t )  w i t h  any of  t h e  c a t a l y t i c  r u n s  on Table  1. However, 
removal o f  n i t r o g e n  he teroa toms from t h e  c o a l  a p p e a r s  t o  be n e a r l y  a s  
d i f f i c u l t  wi th  a c a t a l y s t  as  w i t h o u t .  

Comparison o f  Runs 24 and 27 
on t e t r a l i n  i n  t h e  absence  o f  coal. Much m o r e  d e c a l i n  w a s  made i n  t h e  
p r e s e n c e  of a c a t a l y s t :  1 . 4 %  i n  Run 2 4 ,  b u t  4 8 %  i n  Run 27. 

I n  t h r e e  i n s t a n c e s  r u n  t i m e  w a s  v a r i e d  w i t h  t h e  s a m e  c a t a l y s t .  Runs 
1 9 ,  20, and 1 8 ,  w i t h  t h e  r e f e r e n c e  CoMo c a t a l y s t ,  had c a t a l y t i c  r u n  
t i m e s  of 0.4,  2 .0 ,  and 2.5 h r s .  Without  e x c e p t i o n ,  as  r u n  t i m e  i n -  
c r e a s e s ,  H/C and o i l / a s p h a l t e n e  r a t io s  i n c r e a s e  and % p r e - a s p h a l t e n e s  
and % S d e c r e a s e .  

I n  t h e  t e t r a l i n  series, Run 43 had 0 . 5  h r  m o r e  t h e r m a l  exposure t h a n  
Run 4 2 ,  o t h e r  t h i n g s  be ing  e q u a l ,  and showed m o r e  r e a c t i o n  i n  each 
of  t h e  v a r i a b l e s  t a b u l a t e d .  S i m i l a r l y ,  Run 36 (1 hr thermal ,  2 h r  
c a t a l y t i c )  shows more r e a c t i o n  t h a n  Run 35 ( 2  h r  t h e r m a l ,  1 h r  c a t a -  
l y t i c )  with t h e  same c a t a l y s t .  

(Table  2 )  shows t h e  e f f e c t  o f  c a t a l y s t  

Comparison of C a t a l y s t s  

I n  g e n e r a l ,  t h e  d a t a  i n d i c a t e  t h a t  a l l  t h e  measures  o f  c a t a l y t i c  
a c t i v i t y  are i n t e r r e l a t e d .  I n s p e c t i o n  o f  T a b l e s  1 and 2 shows t h a t  
t h e  fo l lowing  p r o p e r t i e s  c o i n c i d e :  

-h igh  o i l / a s p h a l t e n e  and H/C r a t io s ,  both  measuring t h e  e x t e n t  of 
hydrogen a d d i t i o n  t o  t h e  coal, 

- l o w  S and N i n  t h e  product  ( t h e  l a t te r  less d e f i n i t e l y )  and lower % 
p r e - a s p h a l t e n e s ,  a l l  measures  o f  c a t a l y t i c  a c t i o n  on t h e  l i q u e f i e d  
coal, 

-high d e c a l i d n a p h t h a l e n e  r a t i o  i n  both  d i s t i l l a t e  and s e p a r a t o r  
p r o d u c t s ,  showing a c t i v i t y  i n  s o l v e n t  hydrogenat ion .  

The c o r r e l a t i o n  between H/C and o i l / a s p h a l t e n e  r a t i o s  i s  shown graphi -  
c a l l y  i n  F i g u r e s  5 and 6.  With r e s p e c t  t o  t h e  heavy o i l  r u n s  ( F i g .  5 ) ,  
a l l  t h e  p o i n t s  e x c e p t  Run 1 9  (0.4 hrs)  a p p e a r  t o  f i t  a c o r r e l a t i o n .  
I t  i s  concluded t h a t  some k i n d  o f  t h e r m a l e q u i l i b r a t i o n  between c o a l ,  
s o l v e n t ,  and hydrogen h a s  been reached  i n  t h e  s t a n d a r d  l e n g t h  r u n s ,  
and more hydrogen a d d i t i o n  i s  a c h i e v e d  e i t h e r  by l o n g e r  c o n t a c t  
t i m e  o r  a b e t t e r  c a t a l y s t .  The a c t i v i t y  d i f f e r e n c e s  among c a t a l y s t s  
i n  t h e  heavy o i l  r u n s  are r e l a t i v e l y  s m a l l  i n  s p i t e  o f  t h e  v a r i e t y  
of  composi t ions  employed. I t  is  b e l i e v e d  t h a t  t h e  u n i f o r m i t y  of 
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r e s u l t s  i s  due ,  i n  p a r t ,  t o  t h e  f a c t  t h a t  t h e  v e h i c l e  i s  n o t  s e p a r a t e d  
from t h e  c o a l  and p l a y s  a major  role  i n  t h e  observed  r e s u l t s .  Another 
reason  may be t h e  u s e  o f  t a b l e t s  i n  t h i s  series. T a b l e t s  t e n d  t o  have 
s i m i l a r  p o r e  s t r u c t u r e s  a t  t h e i r  e x t e r n a l  s u r f a c e s  which may mask 
chemical  d i f f e r e n c e s .  

Table  2 and F i g u r e  6 show a wider  r a n g e  o f  r e s u l t s  w i t h  t e t r a l i n  and 
ex t ruded  c a t a l y s t s .  C e r t a i n  N i M o  c a t a l y s t s  have demonstrated v e r y  
good r e l a t i v e  performance i n  t h i s  test .  However, t h e  s i x  N i M o  c a t a -  
l y s t s  t e s t e d  i n  Runs 3 1  - 4 3 ,  d i f f e r i n g  p r i m a r i l y  i n  pore  s t r u c t u r e ,  
show l i t t l e  d i f f e r e n c e  i n  performance. It i s  premature  t o  draw f i r m  
c o n c l u s i o n s  r e g a r d i n g  t h e  key f a c t o r s  t h a t  a f f e c t  c a t a l y s t  a c t i v i t y ,  
and more w o r k  is r e q u i r e d  b e f o r e  r e l a t i n g  performance t o  p r o p e r t i e s .  

N i W  c a t a l y s t s  have n o t  shown up w e l l  v s .  N i M o  i n  t h e  few tests com- 
p l e t e d .  Regarding CoMo, t h e  b e s t  comparison so f a r  between similar 
N i M o  and CoMo c a t a l y s t s  i s  i n  Runs 3 2  and 50 vs. 3 3 ;  t h e  NiMo c a t a l y s t  
a p p e a r s  t o  be somewhat more a c t i v e  i n  each c a t e g o r y .  I t  i s  i n t e r e s t -  
i n g ,  however, t h a t  t h e  CoMo c a u s e s  less s a t u r a t i o n  of  t h e  s o l v e n t  than 
expected from i t s  p o s i t i o n  on t h e  t a b l e .  The same t h i n g  may be  s a i d  
of t h e  t a b l e t t e d  v e r s i o n  (Run 3 1 ) .  T h i s  may be an advantage.  

The f o u r  t a b l e t s  t e s t e d  on t e t r a l i n  gave s i m i l a r  r e s u l t s  (Table  2 ) .  
A s  expec ted ,  t h e y  are less a c t i v e  t h a n  cor responding  1 / 1 6  i n .  
e x t r u d a t e s .  The s i m i l a r i t y  o f  t a b l e t  r e s u l t s  p a r a l l e l s  t h e  same 
f i n d i n g  on t h e  heavy o i l  feed .  

P r i n c i p a l  Conclus ions  

Conversion of  coal t o  benzene s o l u b l e  l i q u i d s  is p r i m a r i l y  a thermal  
r e a c t i o n  dependent  on  tempera ture  and t i m e ,  o n l y  s e c o n d a r i l y  on 
c a t a l y s t .  A d d i t i o n  of  hydrogen t o  t h e  c o a l  l i q u i d s  and s o l v e n t  and 
removal of  he te roa toms are g r e a t l y  i n f l u e n c e d  by t h e  c a t a l y s t ,  and 
t h e s e  c h a r a c t e r i s t i c s  t e n d  t o  c o r r e l a t e  w i t h  e a c h  o t h e r .  T h i s  
s u g g e s t s  t h a t  one mechanism such as  rehydrogenat ion  o f  t h e  s o l v e n t  
may be t h e  dominat ing p r o c e s s  which s e p a r a t e s  good from bad c a t a l y s t s .  

I f  t h i s  p i c t u r e  o f  t h e  p r o c e s s  is v a l i d ,  t h e  c a t a l y s t s  s e l e c t e d  by 
t h i s  s c r e e n i n g  test  are l i k e l y  t o  be  e f f e c t i v e  n o t  o n l y  i n  d i r e c t  
l i q u e f a c t i o n  p r o c e s s e s ,  b u t  a l s o  i n  p r o c e s s e s  where c a t a l y t i c  up- 
grad ing  of  t h e  coal l i q u i d s  i s  s e p a r a t e d  from t h e  l i q u e f a c t i o n  s t e p .  

S e v e r a l  c a t a l y s t s  have been i d e n t i f i e d  which show b e t t e r  shor t - te rm 
performance t h a n  t h e  r e f e r e n c e  CoMo t a b l e t .  The p r o p e r t i e s  which 
l e a d  t o  b e t t e r  c a t a l y s t  performance have n o t  y e t  been c l a r i f i e d ,  
nor  have a g i n g  tests been c a r r i e d  o u t .  

The f a l l i n g  b a s k e t  reactor s o l v e s  a numberof e x p e r i m e n t a l  problems 
i n  b a t c h  s c r e e n i n g  of c a t a l y s t s  f o r  c o n t i n u o u s  processes, e s p e c i a l l y  
i n  s e p a r a t i n g  thermal  from c a t a l y t i c  e f f e c t s  and i n  p r o v i d i n g  a w e l l  
d e f i n e d  r e a c t i o n  p e r i o d .  R e p r o d u c i b i l i t y  o f  r e s u l t s  i s  e x c e l l e n t .  
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C a t a l y s t  Development for Hydro l i que fac t i on  o f  Coal1 

E. W. Stern and S. G. H i n d i n  
ENGELHARD INDUSTRIES D I V I S I O N  

ENGELHARD MINERALS AND CHEMICALS CORP. 
Menlo Park, Edison, NJ 08817 

Abs t rac t  

This  paper summarizes observat ions made du r ing  t h e  development o f  a 
c a t a l y s t  screening t e s t  i n  the  i n i t i a l  phases o f  a program which has 
as i t s  o b j e c t i v e  t h e  development o f  improved c a t a l y s t s  f o r  t h e  d i r e c t  
hydro1 i q u e f a c t i o n  o f  coa l .  

The t e s t  i s  c a r r i e d  o u t  batchwise i n  a s t i r r e d  au toc lave  and employs 
I l l i n o i s  #6 coal  and a commercial pet ro leum based so l ven t  (Panasol AN3). 
U n c e r t a i n t i e s  i n  r e a c t i o n  t ime  and temperature a r e  no rma l l y  encountered 
i n  t h i s  mode o f  ope ra t i on  due t o  s u b s t a n t i a l  coa l  conversions d u r i n g  
hea t ing  and cool ing.  These u n c e r t a i n t i e s  have been reduced s i g n i f i c a n t l y  
by i n j e c t i n g  coal  a f t e r  a s l u r r y  of so l ven t  and c a t a l y s t  has reached 
opera t i ng  temperature and by r a p i d  c o o l i n g  a t  t h e  t e r m i n a t i o n  o f  t h e  
r e a c t i o n  pe r iod .  

Products a r e  separated in to ibenzene i n s o l u b l e ,  pentane i n s o l u b l e  
(asphal tene)  and pentane s o l u b l e  ( o i l )  f r ac t i ons .  Data ob ta ined  w i t h  
a commercial CoMo c a t a l y s t  i n  a s tudy o f  t he  e f f e c t  o f  r e a c t i o n  
va r iab les  on hydrogen consumption, coal  convers ion,  asphal tene and o i  1 
y i e l d s ,  and s u l f u r  removal i n d i c a t e  t h e  f o l l o w i n g :  

Hydrogen abso rp t i on  i s  l i n e a r  w i t h  t ime  and cont inues a f t e r  
maximum coal  convers ion (93%) i s  reached. 
pressure i n  t h e  range i n v e s t i g a t e d  (760-3000 p s i )  i n d i c a t i n g  a 
process f i r s t  o rde r  i n  hydrogen and t h e r e f o r e  independent o f  
coal  convers ion which becomes zero o rde r  i n  hydrogen above 
2000 p s i .  

A c l e a r c u t  d i s t i n c t i o n  between f i r s t  and zero o rde r  dependence 
on coal  i n  t h e  5D-80% convers ion range cannot be made. 
r e a c t i o n  tends toward f i r s t  o r d e r  a t  h ighe r  convers ion l e v e l s .  
Subs tan t i a l  convers ion o f  coa l  i s  observed i n  t h e  absence o f  
c a t a l y s t  and a t  ve ry  s h o r t  r e a c t i o n  t imes.  

Asphaltene y i e l d s  a re  p r o p o r t i o n a l  t o  convers ion u n t i l  about 
80% convers ion and remain r e l a t i v e l y  constant  t h e r e a f t e r .  
y i e l d s  increase w i t h  convers ion t o  maximum convers ion (93%).  

I t  i s  a l s o  l i n e a r  w i t h  

The 

O i l  

1 ERDA Con t rac t  No. EF-76-C-01-2335 
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S u l f u r  l e v e l s  i n  asphaltene and o i l  d e c l i n e  w i t h  i n c r e a s i n g  
y i e l d s  o f  these f r a c t i o n s .  

The r e l a t i o n s h i p  between asphal tene and o i l  y i e l d s  and s u l f u r  
contents  i s  n o t  a f f e c t e d  by temperature o r  c a t a l y s t  l oad ing .  

Most o f  these observat ions can be r a t i o n a l i z e d  v i a  a model i n  
which t h e  major  r o l e  o f  c a t a l y s t  i s  t o  ma in ta in  t h e  s o l v e n t  i n  a 
s u i t a b l e  s t a t e  o f  hydrogenation. 
branching mechanism f o r  f o rma t ion  o f  asphaltenes and o i l  r a t h e r  
than t h e  g e n e r a l l y  assumed sequence o f  f i r s t  o r d e r  reac t i ons .  

Moreover, t h e  data suppor t  a 
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INTRODUCTION 

EFFECTS OF MINERAL MATTER ON THE 
HYDROLIQUEFACTION OF COAL 

by 

Barry Granoff, Michael G.  Thomas, Paul M. Baca 
and George T. Noles 

Geo Energy Technology Department 
Sandi a Laboratories 

Albuquerque, New Mexico 87115 

Several previously published s tudies  have shown t h a t  t he  na tura l ly  
occurring minerals i n  coa l  may play a s ign i f icant  r o l e  i n  hydroliquefaction 
(1-6). 
content (1,2,4).  Iron - i n  t h e  form of py r i t e ,  py r rho t i t e  and l iquefac t ion  
residue - has been shown t o  a f f ec t  conversion and hydrogenation (2-4). 
ash, pyr rhot i te  and l iquefac t ion  residues have a l l  exhibited some a c t i v i t y  f o r  
t h e  desulfurization of coa l  (2,5),  and pyr rhot i te  has been shown t o  be  more 
ac t ive  than p y r i t e  f o r  t h e  desu l fur iza t ion  of thiophene (5) .  
severa l  clays were shown t o  catalyze t h e  isomerization of t e t r a l i n  t o  methyl 
indane and t h e  t r a n s f e r  of hydrogen from hydroaromatic t o  aromatic s t ruc tures  (6).  

The extent of conversion was shown t o  co r re l a t e  with t o t a l  mineral 

Coal 

Py r i t e  and 

We have shown, for  a s e r i e s  of h igh-vola t i le  bituminous coals having 
s imi la r  maceral contents, t h a t  the  extent of conversion, product v i scos i ty  and 
hydrogen consumption could be  cor re la ted  with t h e  mineral content ( 4 ) .  
combined r o l e  of pyr i t e ,  clays and organic su l fur  was shown, bu t  t h e  independent 
e f fec t  of each of these  components was not investigated i n  our previous work. 
To be t t e r  understand t h e  r o l e  of minerals i n  t h e  hydroliquefaction of coal,  w e  
decided t o  carry out a number of experiments, i n  a s t i r r e d  autoclave, i n  which 
pure minerals,' l iquefac t ion  residues and a commercial ca t a lys t  were added t o  
t h e  feed coal.  
residence time and solvent-to-coal r a t i o )  were held constant f o r  each run. 
I l l i n o i s  No. 6 coa l  was selected fo r  t h i s  work because of i t s  moderate lique- 
fac t ion  r eac t iv i ty  (4). It was assumed t h a t  grea te r  differences i n  conversion 
and product composition would be observed by augmenting the  mineral content of 
a moderately reac t ive  coa l  than by u t i l i z i n g  a very r eac t ive  (e.g. ,  western 
KentucQ) coal.  

The 

The experimental conditions (temperature, heating r a t e ,  pressure, 

EXPERIMENTAL PROCEDURES 

The coa l  used i n  a l l  of t he  experiments was I l l i n o i s  No. 6 (Orient 4 Mine), 
9 which was pulverized t o  minus 100 mesh. 

analyses a re  given i n  Table 1. 
Table 1, was obtained from t h e  x-ray d i f f rac t ion  ana lys i s  of low temperature 
ash (7,8). 

Proximate, u l t imate  and su l fu r  forms 
The mineral matter composition, a l so  shown in  

The percentages of py r i t e  and mixed layer clays were approximately 
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one-half t h e  corresponding values t h a t  were reported f o r  t h e  more reac t ive  
Kentucky No. 11 (Fies  Mine) coa l  ( 4 ) .  

The solvent used was creosote o i l ,  No. 4 cu t ,  which was obtained from 
t h e  Reilly Tar & Chemical Co. 
bo i l i ng  range of 270-4OO0C. 
was 2.50. 

This o i l  had a spec i f ic  grav i ty  of 1.12 and a 
The solvent-to-coal (daf )  r a t i o  used i n  a l l  runs 

The minerals, ca t a lys t  and res idue  used fo r  t h e  spiking experiments a r e  
described i n  Table 2. 
residue were included i n  t h i s  study because of t h e i r  po ten t i a l  c a t a l y t i c  impor- 
tance (1-6). Zinc su l f ide  was included because severa l  I l l i n o i s  coals have been 
found t o  have extremely high zinc contents (8). 
i n  the  form o f  t h e  mineral  spha le r i t e  (z inc  su l f ide ) .  The connnercial Co/Mo 
hydrodesulfurization ca t a lys t  was included as a reference "standard" with which 
t o  compare t h e  a c t i v i t y  of t h e  o ther  added species. The minerals were blended 
with the  dry coa l  by mi l l ing  i n  a mortar and p e s t l e  f o r  a minimum of 1 5  min. 
I n  each of t h e  spiking experiments, 2.50 g of t he  mineral, res idue  or  ca ta lys t  
w a s  used; t h i s  was equivalent t o  5% o f  t h e  daf coa l  charge. 

Py r i t e ,  py r rho t i t e  (FeS), clay and t h e  l iquefac t ion  

The zinc presumably occurred 

A l l  o f  t h e  l iquefac t ion  runs were car r ied  out i n  a one-li ter,  s t i r r e d  auto- 
clave. 
of 0 . 7  l i ter .  Nominal reac t ion  conditions were: 

The reac tan ts  were placed i n  a s t a in l e s s - s t ee l  l i n e r  t h a t  had a volume 

I n i t i a l  (cold) pressure : 1000 psig hydrogen 
Heatup t i m e  : 1.0 h r  
Temperature : 405°C 
Residence t ime a t  temperature: 0.5 h r  
Cooldown time : overnight (18 hr) 

A t  t h e  end of each run, following cooldown, the  overhead gases were vented 
through caustic scrubbers, and t h e  l i qu id  product was removed. 
accountabili ty was rout ine ly  95% or be t t e r .  
by centrifugation a t  2200 rpm f o r  45 min. 
(Brookfield), elemental composition and Soxhlet solvent extraction. Conver- 
s ion  was calculated on t h e  bas i s  of both pyridine and benzene insolubles.  
former was calculated from a forced ash balance (9),  t h e  l a t t e r  was obtained 
from the  expression: 

Material  
Solids separation was  effected 

Froduct analysis included v iscos i ty  

The 

Percent conversion = 100 1 - (OBIf/OBIi)] [ 
where OBIf and O B I i  a re  t h e  weight f r ac t ions  of organic benzene insolubles i n  
t h e  f i n a l  l i qu id  product and i n i t i a l  reac tan ts ,  respectively.  
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A crude estimate of hydrogen consumption was made by ca lcu la t ing  t h e  
difference between the  i n i t i a l  pressure (1000 ps ig  in  a l l  cases) and t h e  
f i n a l  pressure a f t e r  cooldown. The pressure d i f fe rence ,  AP, was normalized 
t o  t h a t  of t he  experiment i n  which no mineral o r  ca t a ly t i c  agent was added. 
A pressure r a t i o  was then defined a s :  

0 Pressure r a t i o  = A P / ~ P  

where APo was  t he  pressure difference f o r  t h e  cont ro l  (no added minerals) run. 
A s  defined above, t h e  grea te r  t h e  pressure r a t io ,  t he  grea te r  w a s  t h e  hydrogen 
consumption. The formation of hydrocarbon gases could have had an e f f ec t  on 
t h e  r a t i o ,  bu t  i t  was assumed t h a t  t h i s  would not a l t e r  t h e  observed trends.  

RESULTS AND DISCUSSION 

Data from t h e  autoclave experiments a r e  given i n  Table 3. It has been 
shown i n  t h e  l i t e r a t u r e  t h a t  coa l  can be converted t o  grea te r  than 90% pyridine 
solubles i n  l e s s  than th ree  minutes under t h e  proper reaction conditions (9,lO). 
I n  t he  present case of r e l a t ive ly  long heatup and residence times, reac t ion tem-  
peratures i n  excess of 400°C and use of a good l iquefac t ion  solvent,  it is clear 
t h a t  transformation t o  pyridine solubles reached a plateau (92 t o  94% conversion) 
t h a t  was independent of any added species.  

The conversion of t he  i n i t i a l l y  so lubi l ized  coa l  t o  molecular consti tuents 
t h a t  a r e  soluble i n  benzene i s  a slower process (9) .  
by t h e  lower conversions t o  benzene solubles as  shown in  Table 3. Whereas t h e  
addition of mineral matter did not a f f ec t  the  conversion t o  pyridine solubles,  
cer ta in  species such a s  FeS, l iquefac t ion  res idue  and Co/Mo did have an e f f ec t  
upon t h e  conversion t o  benzene solubles.  It i s  of some i n t e r e s t  t o  note t h a t  
py r i t e  did not a f f ec t  conversion, bu t  pyr rhot i te  - both as FeS and a s  t h e  pre- 
dominant form of i ron  i n  t h e  l iquefac t ion  res idue  (3,6,11) - did  r e s u l t  i n  an 
increase i n  conversion. 
conversion, and ZnS seemed t o  have a s l i g h t l y  negative e f f ec t  as seen by the  
decrease i n  conversion. 

This, i n  pa r t ,  may be  seen 

The Co/Mo ca t a lys t  had t h e  grea tes t  pos i t i ve  e f fec t  on 

Significant decreases i n  the  v i scos i ty  of t h e  l iqu id  products were observed 
f o r  the runs i n  which py r i t e ,  pyr rhot i te  (FeS) and Co/Mo had been added. 
smaller decrease i n  v iscos i ty ,  which i s  probably not s t a t i s t i c a l l y  s ign i f i can t ,  
was noted when t h e  l iquefaction res idue  had been used. 
kaol in i te ,  the  v iscos i ty  of t he  product increased. This increase  could have 
been caused by suspended pa r t i cu la t e  matter t h a t  was not removed by centrifu- 
gation. Zinc su l f ide  did not have any e f f ec t  on product v i scos i ty .  

A 

I n  t h e  experiment with 

We have previously shown, f o r  West Virginia coal,  t h a t  t he  v iscos i ty  of a 
coal-derived l i qu id  was dependent upon t h e  organic benzene insolubles and 
asphaltenes content, bu t  t he  benzene insolubles had a s ign i f i can t ly  @eater  
e f fec t  on v i scos i ty  than d id  asphaltenes (4,12). 
cosity i n  t h e  spiking experiments (Table 3) was observed when Co/Mo had been 
added t o  t h e  feed. 
product was e s sen t i a l ly  t h e  same as t h a t  obtained i n  t h e  control experiment, i n  

The l a rges t  decrease i n  vis- 

In t h i s  case, t he  asphaltene content of t h e  r e su l t i ng  l iquid 
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which no mineral or  ca t a lys t  had been added. 
resu l ted  i n  a s ign i f icant  reduction i n  organic benzene insolubles,  and t h e  l a rge  
decrease i n  v iscos i ty  was probably a d i r e c t  consequence of t h i s .  The addition 
of py r i t e  resulted i n  the  l a rges t  decrease i n  asphaltene content i n  the  en t i r e  
t e s t  s e r i e s ,  but d id  not a f f ec t  t h e  benzene insolubles.  The addition of pyrrho- 
t i t e  (FeS and residue) resu l ted  i n  decreases i n  both t h e  asphaltenes and organic 
benzene insolubles.  The observed decreases i n  v i scos i ty  i n  these  cases were 
a t t r i bu ted  t o  corresponding sh i f t s  i n  t h e  r e l a t i v e  quant i t ies  of t he  asphaltenes 
and benzene insolubles.  
p y r i t e  s ign i f icant ly  a f fec ted  only t h e  asphaltene content, whereas pyr rhot i te  
affected both the  organic benzene inso lubles  and asphaltenes. 

The addition of Co/Mo, however, 

An i n t e re s t ing  s e l e c t i v i t y  has been observed i n  which 

The hydrogen-to-carbon r a t i o s  of t h e  centrifuged l i qu id  products were qu i t e  
similar (Table 3 ) .  
by changes in  the  pressure r a t i o ,  increased i n  a l l  of t h e  spiking experiments. 
This increase was pa r t i cu la r ly  s i g n i f i c a n t  i n  t h e  run with Co/Mo, i n  which t h e  
pressure r a t i o  increased almost th ree- fo ld .  
products were similar,  it i s  proposed t h a t  hydrogen was primarily consumed f o r  
heteroatom removal, conversion of ( i n i t i a l l y  so lubi l ized)  coa l  t o  benzene solubles 
and production o f  hydrocarbon gases. In  t h e  case of Co/Mo, t h e  high hydrogen con- 
sumption, without a concomitant increase  i n  the  hydrogen content of the  l iqu id  
product, would appear t o  b e  undesirable with respect t o  process economics. 

The present da ta  show t h a t  hydrogen consumption, as indicated 

Since the  H/C r a t i o s  of t h e  l iqu id  

Significant decreases i n  t h e  su l fur  content of the  l iqu id  products were 
found i n  the  runs with FeS, ZnS and Co/Mo. I n  t h e  experiment with py r i t e ,  t he  
su l fu r  content o f  t h e  product was higher than t h e  corresponding product from t h e  
cont ro l  run where no minerals o r  ca t a lys t s  had been added. This may have been 
due t o  t h e  presence of extremely f i n e  p a r t i c l e s  of inorganic su l fu r  t ha t  could not 
be  removed by centri ikgation. 
quence o f  the f a c t  t h a t  p y r i t e  i s  not an e f f ec t ive  desu l fur iza t ion  ca t a lys t .  Work 
a t  Auburn University has shown t h a t  p y r i t e  was l e s s  e f f ec t ive  than no ca t a lys t  a t  
a l l  fo r  t h e  desu l fur iza t ion  of creosote o i l  ( 2 ) .  
FeS, was considerably more  ac t ive  f o r  su l fu r  removal than e i the r  py r i t e  or t h e  
l iquefaction residue (Table 3) .  
and with the data from a recent pu lse  microreactor study, where it was demonstrated 
t h a t  pyr rhot i te  was approximately four  t imes more ac t ive  than py r i t e  f o r  t he  
hydrodesulfurization of thiophene (5 ) .  I t  i s  conceivable, therefore,  t h a t  t h e  
non-stoichiometric i ron  su l f ides ,  which a r e  formed from t h e  py r i t e  during coal 
hydroliquefaction (6,11), are  the  ac t ive  species f o r  desulfurization. 

On t h e  o ther  hand, t h i s  could have been a conse- 

We have shown t h a t  pyr rhot i te ,  

This i s  i n  good agreement with the  Auburn work (2), 

Batch autoclave experiments have been car r ied  out with I l l i n o i s  No. 6 coa l  
(Orient 4 Mine) i n  creosote o i l .  Various minerals, a dry  l iquefaction residue 
and a Co/Mo ca t a lys t  were added t o  t h e  f eed  coal,  while a l l  process parameters 
(pressure,  temperature, residence time, heating r a t e  and solvent-to-coal r a t i o )  
were held constant. Significant increases  i n  conversion t o  benzene solubles 
were observed when pyrrhot i te  (FeS),  res idue  and Co/Mo had been used. 
i n  t h e  v iscos i ty  of t h e  l i q u i d  products were found i n  t h e  spiking runs with 
py r i t e ,  pyr rhot i te  and Co/Mo. 
experiment with Co/Mo and, i n  t h i s  case, a concomitant decrease i n  t h e  organic 

Decreases 

The l a r g e s t  decrease i n  v i scos i ty  occurred i n  t h e  
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benzene insolubles was found. 
affected only the  asphaltene content of t h e  l i qu id  product, bu t  pyr rhot i te  
affected both the  asphaltenes and the  organic benzene insolubles.  
shown t h a t  pyr rhot i te  and Co/Mo were ac t ive  f o r  desu l fur iza t ion ,  bu t  pyrite and 
most of t h e  other minerals were not. 
differences i n  the  venting pressure, increased i n  a l l  spiking experiments - 
especially when Co/Mo had been added t o  t h e  feed. 
products, however, were s imi la r .  
primarily f o r  heteroatom removal, conversion t o  benzene solubles and hydrocarbon 
gas formation. 

A s e l e c t i v i t y  was observed i n  which py r i t e  

The da ta  have 

Hydrogen consumption, as  estimated from 

The H/C r a t i o s  of t h e  l iqu id  
This would imply t h a t  hydrogen had been u t i l i zed  
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Table 1. Analysis of I l l i n o i s  No. 6 Coal' 

Proximite Analysis 

Vo la t i l e  Matter 
Fixed Carbon 
Ash 

36.69 
52.60 
10.71 

Sulfur Forms 

Pyr i t i c  
Sulfate 
Organic 

Ultimate Analysis Mineral Matter 

Carbon 71.48 

Sulfur 3.00 
Oxygen (difference) 8.47 
Ash 10.71 

Hydrogen 4.89 
Nitrogen 1.45 

Pyr i te  
Quartz 
Calc i te  
Kaolinite 
Mixed Clays 

1.27 
0.09 
1.64 

2.80 
2.20 

0.82 
6.35 

0.78 

' A l l  da ta  given as a percent of t h e  coa l  on a dry bas is .  

Table 2. Minerals and Catalysts Used f o r  the  Spiking Experiments 

Mineral Description 

FeS2 Single c r y s t a l  p y r i t e  from Sinaloa, Mexico. Pulverized t o  
minus 200 mesh. 

FeS 

ZnS Obtained from Cerac/Pure, Inc. as minus 325 mesh powder. 

Kaolinit  e Obtained from a c l ay  deposit  i n  Lewiston, Montana. 
t o  minus 100 mesh. 

Pulverized 

Co/Mo Commercial hydrodesulfurization ca t a lys t  (Harshaw 0402T). 
Crushed and screened t o  45 x 100 mesh. 

Residue Acetone-washed f i l t e r  cake obtained from previous run with 
I l l i n o i s  No. 6 coa l  i n  creosote o i l .  
minus 100 mesh powder. 

Used i n  the  form of a dry,  
(Ash = 48.4%; su l fur  = 4.@). 

2% 

Obtained from Cerac/Pure, Inc. as minus 100 mesh powder. 
Iden t i f i ed  as  pyr rhot i te ,  Fe S, by x-ray d i f f r ac t ion  (x = 0.14).  1- x 
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EVALUATION OF USE OF SYNGAS FOR COAL LIQUEFACTION 

Rand P. Batchelder  and Yuan C.  Fu 

P i t t s b u r g h  Energy Research Center  
U.S.  Department of  Energy 

4500 Forbes Avenue, P i t t s b u r g h ,  Pennsylvania  15213 

INTRODUCTION 

With tile f e a s i b i l i t y  of  c o a l  l i q u e f a c t i o n  having been demonstrated over  f o r t y  y e a r s  
ago, t h e  najor emphasis s i n c e  then  has been on process  modi f ica t ions  and c a t a l y s t  
development t o  inprove t h e  process  economics [ l ]  . Cost a n a l y s i s  o f  a t y p i c a l  c o a l  
l i q u e f a c t i o n  process  [2] r e v e a l s  t h a t  a s  much as 30 percent  o f  t h e  o v e r a l l  c o s t  i s  
r e l a t e d  t o  hydrogen product ion.  The proposed modi f ica t ion  i s  t o  use  syngas ( I 1  + CO) 
and s tear l  i n s t e a d  of I I  The advantages of  t h i s  mozif ica-  
t i o n  a r e  presented.  

The bench s c a l e  approach i n  t h e  d i r e c t  l i q u e f a c t i o n  of coa l  c o n s i s t s  o f  t r e a t i n g  a 
s l u r r y  o f  c o a l  i n  s o l v e n t  under h igh  1-1 
l a r g e  c o a l  molecules fragment t h e m a l l y  and a r e  hydrogenated v i a  hydrogen t r a n s f e r  
from a donor so lvent .  
i n c r e a s e s  from 0.7 t o  a n  approximate v a l u e  o f  0.9-1.0.  
b e  formed wi th  a d d i t i o n a l  11 uptake.  2 and d e s u l f u r i z a t i o n  processes  dur ing  l i q u e f a c t i o n .  
weight percent  o f  t h e  c o a l  feed ,  i s  produced by g a s i f i c a t i o n  of  coa l  and r e s i d u a l  
c h a r  t o  produce a s y n t h e s i s  gas .  The s y n t h e s i s  gas  as  produced i s  a mixture  o f  H 
CO, H20, and some CO$. ,  The "raw" syngas i s  then  passed through a s h i f t  conver te r  
t o  produce CO and a d i t i o n a l  H 2 . ,  S i n c e  t h e  gas  s t i l l  conta ins  about 2 - 3  p e r c e n t  
r e s i d u a l  CO, ?ur t l ier  p rocess ing  w i l l  be r e q u i r e d  b e f o r e  t h e  gas can  be used wi th  a 
CO-sensi t ive c a t a l y s t  [ 3 ] .  

a s  feed gas  t o  t h e  r e a c t o r .  2 

p r e s s u r e  a t  temperatures  o f  400-475' C .  The 2 

The l i q u i d  product  is formed as t h e  H/C atomic ra t io  o f  c o a l  
Lighter  l i q d i d  products  could 

A c a t a l y s t  would s e r v e  t o  promote hydrogenat ion 
The r e q u i r e d  I$, u s u a l l y  3-6 

2' 

SYNTHESIS GAS CONCEPT 

The syngas approach, i s  t o  bypass t h e  expensive gas p u r i f i c a t i o n  and s h i f t  conversion 
s t e p  and send t h e  product  from t h e  g a s i f i e r  d i r e c t l y  t o  t h e  l i q u e f a c t i o n  r e a c t o r  
a l o n g  w i t h  t h e  r e c y c l e  g a s  and added steam. The CO i n  t h e  feed  gas  r e a c t s  with steam 
t o  form 112 (CO + :I 0 - 1 1  + CO ) i n  t h e  l i q u e f a c t i o n  r e a c t o r  ra t l ie r  than  s e p a r a t e l y  
i n  t h e  water-gas s k f t  sysgen.  
catalyst i n  t h e  l i q u e f a c t i o n  r e a c t o r ,  c o n s i s t i n g  o f  t h e  convent ional  Co!.lo-SiO -A1 0 
f o r  l i q u e f a c t i o n  and d e s u l f u r i z a t i o n ,  which i s  impregnated wi th  K CO 
t h e  s h i f t  reac t ion .  

The obvious advantage of t h i s  modi f ica t ion  i s  tlie e l i m i n a t i o n  o f  t h e  c a p i t a l  and 
o p e r a t i n g  c o s t  o f  t h e  p u r i f i c a t i o n  and s h i f t  s t e p s .  In a d d i t i o n  t h e r e  w i l l  be a 
s l i g h t  improvenent i n  t h e  t h e r n a l  e f f i c i e n c y  o f  t h e  process .  
f o r  a l a r g e r  r e c y c l e  gas  c leanup s t e p  capable  o f  removing both  I I  S and C02. 
t h e  process  can b e  cons idered  v i a b l e  it must be proven t h a t  t h e  l i q u e f a c t i o n  a c t i v i t y  
i n  t h e  presence  of  CO, 1 1 2  and H,O is comparable t o  t h a t  wi th  H 

hiis can be accomplished by u t i l i z i n g  a b i f u n c t i o n a l  

2 3  t o  c a t a l y z e  2 3  

There i s  a need, however, 
Before 

2 '  
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To e v a l u a t e  t h e  e f f e c t  of  s u b s t i t u t i n g  s y n t h e s i s  gas  f o r  H 2 ,  we decided a t  f irst  t o  
look a t  t h e  SYNTIIOIL process .  The experimental  s e c t i o n  e x p l a i n s  how t h e  d i r e c t  ca ta -  
l y t i c  c o a l  l i q u e f a c t i o n  performance us ing  112 and 1i  -CO was compared i n  a s e t  o f  auto- 
c l a v e  experiments .  The r e s u l t s  of  a ba tch  r e a c t o r  cannot  be s imply used t o  p r e d i c t  
t h e  s teady  s t a t e  condi t ions  i n  a cont inuous commercial r e a c t o r .  An at tempt  was made, 
however, t o  c a l c u l a t e  f low condi t ions  f o r  coa l  l i q u e f a c t i o n  processes  us ing  H2 and 
H2-C0 on t h e  same b a s i s  us ing  au toc lave  da ta .  
t o  eva lua te  and compare t h e  p o t e n t i a l  mer i t  o f  us ing  syngas r a t h e r  than  t o  c a l c u l a t e  
t h e  a c c u r a t e  r e s u l t s  f o r  a commercial p rocess .  The e v a l u a t i o n  o f  SYNTIIOIL by Kat te l  
[2] was used a s  t h e  b a s i s  f o r  t h e  conceptual  design.  

2 

The o b j e c t i v e  is a pre l iminary  s tudy  

EXPERIPENTAL AND RESULTS 

The concept of l i q u e f y i n g  coa l  wi th  syngas was t e s t e d  i n  a s t i r r e d  au toc lave .  
autoclave was charged wi th  30 grams o f  West V i r g i n i a  bi tuminous c o a l ,  70 grams o f  
Solvent  Refined Coal process  s o l v e n t ,  10 grams o f  tl 0 
CoMo-K CO c a t a l y s t .  The au toc lave  was then  charge2 i i t h  a 2 : l  H -CO gas  mixture  
t o  1506 p $ i  (gage) ,  hea ted  t o  450' C (opera t ing  p r e s s u r e  2800-3008 p s i ) ,  held a t  
450' C f o r  15 min. and then  r a p i d l y  cooled by running water  through an immersed 
cool ing  c o i l .  

The CoP4o-K,CO 
CoMo-Si02-Al d c a t a l y s t  (Harshaw 0402T) wi th  K C 0 3  powder, ( 2 )  by impregnating the  
CoMo c a t a l y s g  k t h  aqueous carbonate  s o l u t i o n ,  f 3 )  by i n t r o d u c i n g  K2C03 e a r l y  i n  t h e  
prepara t ion  o f  Coblo c a t a l y s t  i n  p l a c e  o f  s i l i c a t e d  alumina and keeping t h e  r a t i o s  
of Co and Elo t o  alumina c o n s t a n t .  We have a l s o  t e s t e d  CoMo c a t a l y s t s  impregnated 
wi th  sodium carbonate ,  potassium a c e t a t e  and barium a c e t a t e ,  NiMo ca ta lys t . impregnated  
with K CO-, and NI14bfo c a t a l y s t .  Some r e s u l t s  have been presented  previous ly  [2] .  
Table f S ~ O W S  some r e p r e s e n t a t i v e  r e s u l t s  as w e l l  a s  h y d r o t r e a t i n g  d a t a  obta ined  with 
pure  H and CohIo-SiO2-Al2O3.catalyst. The performances wi th  H2-CO and 112 compare 
very  c f o s e l y  i n  a l l  c a t e g o r i e s .  

The 

and 2-3 grams of crushed 

c a t a l y s t s  were prepared i n  t h r e e  ways: (1)  by b lending  ground 

PROCESS EVALUATION 

Using t h e  y i e l d s  obta ined  from t h e  au toc lave  experiments  and t h e  process  parameters  
of  t h e  SYNTIIOIL process ,  m a t e r i a l  ba lances  were der ived  f o r  bo th  t h e  H2-CO and 1-1 
systems. 2 an economic comparison o f  t h e  two a l t e r n a t i v e s  was performed, based on an economic 
eva lua t ion  o f  t h e  SYNTHOIL process  made by K a t e l l ,  e t  a1 [2]. 
a high p r e s s u r e  g a s i f i e r  (such as i n  t h e  Texaco p r o c e s s )  and a modi f ica t ion  of  t h e  
Exxon Donor Solvent  Process  us ing  syngas were a l s o  examined. 

A. 

The f lowsheet  f o r  t h e  modif ied d i r e c t  c a t a l y t i c  l i q u e f a c t i o n  process  i s  shown i n  
Figure 1. 
e l i m i n a t i n g  t h e  s h i f t  and p u r i f i c a t i o n  s t e p s .  
r e a c t o r  t o  promote t h e  water-gas  s h i f t  r e a c t i o n .  
p l a c e  i n  t h e  l i q u e f a c t i o n  r e a c t o r ,  t h e  C 0 2  produced ' there  must b e  removed i n  t h e  
recyc le  gas  c leanup s t e p .  
t o  remove both  CO I t  i s  d e s i r a b l e  t o  produce a concent ra ted  s t ream o f  
H,S t o  a l low e f f i z i e n t  u s e  of  t h e  Claus process  f o r  conver t ing  H S t o  s u l f u r .  The 
cdncept employed i n  t h e  Giammarco-Vetrocoke process  [5] f o r  ac idzgas  removal meets 
t h e s e  requirements .  and 11 S from a gas  s t ream and process  
it i n t o  two s e p a r a t e  s t reams o f  CO 2 
The aqueous stream from t h e  vapor- l iqu id  s e p a r a t o r s  i s  s e n t  t o  an ammonium s u l f a t e  
and s u l f u r i c  a c i d  recovery process .  
r a t o r  i s  cent r i fuged .  
process  f o r  recovery  of o i l  e n t r a i n e d  i n  t h e  s o l i d s .  
is s e n t  t o  t h e  g a s i f i e r  f o r  f u r t h e r  carbon u t i l i z a t i o n .  

2 An energy ba lance  was then c a l c u l a t e d  f o r  t h e  ti -CO process  scheme. F i n a l l y  

The b e n e f i t  o f  using 

Direc t  C a t a l y t i c  Liquefac t ion  o f  Coal 

Synthes is  gas  from t h e  g a s i f i e r  i s  s e n t  d i r e c t l y  t o  t h e  l i q u e f a c t i o n  r e a c t o r  
Steam i s  added t o  t h e  l i q u e f a c t i o n  

Now t h a t  t h i s  r e a c t i o n  is tak ing  

Therefore ,  t h e  r e c y c l e  gas  c leanup s t e p  must be designed 
and H2S. 

I t  w i l l  remove both  CO 2 2 and H2S. 

The product  s l u r r y  from t h e  high temperature  sepa- 
The underflow from t h e  c e n t r i f u g e  i s  s e n t  t o  a char  de-o i l ing  

Unconverted char  from t h i s  s t e p  

31 



h 
.A C 

In rl 

U 

0 
m 0 

9 

2 

.r( VI 

a 
0 

l do  0 0  
V M  

0 z 
d c z 

0 

8 v 
a 
2" 
U 

0 z 
z z 
9 

M 
n 
0 

x 
I 0 

.?I 
z 

vN 

- 
L 

n 

3 
S 

0 z 
U 

I 

u 
M 
0 

x 
I 

2" 

Q M  

vN 

P 

U 

0 

x 
I 

V 

0 

x 
I 0 
r 
V 

uN 

er 
2 
rl m e, 

U 

I 

M 
In rl 

rr) 
N 4 

, 

0 
d 4 

rl 

Q. 4 

\o 
M rl 

M M 4 

d r. 

M 

M 
m 

4 
Q, 

d 
0, 

0 
Q, 

0, 
m 

0, m 

0 m 

0 
0) 

d m 

.\a 

c 
4 
VI 

a, 

C 
U 

r. M 

In N 

0 M 

m 
rl 

N 
M 

d N 

N 
M 

N 
9 

N 
9 

o\- 

a 

%I 

a, 

(u 

e, rl 

ld Jz 
a 
9 

9 

0 
? 

M 
M 

0 

0, M 

0 

r. M 

0 

0 -3 

0 

4 

? 
0 

4 
d 

0 

d 

0 
? 

0 

0 
't. 

e, 

5 a 

a 
rl 
.r( 
0 

E .-I 

v) 

El 

32 

N 

0 
rl 

? 
rl rl 

t. 

0 
rl 

N 

rl rl 

0 

m 

0 

0 rl 

9 
0 
4 

01 
m 

'9 
m 

a 

$ 
W r l  

E m  0 0  v v  

NH 
rrd 
k 

V I \  m u  
O 5  
p 
rn 

N 
0 d 0 

3 

2 

f 
4 

22 

VI 

C 
.r( 

+J 
.r( VI 

0 
L: e, 

c 

3 
a, 

.r( 

rl 



- Mass Balance - The b a s i s  o f  t h e  f lowshee t  c a l c u l a t i o n  i s  b r i e f l y  descr ibed  i n  t h e  
Appendix. There a r e  two major problems a s soc ia t ed  wi th  t h e  ba t ch  au toc lavc  da ta :  
(1) t h e  so lven t  i s  not  a r ecyc le  s o l v c n t  der ived  a t  t h e  i d e n t i c a l  s t eady  s t a t e  condi- 
t i o n ,  and (2) t h e  m a t e r i a l  ba lance  i s  u s u a l l y  poor w i t h  a recovery  i n  t h e  range o f  
94-98%. Batch d a t a  from t h e  au toc lave  expe r inen t s  were used i n  t h e  c a l c u l a t i o n  a s  
shown i n  the  Appendix. The convers ion  of CO i s  c a l c u l a t e d  by assuming water-gas s h i f t  
equl ibr ium a t  475' C (28' C approach) wi th  a 11 :CO:H 0 feed  of 2:1:0.4. The r e s u l t i n g  
y i e l d s  f o r  a continuous r e a c t i o n  a r e  shown i n  Table 3. 
t hese  y i e l d s  i s  shown i n  F igure  1. 

The o v e r a l l  mass ba lances  f o r  t h e  I12-C0 and H p rocesses  were obta ined  on t h e  b a s i s  
of one ton  o f  Nest Vi rg in i a  bituminous coa l  feed (See Table 3 ) .  The mass ba lance  
over t h e  r e a c t o r ,  which ope ra t e s  a t  4000 p s i g  and 450' C, i s  based on t h e  s imula ted  
y i e l d s .  
assumed t h a t  t h e  r ecyc le  gas scrubber  provided  complete removal o f  C 0 2  and H S .  
flow and composition o f  t h e  o f f -gas  from t h e  vapor - l iqu id  s e p a r a t o r s  were esgimated 
from vapor- l iqu id  e q u i l i b r i a  of t h e  va r ious  couponents w i t h  t h e  l i q u i d  o i l  at  t h e  
sepa ra to r  tempera tures  o f  150 and 40' C. The g a s i f i e r  mass ba l ance  was based on t h e  
t o t a l  gas  demand, coa l  and cha r  feed,  ope ra t ing  cond i t ion  o f  450 p s i  and 982' C ,  95% 
carbon conversion and a water-gas s h i f t  equ i l ib r ium a t  1010" C (28" C approach).  

Energy Balance - The thermal e f f i c i e n c y  o f  t h e  SYNTHOIL Process  has  been es t imated  by 
Akhtar e t  a1  [ G I .  The energy ba lance  f o r  t h e  H -CO p rocess  was computed and i s  shown 
i n  F igure  2 .  I t  i s  based on t h e  n e t  h e a t s  o f  combustion a t  t h e  s p e c i f i e d  tempera ture  
of each stream, neg lec t ing  p r e s s u r e  e f f e c t s .  The n e t  h e a t s  of  combustion of t h e  coa l  
(12,390 Btu/ lb) ,  o i l  (16,300 Btu/ lb) ,  and t h e  cha r  (4,500 Btu/ lb)  were obta ined  experi-  
mentally.  The hea t  c a p a c i t i e s  f o r  coa l ,  cha r ,  ash and o i l  were obta ined  from IGT's 
Coal Conversion Data look.  
eqn. 6 i n  t he  Appendix, assuming an a d i a b a t i c  r e a c t i o n  wi th  an e s t ima ted  h e a t  l o s s .  
The conceptua l ized  p l a n t  i s  t o t a l l y  s e l f - s u f f i c i e n t  w i th  t h e  coa l  be ing  t h e  only energy 
inpu t .  The p l a n t  c o n t a i n s  i t s  own steam and e l e c t r i c i t y  p l a n t .  
e f f i c i e n c y  is 75.6 pe rcen t  a s  compared t o  va lues  o f  67.8 [2] and 74.9 [6] pe rcen t  f o r  
t h e  SYNTHOIL p rocess  us ing  H2.  The advantage o f  t h e  syngas system is a r e s u l t  of t h e  
e l imina t ion  of t h e  i n e f f i c i e n t  two-stage s h i f t  r e a c t o r s .  

Economics - The methods used t o  perform t h e  economic a n a l y s i s  o f  t h e  two a l t e r n a t i v e  
cases  followed t h o s e  used i n  K a t e l l ' s  r e p o r t .  The main o b j e c t i v e  o f  t h i s  economic 
eva lua t ion  is t o  o b t a i n  a r e l a t i v e  c o s t  comparison o f  t h e  two p rocesses  r a t h e r  t han  
t o  y i e l d  accu ra t e  e s t ima tes .  
(1) s i z e  major equipment, (2) c o s t  major equipment, (3) use  s t anda rd  f a c t o r s  t o  c o s t  
misce l laneous  equipment, (4) c a l c u l a t e  u t i l i t y  ba lance ,  (5) s i z e  and c o s t  u t i l i t y  sec- 
t i o n s ,  (6) de te rmine  o p e r a t i n g  c o s t s  and (7)  do a d iscounted  cash  flow a n a l y s i s  ove r  
t h e  l i f e  of t h e  p l a n t  t o  determine t h e  product  s e l l i n g  p r i c e  a t  va r ious  r a t e s  o f  r e t u r n  
and coa l  p r i c e s .  
u n i t  c o s t  t a b l e ,  which shows t h e  c o s t  d i s t r i b u t i o n  among t h e  va r ious  s e z t i o n s  o f  t h e  
process ,  i s  shown i n  Table  4. 
t a b l e .  The r e c y c l e  gas  cleanup and byproduct recovery  s e c t i o n s  i n  t h e  H -CO process  
a r e  more expensive than  t h a t  i n  t h e  H process  because  o f  t h e  n e c e s s i t y  of removing 
CO 
is2$1.90/bbl i n  t h e  6,) process ,  bu t  i s  t o t a l l y  absen t  i n  t h e  H -CO system. 
H2-CO system r e s u l t s  i n  a n e t  c o s t  advantage of $1.59/bbl o r  ,gout 14% of t h e  t o t a l  
p rocess  cos t .  

The f lowshee t  de r ived  from 

2 

The des ign  p a r a n e t e r s  used i n  t h e  s tudy  are l i s t e d  i n  t h e  Appendix. I t  was 
The 

-- 
2 

The energy ba lance  ac ross  t h e  r e a c t o r  was c a l c u l a t e d  us ing  

The o v e r a l l  thermal 

The sequence o f  s t e p s  i n  t h e  eva lua t ion  was as fo l lows :  

The a n a l y s i s  was c a r r i e d  ou t  f o r  bo th  t h e  CO-H2 and It cases .  A 

Two major d i f f e r e n c e s  a r e  apparent  i n  t h e  u n i t  c o s t  

2 

i n  add i t ion  t o  H S i n  t h i s  s t age .2  The c o s t  o f  t h e  s h i f t  and p u r i f i c a t i o n  s e c t i o n  
Thus t h e  
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TABLE 2 .  Product Y ie lds  and Analys is  a t  Steady S t a t e  

(Bas is  100 l b  of maf c o a l  feed)  

S y n w  "2 Input 

maf c o a l  100.00 100.00 

1.17 3.79 

co 35.20 0.00 

25.81 0.00 

Tota l  162.18 103.79 

H o r  H + CO consumption, SCF 66 1 675 

€'2 

H2° 

2 2  

ou tpu t  

11.37 10.80 '1-'4 

O i  1 77.38 77.87 

H20 9.08 5.99 

c02 

H2S 

55.31 0.00 

2.54 2.54 

NH3 0.50 0.59 

Char 6.00 6.00 

162.18 103.79 

Elemental Coal Product O i l  Product O i l  

C 7 3 . 8  88.3 8 8 . 3  

H 5.2 7.5 7.7 

0 7.2 2.6 2.5 

N 1 . 3  1.2 1.1 

S 3 . 8  0.4 0.4 

Ash 8.2 

Moisture 0.5 - 
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RECYCLE 

PREPBRBTION 

1089 . , 0 v 0 2  2235 
SLAG 
169 8 

683 LIGHT - OIL 

Figure I -  Process f l o w  diogrom using SYNGAS. 

STREAM COMPOSITION 

GAS C O M P O S l T l O N  

c4 

NH3 0 I (0) 76 I (021) 76 1 I 
Ne 5 5  ((OW) 5 5 1  (0091 1 I 
Total 79892 (100) 79892 (IUO) 1599 24356 (1001 359 
sc/ 8f8D 76330 67.90 
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TABLE -3 OVERALL MASS BALANCE 

R o w  Coal 

Gosifier Steam Feed 

Gasifier 0, Feed 

Shif t  Converter Steam 

Reactor Water Feed 

Total 

out. 
Water Condensate 

Waste Water 

Slog 

Fuel G a s  
H,S + CO, 

O i l  Product 

Total  

2000.0 
141.4 
187.0 
558.2 
0 

288 6.6 

249.1 
118.9 
169.6 
365.0 
946.4 
1037.6 
28 86.6 

H,/CO 

2000.0 
108.9 
2 2 3.5 

0 
38 0.3 
271 2.7 

30.4 
159.9 
169.8 
692.1 
626.0 
1034.5 
27 12.7 

COAL 

1000 4376 
RECYCLE 

O I L  

COAL 1057 
2303 

PREPARATION RECYCLE 

RECYCLE 2303 
682 OIL -- 

OIL 
PUOOUCT THERMAL E f f .  75.6% 

DATP BASIS:  1000 BTU INPUT COAL. H E P T  OF COMBUSTION (NET) 

Figure 2 -Thermal balance. 

9-7-77 L-15579 



TABLE 4. Unit  Cos t ,  $ /bbl  Product  O i l  

c o s t  Operat ing - 
Coal + Pas te  Prepara t ion  0.899 

Hydrogenation 2.102 

Heat Exchange 0.666 

Char De-oiling .205 

G a s i f i c a t i o n  1.985 

Gas Cleanup + .a19 
Byproduct Recovery 

.593 

S h i f t  + P u r i f i c a t i o n  0 

1.206 

Flue  Gas Processing .431 

T o t a l  7.107 

8.087 - 

Underl ine - Cost us ing  H2 
Otherwise b o t h  ti2 and 
€1 -CO systems have t h e  
same c o s t .  2 

C a p i t a l  C r e d i t s  

0.670 0 

2.180 -2.366 

1.178 0 

.362 -0.315 

.174 0 

.837 - . lo5 

.750 -. 105 - - 
0 0 

.694 0 

.431 - .232 

5.832 -3.018 

7.439 -3.018 

- - 

- 
Process ing  Cost 

Coal Cost 

O i l  Cost 

Basis: 25,000 BBL/D 
Cost based on Apr i l  1977 CE index 
WVa Coal - $25/T 
15% r e t u r n  on investment  
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T o t a l  - 

1.569 

1.916 

1.844 

.252 

2.159 

1.551 

1.238 

0 

1.900 

0.630 

- 

- 

3.921 

11.508 

9.453 

19.374 

20.961 



High Pressure Gasifier - A b e n e f i c i a l  m o d i f i c a t i o n  t o  t h e  H -CO process  i s  t o  employ 
a h igh  p r e s s u r e  g a s i f i e r  t o  be opera ted  a t  a p r e s s u r e  i n  t h e  range  o f  2500-3000 p s i ,  
equiva len t  t o  t h a t  r e q u i r e d  i n  a l i q u e f a c t i o n  r e a c t o r .  This  change would f u r t h e r  
i n c r e a s e  t h e  thermal  e f f i c i e n c y  and improve t h e  economics. From t h e  energy ba lance  
(Figure 2) we see t h a t  2% o f  t h e  i n p u t  energy e x i s t s  a s  l a t e n t  h e a t  i n  t h e  hot  g a s i f i e r  
ou tput .  
By employing a h igh  p r e s s u r e  g a s i f i e r  a l l  o f  t h e  l a t e n t  h e a t  i s  recovered,  t h e  i n e f -  
f i c i e n t  g a s i f i e r  hea t  exchanger is e l i m i n a t e d ,  t h e  make-up gas  compressor i s  n o t  
r e q u i r e d  and t h e  r e a c t o r  prehea t  du ty  i s  reduced. 
g a s i f i e r  i n c r e a s e s  thermal  e f f i c i e n c y  by about 4 percent .  
i s  t h e  increased  p r e s s u r e  o f  O2 and s team necessary  t o  f e e d  t h e  g a s i f i e r .  

B. Ext rac t ive  Hydrogenation o f  Coal 

Coal l i q u e f a c t i o n  processes  by e x t r i c t i v e  hydrogenat ion such as t h e  Exxon Donor Solvent  
Process  can a l s o  be b e n e f i t e d  economical ly  by us ing  syngas i n  p l a c e  of  H2. 
p rocess  scheme i s  presented  i n  F igure  ;. 
t h e  absence of  c a t a l y s t  under H2-C0 p r e s s u r e ,  and p a r t  o f  t h e  l i q u i d  product  i s  subse- 
quent ly  hydro t rea ted  wi th  syngas and steam i n  t h e  presence  of CoMo-K C 0 3  c a t a l y s t  t o  
make t h e  r e c y c l e  so lvent .  
an SRC so lvent  wi th  syngas and steam i n  t h e  presence  of  CoMo-K CO c a t a l y s t  and subse- 
quent ly  using t h i s  hydro t rea ted  s o l v e n t  t o  e x t r a c t  coa l  i n  the'absence of c a t a l y s t .  
Table  5 shows t h e  au toc lave  experimental  r e s u l t s  o f  h y d r o t r e a t i n g  t h e  SRC s o l v e n t  wi th  
syngas and H2. Table 6 shows t h e  comparison o f  u s i n g  t h e  syngas hydro t rea ted  s o l v e n t  
and t h e  li hydrot rea ted  s o l v e n t  f o r  coa l  s o l v o l y s i s  under  H -CO and H2 p r e s s u r e s  res- 
p e c t i v e l y ?  From both  t a b l e s ,  no s i g n i f i c a n t  d i f f e r e n c e  i n  $he q u a l i t y  of t h e  product  
o i l  o r  solvent  was observed between t h e  syngas and H2 systems. 

2 --- 
I 
e Also 2% of t h e  i n p u t  energy i s  used t o  compress t h e  g a s i f i e r  product  gas .  

Thus t h e  use  o f  h igher  p r e s s u r e  
A minor o f f s e t t i n g  change 

A conceptual 
Coal i s  d isso lved  i n  a r e c y c l i n g  s o l v e n t  i n  

Experimental d a t a  were obta ined  by i n i t i a l l y  h y d r o t r e a t i n g  
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C a t a l y s t  

TABLE 5. Hydrot rea t ing  o f  SRC Solvent  

(425' C ,  60 min) 

O r i g i n a l  Syngas 
(H2:C0 = 2 : l )  

- CoMo-K2C03 

H20 added pts/lOO p t s  1 0  

I n i t i a l  P r e s s ,  p s i  1220 

Operat ing Press ,  p s i  2600 

Product Analys is ,  % 

C 88.8 89.1 

H 7.4 7.6 

N 1.1 1 .0  

S 0.65 .42 

0 2.05 1.88 

Kinematic Viscos i ty ,  
CS a t  60' C 1 2 . 2  7.8 

Solvent  

cot40 

0 

1520 

2450 

89.4 

8.0 

0.8 

.14 

1.66 

5.4 

TABLE 6. Coal Liquefac t ion  by S o l v o l y s i s  

( so lvent :  coa l  = 2.3:1,  3000 p s i ,  450' C ,  15 min) 

SRC Trea ted  SRC SRC Treated SRC 

Conversion, % 89 90 89 91 

Asphaltene formed, % 4 2 . 7  32.6 49.3 25.6 

S i n  o i l  prod. ,  % 0.64 0.54 0.65 0.44 

Kinematic v i s c o s i t y ,  CS a t  
60° C 30.1 22.7 30.8 14.8 
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APPENDIX 

Design Calcula t ions  

Autoclave React ion Continuous React ion 

7 Products  - - - - - -  - --, Coal r--- - - - - - -  SRC Solvent  

Char 

I 
H2 o r  
Hz-CO-H~O L _ _ _ _ _ _  - ---J L -- --El- - - - -1 

Elemental Balance f o r  Continuous React ion 

Yi = y i e l d , ( l b s  of i out  - l b s  of i i n ) /  l b  maf c o a l  

F: = w t .  f r a c t i o n  of element k i n  component i 

(1) 
-(Y*FC)CO = (Y*Fc) +(Y*Fc) +(Y*Fc)oil+(Y*F C )Char 

c1-c4 CO2 

= (Y*FH)C +(Y*FH) +(Y*FH) +(Y*FH) +(Y*FH)Oil+(Y*FH)Char (2) 
1- 4 H20 NH3 H2S 

0 F~oal-(Y*Fo)CO = (Y*Fo) H20 +(Y*Fo) CO2 +(Y*Fo)Oil+(Y*Fo)Char (3)  

( 4 )  

(5) 

N N 
N F!oal = (y*FN) +(Y*F )Oil+(Y*F )Char 

S FEoal = (Y*Fs) +(Y*F )Oil+(Y*F )Char 

NH3 

H2S 
S S 

Energy Balance f o r  Continuous Reac tor  

Hi = n e t  enthalpy of combustion of component i, BTU 

i n  out  
Tin = E H.TOut + h e a t  loss 

i =  

Assumptions Design Parameters 
0 i l : C o a l  Recycle Rat io  = 2.12 
SCF/lb S l u r r y  Reactor  Feed = 15.8 
Reactor  Feed Rate= 280 lb/hr-f  t 3 c a t a l y s t  
Reactor  I n l e t  Temp = 425OC 

1. The y i e l d s  of C1-C4 gas(Yc1-c4) and char(YChar) 
and t h e  elemental  composi t ions of C1-C4, o i l ,  
and char  observed i n  t h e  au toc lave  experiment 
a r e  used i n  t h e  cont inuous r e a c t i o n  des ign .  

Reactor  I n l e t  P r e s s  = 4200 ps ig  
Reactor Exit Temp = 4490c 
Reactor  E x i t  P r e s s  = 4000 ps ig  
Process  Heater Eff = 80% 

Generation E f f  = 40x 

2. The y i e l d  of carbon monoxide i s  c a l c u l a t e d  
assuming t h e  water-gas s h i f t  r e a c t i o n  t o  be  a t  
equi l ibr ium a t  477OC (28OC approach) wi th  a 
H2:CO:HzO r e a c t o r  feed  of 2.05:1:0.4. I t  i s  
a l s o  assumed t h a t  carbon d ioxide  is involved 
only i n  t h e  water-gas s h i f t  r e a c t i o n ,  thus  Economic Evaluat ion 
yco2 = -yco* 

3. The remaining unknowns are Y H ~ , Y H ~ o , Y ~ ~ s ,  
Ym3, and Y o i l .  These a r e  determined by 
s o l v i n g  eqns. 1-5 s imultaneously.  The o t h e r  
unknom,Tout, is so lved  from eqn. 6. 

Based on A p r i l  1977 CE Index 
15% Discounted Cash Flow 

4 1  



Eydrogen Consumption i n  Non-Catalyzed Coal Liquefaction 

M. G. Thomas, Barry Granoff, G. T .  Noles and P. M. Baca 

Albuquerque, N e w  Mexico 87115 
Sandia Laboratories 

INTRODUCTION 

Liquefaction, i n  general ,  r e f e r s  t o  the  thermal reactions experienced by 
coals a t  temperature usua l ly  above 400°C i n  su i t ab le  solvents. 
produce a complex mixture of so lubi l ized  ( l iquef ied)  and gas i f ied  products i n  
high y ie ld  over short  t i m e  i n t e rva l s  (1). 
reactions i s  not well  understood, b u t  t h e  presence of  % has been observed t o  
increase t h e  y i e lds  of l iquefac t ion  products ( 2 ) .  Hydrogen a l so  provides a 
reductive pathway t o  allow f o r  t h e  removal of hetero-atoms as  H2S, H20 and NH3. 
Though t h e  implication of these  bene f i c i a l  uses of hydrogen i s  ne t  consumption, 
it has recent ly  been shown t h a t  H2 is a l so  produced i n  these thermal reactions 
i n  non-Hz atmospheres (3) .  The thermal reac t ions  of coa l  i n  solvent, then, a r e  
bes t  represented schematically a s  a set of  two competing reactions (4 ) ;  i . e . ,  

These reac t ions  

The in te rac t ion  of hydrogen i n  these  

+ CnH2n+2 + ... + aromatics + 1 . .  + coke coa l  -H2 + CH4 + * - .  
temp 

pyrolysis:  

l iquefaction: 

where H 2 ,  t h e  l i g h t  hydrocarbons and coke a re  maximized i n  pyrolysis and mini- 
mized i n  l iquefaction. It can b e  seen then how hydrogen can b e  produced i n  t h e  
pyrolysis reac t ion ,  and how i t s  presence can favor one reaction over t h e  other 
without being consumed; t h e  €I2 gas may merely inh ib i t  t he  pyrolysis.  
maximizing the  r a t e  of l iquefaction/pyrolysis i s  an important consideration i n  
the  e f f i c i en t  use of hydrogen. We will attempt t o  show how each of these com- 
peting reactions respond t o  changing conditions and some of t h e  e f fec ts  t h a t  
t h e  various conditions produce with respect t o  hydrogen consumption. 

coa l  t%~ H 2n+2 + * - .  + aromatics + . + coke 

Obviously, 

EXPERIMENTAL 

Data reported i n  t h i s  presenta t ion  have been obtained from analysis of 
products from 1.) a 1-liter s t i r r e d  batch autoclave operating between 395"-430"C, 
and Hg pressure of 1000-1750 p s i  measured p r io r  t o  reac t ion  a t  24'C, and 2)  a 
four-stage continuous (non-cycling) reac tor  operating a t  425°C and 4000 ps i .  
t h e  autoclave experiments, a charge of 50 g daf coal and 115 g #4 cut creosote 
o i l  was employed ( 5 ) .  
through gas sampling tubes before  scrubbing. 
O.D., 80-100 mesh poropak Q i n  t e f l o n  l ined  aluminum. 
packed with g lass  spheres; each s t age  was a 10 f t  length, .203 inch I.D., void 
volume - 5&. 
mixing. 
3 6  by weight coa l .  The coa l 'used  i n  the  continuous reactor was -60 mesh West 
Virginia,  Ireland Mine coal.  
shown i n  Figure l a  and Figure lb .  Analyses of t h e  West Virginia,  Ireland Mine 
coa l  used f o r  both autoclave and continuous reac tor  experiments: 

I n  

Samples f o r  gas analyses were obtained a t  - 2 5 O C  by venting 
The GC columns used were 6' x 118" 

The continuous reactor was 

The packing was intended t o  improve heat t r ans fe r  and maintain 
The reac tor  was charged with a fixed slurry of #4 cut creosote o i l  and 

Block diagrams of t h e  autoclave and reactor a re  

ult imate (dry) 
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C 62.83; H 4.45; N 0.90; C1 0.03; S 6.93; Ash 19.06; 0 ( d i f f )  0.577; su l fur  
forms-pyrite 4.55; s u l f a t e  0.25; organic 2.13. A description of t he  l iqu id  
analyses i s  given i n  block diagram form, i n  Figure 2. Data on other coa ls  
used i n  t h i s  study can b e  obtained from Reference 5. 

RESULTS AND DISCUSSION 

Comparisons of l iquefac t ion  products from d i f f e ren t  coals a r e  not generally 

Table 1 con- 
successful because of t h e  var ia t ions  i n  composition (o f  t he  coa ls ) ,  bu t  can serve 
t o  i l l u s t r a t e  t h e  nature of t h e  products and t h e  r o l e  of hydrogen. 
t a i n s  da ta  from s i x  d i f f e ren t  high v o l a t i l e  bituminous coa ls  and t h e  l iquefac t ion  
products obtained i n  each case a t  430" and .5  hour reac t ion  times. The amount of 
reac t ive  macerals varied between 89-95%, but  t h e  mineral content changed from 5 
t o  21%. 
(organic) products a r e  bas i ca l ly  t h e  same, about 0.8. Analysis of t he  gas da t a  
ce r t a in ly  show consumption of hydrogen and production of H2S and hydrocarbon 
gases. 
t h e  production of methane, r e f l ec t ing  t h e  pyrolysis reac t ion ,  does not vary i n  any 
readi ly  apparent fashion. The H2 consumed apparently accompanies conversion of 
t h e  primary l iquefac t ion  products t o  benzene solubles among t h e  severa l  coals,  as 
suggested by Neavalbased upon t h e  behavior of one coa l  i n  time (6 ) .  

Although t h e  conversion va r i e s  (62-94%), t h e  H/C r a t i o s  of the  f i l t e r e d  

The H2 consumption pa ra l l e l s  conversion as  does the  H2S produced. However, 

Data obtained from t h e  continuous reac tor  a t  425°C shown i n  Table 2 c l ea r ly  
show two addi t iona l  fea tures  of coa l  l iquefac t ion  1.) t h e  rapid i n i t i a l  desulfuri-  
zation followed by a much slower removal of t h e  more r e s i s t a n t  organic su l fu r ;  
and 2 . )  accompanying pyrolysis reactions seen he re  as formation of m4. 
clusion based on these  da ta  i s  t h a t  most of t he  H2S (removed su l fu r )  i s  produced 
i n  the  ear ly  stages of the reactor (as i s  t h e  H2 needed f o r  H2S formation). 
Although organic su l fur  i s  being removed, it i s  removed i n  a very spec i f i c  fashion. 

One con- 

Reactor Asphaltene Preasphaltene 
%s - Stage gS 

1 
2 
3 
4 

1.33 
1.24 
1.20 
1.22 

1.68 
1.59 
1.66 
1.68 

As shown above, t he  percentage su l fur  i n  the  asphaltenes and t h e  preasphaltenes 
i s  not changing s igni f icant ly  i n  time. 
products (as preasphaltene + asphaltene + o i l )  a re  accompanied by su l fu r  removal 
(consistent with I$ consumption f o r  t he  conversion t o  benzene solubles a s  noted 
e a r l i e r ) .  
a concurrent change i n  so lub i l i t y  proper t ies .  
with da ta  published on hetero-atom removal from model aromatic compounds; t h e  
molecule i s  usually saturated with hydrogen, followed by r ing  opening and then 
removal of t h e  hetero-atom (7) .  
s t ruc tures ,  s o l u b i l i t y  cha rac t e r i s t i c s ,  and molecular weights and a re  not merely 
t h e  i n i t i a l  molecule minus a S, N or 0 atom. 
t h i s  reductive cracking occurs simultaneously with defunctionalization, and both 
of these reac t ions  a r e  accompanied by hydrogen consumption. 

The interconversions of t h e  l iquefac t ion  

Thus, sulfur removal does not occur t o  any s ign i f i can t  extent without 
This type of reac t ion  i s  consistent 

The r e su l t i ng  products thus,  have d i f fe ren t  

For coa l  derived molecules then, 

4 3  



It i s  necessary t o  examine t h e  responses t o  temperature, time, and pressure 
Using t h e  same coa l  as i n  the  continuous t o  understand the  process more f u l l y .  

reac tor ,  a number of autoclave experiments were performed a t  residence times 
between .25 and 1 hour, 395"-430", and 1000-1750 p s i  i n i t i a l  pressures (pressure 
charges measured a t  24OC before t h e  heat cycle).  
experiments a re  p lo t t ed  i n  Figure 3, and i n  cont ras t  t o  t he  data presented i n  
Table 1, t h e  C/H r a t i o  of t h e  products i s  changing. 
t h a t  as  time increases su l fu r  i s  removed and the  amount of hydrogen i n  t h e  
l iquef ied  product increases,  da ta  cons is ten t  with r e s u l t s  drawn from t h e  reactor 
runs. Likewise, su l fur  decreases and hydrogen i n  t h e  product increases with 
higher pressures, Figure 3b. However as temperature increases,  t he  su l fu r  i s  
lowered but  t h e  C/H r a t i o  increases ,  Figure 3c. Figure 3d shows the  amounts of 
H2 gas consumed versus temperature. Though a cursory examination of Figure 3d 
would suggest grea te r  hydrogenation a t  t h e  higher temperature we know t h i s  i s  
not consistent with the l iqu id  analyses,  Figure 3c. A more consistent p i c tu re  
i s  obtained by examination of t h e  quant i ty  of hydrogen i n  t h e  gas from a l l  
sources (H2, C - C  I s ,  and H S)  at t w o  temperatures: 

Data obtained from these  

I n  Figure 3a it i s  seen 

1 4  2 

Moles Produced Moles Produced 
Gas a t  414°C at 429°C 

.06 .11 

.02 .05 

.03 .04 

CH4 
c2H6 
H2S 
H2 (consumed) .30 .50 

It can be seen t h a t  t h e  t o t a l  hydrogen i n  t h e  gases produced i s  grea te r  a t  
higher temperature (approximately twice a s  la rge  a t  429" than a t  414") and 
ind ica tes  t h a t  temperature increases favor the  pyrolysis reac t ion  ( 4 ) .  

The e f f ec t s  observed i n  these  experiments must not be evaluated without a 
description of solvent behavior under s imi la r  conditions.  
l i qu id  and gas analyses of #4 creosote o i l  before and a f t e r  reac t ion  a t  407" 
and 427°C. 
obtained with coals. Also,  no desul fur iza t ion  i s  observed, though a slight 
increase  i n  hydrogen content o f  t h e  o i l  i s  observed. The magnitude of t h e  
differences observed i n  t h e  gas da t a  (H2 consumption, H2S and CH4 formation) 
between the  solvent and t h e  solvents with coal would seem t o  ind ica te  t h a t  the  
contribution of solvent t o  these  spec i f ied  (gas i f i ca t ion  and H2 consumption) 
reac t ions  was  minimal (8).  

Table 3 shows both 

The H2 gas consumption and CH4 production a r e  low compared t o  data 

SUMMARY 

The discussion has considered l iquefac t ion  as  two competing reac t ions  ; one 
which produces solublized defunctionalized products, and a pyrolysis reac t ion  
which consumes hydrogen. Responses of t he  reactions t o  the  independent var iab les  
of pressure, temperature, and time have been described and suggest t h a t  hydrogen 
pressure and time favor t h e  l iquefac t ion  reac t ions  (decreases i n  C/H r a t i o ,  
decreases i n  su l fur ,  and increases i n  conversion), bu t  t h a t  temperature seems t o  
p re fe ren t i a l ly  favor pyrolysis.  These conclusions a r e  i n  general  agreement with 
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l i t e r a t u r e  data.  
occurs concurrent with conversions among the  various solvent ex t rac t ion  
f rac t ions ,  2 . )  conversion va r i e s  with I$ consumption among a number of s imi la r  
bu t  d i f fe ren t  coals and 3.)  hydrogen consumption must be evaluated on the  
b a s i s  of a t o t a l b a l a n c e ,  no t  j u s t  a change i n  concentration of H2 gas. 
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Table 3. Analyses of #4 Cut Creosote O i l  

1800 p s i ,  ,. 5 h r  1800 ps i ,  .5 hr 
I n i t i a l  407" 427" 

Pyridine Insols 

Benzene Insols 

Asphaltene 

O i l  

C 

H 

S 

Moles CH4 

Moles H Consumed 2 

0.0 

0.3 

7.3 

92.7 

90.77 

5.8 

.4 

- 

0.0 

1.0 

3.9 

95.1 

91.03 

5.93 

.4 

.0029 

.004 

0.0 

1.6 

3.2 

95.2 

.4  

.0097 

.015 
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CONCEPT AND USE OF HYDROGEN PERMEABLE CATALYSTS 

Clarence Karr, J r .  and Kenneth B. McCaski l l  

U.S. Energy Research and Development A d m i n i s t r a t i o n  
Morgantown Energy Research Center 
P.O. Box 880, C o l l i n s  Fe r ry  Road 

Morgantown, WV 26505 

INTRODUCTION 

The concept of a hydrogen-permeable c a t a l y s t  has n o t  p r e v i o u s l y  been reduced t o  
p r a c t i c e  f o r  any gaseous o r  l i q u i d  m i x t u r e  o f  coa l -de r i ved  compounds, i n c l u d i n g  SUI- 
f u r  compounds. The o n l y  known ins tance  o f  t he  use o f  t h i s  concept i s  t h a t  descr ibed 
i n  a U.S. Patent by Rudd ( 1 ) .  I n  h i s  work hydrogen was d i f f u s e d  under pressure through 
a pa i i ad ium c o i i  i n t o  a vessei c o n t a i n i n g  ethy iene.  The ethy lene was r e a d i l y  reduced 
t o  ethane, presumably by r e a c t i o n  w i t h  t h e  hydrogen a t  t h e  pa l l ad ium sur face,  t h e  
pa l l ad ium a c t i n g  as a c a t a l y s t .  The hydrogen f o r  t h i s  r e a c t i o n  was apparent ly  l i m i t e d  
t o  t h a t  which had d i f f u s e d  j u s t  t o  the  su r face  o f  t h e  pal lad ium, and was present  as 
atomic hydrogen. I n  another  experiment, Rudd demonstrated t h a t  an ox ide  coa t ing  pro- 
duced on one s i d e  o f  a Has te l l oy  B d i s c  cou ld  be completely removed by d i f f u s i n g  hy- 
drogen through the  d i s c  f rom t h e  non-ox id ized s ide.  
hydrogen permeable c a t a l y s t  a r e  i m p l i e d  i n  t h i s  demonstrat ion, a l though Rudd d i d  no t  
t r y  t o  use Has te l l oy  B as a c a t a l y s t .  

The s e l f - c l e a n i n g  e f f e c t s  of a 

The successfu l  implementat ion o f  t h e  concept o f  hydrogen permeable c a t a l y s t s  t o  
coal -der ived gases o r  l i q u i d s ,  and even coa l  o r  coa l / recyc le  o i l  s l u r r i e s ,  may o f f e r  
seve ra l  t echn ica l  and economic advantages. These could inc lude the v i r t u a l  absence 
o f  unused hydrogen t h a t  has t o  be p u r i f i e d ,  recompressed and recyc led  a t  cons iderable 
expense, because e s s e n t i a l l y  a l l  t h e  hydrogen could be consumed a t  the c a t a l y s t  su r -  
face, w i thou t  forming hydrogen bubbles. 
work, i s  t h a t  the c a t a l y s t  su r face  c o u l d  be kep t  f r e e  o f  carbon deposi ts  becaiise, 
j u s t  as oxides were removed by r e a c t i o n  w i t h  hydrogen d i f f u s i n g  up through the  metal,  
so cok ing precursors would be conver ted  by hydrogenation, p reven t ing  t h e  fo rma t ion  
o f  carbonaceous deposi ts .  F i n a l l y ,  i t  m y  be p o s s i b l e  t o  prevent  t h e  b u i l d u p  o f  
m ine ra l  deposits when coal  o r  coa l  s l u r r i e s  a r e  used, because the  presence o f  a mono- 
molecular  o r  monoatomic l a y e r  o f  hydrogen a t  t he  su r face  would prevent  t h e  adhesive 
fo rces  between t h e  minera l  p a r t i c l e s  and the  c a t a l y s t  su r face  from be ing  e f f e c t i v e .  

Another advantage, as suggested by Rudd's 

EXPER I MENTAL PROCEDURE 

Reactor Design and Func t ion  

The general r e a c t o r  des ign i s  b r i e f l y  as fo l l ows .  The s h e l l  o f ' the hydrogen 
permeable c a t a l y s t  r e a c t o r  cons i s ted  o f  3- inch O.D. schedule 80 s t a i n l e s s  s t e e l  
v ipe,  4- feet  and P i n c h e s  i n  l eng th .  
i ng  f rom one inch  t o  3/8 inches i n  diameter. The o t h e r  end was modifed t o  accept 
tub ing  from 1/2 to  3/8 inches i n  diameter. One q u a r t e r  i nch  openings were made i n  
t h e  reac to r  w a l l s  t o  p e r m i t  i n l e t  and ven t ing  o f  gases. Ca ta l ys t  tubes were connect- 
ed a t  each end to s h o r t  l eng ths  o f  s t a i n l e s s  s t e e l  tub ing.  The s t a i n l e s s  s t e e l  tub- 
ing,  ho ld ing  the  c a t a l y s t  tube, was i n s e r t e d  i n t o  t h e  reac to r  a t  t h e  end con ta in ing  
t h e  l a r g e r  opening, and a l l owed  t o  p ro t rude  from t h e  lower end o f  t h e  r e a c t o r  f o r  a 
l eng th  o f  about 8 inches. The r e a c t o r ,  c o n t a i n i n g  t h e  c a t a l y s t  tube, was suspended 
v e r t i c a l l y  i n  a h i g h  temperature furnace. Connections were made t o  the  w a l l s  o f  the 
s h e l l  t o  permi t  i n l e t  and v e n t i n g  o f  gases. Connections were made t o  t h e  s t a i n l e s s  
s t e e l  t ub ing  a t  t he  bo t tom o f  t h e  r e a c t o r  t o  pe rm i t  hydrogen s u l f i d e  and hydrogen 

One end o f  t he  p i p e  was adapted to  accept tub- 
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f o r  p r e s u l f i d i n g ,  and l i q u i d  feed t o  e n t e r  the tube, w i t h  app rop r ia te  va l v ing .  The 
upper end o f  t he  tube went d i r e c t l y  i n t o  a product  r e c e i v e r  (gas l i q u i d  separator) .  
Lines from the g a s - l i q u i d  separator  were connected t o  a c o l d  t rap,  and then i n t o  a 
wet t e s t  meter f o r  measuring any gas f low. 

Hydrogen Permeable Ca ta l ys t  Tubes 

The th in -wa l l  n icke l -200 tub ing  was composed o f  99.5 w t .  % N i ,  w i t h  smal l  
amounts o f  i r o n  and manganese. Dimensions o f  the tubes were 17-7/8 i nch  length 
by 3/8-inch O.D.,  w i t h  w a l l  th ickness reduced f rom 0.035-inch t o  0.017-inch t o  a 
p o i n t  approximately one inch  from each end. Samples o f  f i n e l y  porous nickel-molybde- 
num and cobalt-molybdenum tub ing  were f a b r i c a t e d  a t  Oak Ridge Nat ional  Laboratory 
from micron-range powders by flame sp ray ing  on a mandrel, f o l l owed  by high-tempera- 
t u r e  s i n t e r i n g  to  d e n s i t i e s  i n  excess o f  95% o f  the  n a t u r a l  dens i t y .  The dimensions 
a f t e r  s i n t e r i n g  were 16.5-inches length,  0.181-inches I . D . ,  and 0.396-inches 0.0. 
The t o t a l  length was 21-inches a f t e r  b r a z i n g  on n i c k e l  t i p s  f o r  ease o f  mounting i n  
the  reactor .  

Cata lyst  tube permeabi 1 i t y  measurements were made by determin ing the  hydrogen 
f l ow  from the s h e l l  s i d e  through t h e  permeable t u b i n g  by t h e  w e t  t e s t  meter connected 
t o  t h e  tube s ide  o f  t he  reac to r .  

The i n t e r n a l  sur faces o f  a l l  c a t a l y s t  tubes were coated w i t h  a metal s u l f i d e  

A f t e r  s u l f i d i n g ,  
l a y e r  by passage o f  a 50% hydrogen s u l f i d e  and 50% hydrogen m ix tu re  through the tube 
f o r  f o u r  hours a t  a c a t a l y s t  tube temperature o f  400°C. 
the e n t i r e  reac to r  system was cooled t o  100°C, purged w i t h  n i t r o g e n  t o  remove a l l  
t races of  hydrogen s u l f i d e .  

Hydrogenation o f  l i q u i d  feed wa5 accomplished by pumping the feed a t  a p rede t -  
ermined r a t e  up through the  c a t a l y s t  tube t o  reac t  w i t h  hydrogen d i f f u s i n g  from 
the s h e l l  through the c a t a l y s t  tube w a l l .  Experimental runs were made a t  c a t a l y s t  
tube temperatures from 250°C t o  450°C and s h e l l  s i d e  pressures o f  655 p s i g  hydrogen t o  
1510 p s i g  hydrogen. 
1,495 ps ig.  Temperatures i n s i d e  t h e  tube were determined w i t h  a thermocouple i n  an 
a x i a l l y  pos i t i oned  w e l l .  

Analyses 

Hydrogen pressures i n s i d e  t h e  tube v a r i e d  f rom 650 p s i g  t o  

The i d e n t i t i e s  o f  t he  metal s u l f i d e s  were determined by x-ray d i f f r a c t i o n  
ana lys i s ,  w h i l e  t h e  composit ions o f  t h e  l i q u i d  feeds and l i q u i d  p r o d u c t s , a d  the 
composit ion o f  t h e  gaseous products ,  were determined by gas chromatography/mass 
spectrometry, and gas chromatography. Other analyses were employed, as requi red.  
The hydrogen pe rmeab i l i t y  values f o r  n i c k e l  metal a re  known (2). 

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

Thin Wall N icke l  Tubing Reactors 

1. Runs w i t h  Tar O i l  i n  N i  Tubes. X-ray d i f f r a c t i o n  analyses o f  t h e  var ious samples 
o f  s u l f i d e d  n i c k e l  t ub ing  showed t h a t  i n  each instance t h e  c o a t i n g  on the  i nne r  w a l l  
cons i s ted  o f  a m ix tu re  o f  N ~ ~ S I ,  and N i 3 S 2 .  The l a t t e r  compound, n i c k e l  subsu l f i de ,  
was very l i k e l y  the  o n l y  form present  soon a f t e r  t h e  s t a r t  o f  each hydrogenation 
run. According t o  Weisser and Landa (3) a l l  n i c k e l  s u l f i d e s  are r a p i d l y  conver ted 
t o  the subsu l f i de  by hydrogen i n  any use o f  t h e  s u l f i d e s  f o r  hydrogenat ion reac t i ons .  
In  any event, a l a r g e  amount o f  N i 3 S 2  was observed f o r  bo th  the f r e s h  and used tub ing.  
Weisser and Landa a l s o  descr ibe the  use of n i c k e l  s u b s u l f i d e  a5 a c a t a l y s t  f o r  hydro- 
genation, i n c l u d i n g  t h e  hydrogenolys is  o f  thiophene-type compounds. That t he  N i  3 S 2  
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present  was a c t u a l l y  f u n c t i o n i n g  as a c a t a l y s t  was demonstrated by the  decreases i n  
the  amounts o f  s i x  major  components o f  t h e  feed, and t h e  increases i n  the  amounts of 
e leven probable product  compounds, as shown i n  Table 2 f o r  runs 1 through 5, accord- 
i n g  t o  t h e  cond i t i ons  shown i n  Table 1 .  The reac tan ts ,  R ,  and probable products ,  P,  
a r e  arranged i n t o  f o u r  groups, f o l l o w i n g  the  p o s s i b l e  r e a c t i o n  mechanisms shown i n  
F i g u r e  I .  The r e a c t i o n  in termediates,  i n d i c a t e d  i n  F igu re  1 by brackets ,  were not  
detected. A l l  o t h e r  compounds shown were i d e n t i f i e d ,  and t h e i r  amounts determined, 
by combined gas chromatography and mass spectrometry. The observed m/e values are 
g iven i n  Table 2 ,  along w i t h  t h e  number o f  m i l l i m o l e s  o f  each compound pe r  100 g 
sample, and the  change i n  m i l l i m o l e s  p e r  100 g sample i n  go ing from the feed t o  t h e  
product .  No benzothiophene was added to  the  feed i n  run  4. 

Most  o f  the  p o s s i b l e  r e a c t i o n  mechanisms shown i n  F igure 1 f o r  the t h i n - w a l l  
n i c k e l  t ub ing  reac to rs  have been s t u d i e d  i n  depth by o t h e r  researchers under va r ious  
cond i t i ons  o t h e r  than w i t h  n i c k e l  s u b s u l f i d e  c a t a l y s t .  Qader and H i l l  ( 4 )  have 
shown the sequence naphthalene -+ t e t r a l i n  -+ methy l indan -+ indan + alkylbenzene. 
Penninger and Slotboom (5) have f u r t h e r  d e t a i l e d  t h e  s teps leading from t e t r a l i n  
t o  alkylbenzenes. Rollman (6) has d e f i n e d  the  s teps i n  the  convers ion o f  benzothiophene 
t o  alkylbenzene, as have Fu r insky  and A h e r g  (7).  
s teps i n  the convers ion o f  2-methylnaphthalene t o  t e t r a l i n  and alkylbenzene as have 
Qader fl. (9). The two convers ion sequences: 1) phenanthrene -+ dihydrophenanthrene 
-t e thy lb ipheny l  -+ b ipheny l ;  2) phenanthrene -+ tetrahydrophenanthrene -+ a lky lnaphthalene 
-f t e t r a l i n  have been d e t a i l e d  by Wu and Haynes (IO). 
b ipheny l  + b iphenyl  has been shown by O l t a y  gtt. i n  a second paper (111, as w e l l  
as Penninger and Slotboom (5). 

O l tay  sfi. (8) have shown the 

The sequence f l uo rene  -+ methy l -  

The hydrogen permeable c a t a l y s t  tube i n  run  2 ,  whichwas regenerated w i t h  a i r  
o x i d a t i o n  a f t e r  be ing  used i n  run 1 ,  and then r e s u l f i d e d ,  showed the  g rea tes t  a c t i v i t y  
o f  t h e  f i v e  tubes used. The lowest a c t i v i t y  was shown f o r  the tube i n  run 1 ,  lower 
than the  tubes used i n  runs 4 and 5, which were n o t  p r e s u l f i d e d  w i t h  t h e  H2 + HPS 
mixture.  In these l a t t e r  two runs a more e f f e c t i v e  n i c k e l  subsu l f i de  coa t ing  was 
ob ta ined  by t h e  r e a c t i o n  o f  t h e  o r g a n i c  s u l f u r  compounds present  i n  the  t a r  o i l  (0.64 
we igh t  percent  s u l f u r ) ,  and t h e  r e a c t i o n  o f  t h e  benzothiophene added t o  t h e  t a r  o i l  
feed. The smal l  amount o f  s u l f u r  i n  t h e  t a r  o i l  was as e f f e c t i v e  i n  run 4 as was 
the  much l a r g e r  amount o f  benzothiophene added t o  t h e  t a r  o i l  i n  run 5. The used 
tubes from a l l  runs d i d  n o t  have any n o t i c e a b l e  carbon deposi ts ,  even a f t e r  13  hours 
ope ra t i on .  The r e l a t i v e l y  low o p e r a t i n g  temperature o f  400°C was probably  h e l p f u l  
i n  t h i s  regard, and i t  seems reasonable t o  assume t h a t  the c leansing a c t i o n  o f  the 
d i f f u s i n g  hydrogen, as descr ibed by Rudd ( I ) ,  was opera t i ve .  Only smal l  amounts o f  
hydrocarbon gases were detected i n  t h e  gas i n  the  tub ing ,  i n d i c a t i n g  t h a t  l i m i t e d  
c rack ing  has occurred, whether hyd roc rack ing  o r  thermal crack ing.  Typ ica l  concentra- 
t i o n s  observed were 0.14 volume percent  methane and 0.03 volume percent  ethane, t h e  
remainder be ing the hydrogen r e q u i r e d  to ma in ta in  the  1,000 p s i g  tube-s ide pressure. 

2. Runs w i t h  Pure Compounds i n  N i  Tubes. A s e r i e s  o f  s i x  t e s t  runs (runs 6 through 
1 1 )  on  the hydrogen p e r m e a b i l i t y  o f  t h i n  w a l l  nickel-ZOO t u b i n g  a t  va r ious  tempera- 
tu res  and d i f f e r e n t i a l  pressures, and on t h e  degree o f  hydrogenat ion o f  f o u r  d i f f e r -  
e n t  pure p o l y c y c l i c  a romat i c  compounds used as model compounds was l i k e w i s e  con- 
ducted. The hydrogen d i f f u s i v i t i e s  were measured from the  s h e l l  s i d e  t o  the i nne r  
t u b i n g  s ide  ove r  the  s h e l l  t o  t u b i n g  pressure d i f f e r e n t i a l  range o f  300 t o  1,700 ps ig ,  
and temperatures o f  400" and 450". 
d i f f u s i n g  through the  w a l l  a t  a Ap o f  300 p s i g  was e s s e n t i a l l y  zero. The HP f l ow  
through the w a l l  increased r a p i d l y  w i t h  i nc reas ing  Ap, l e v e l i n g  o f f  a t  about 0.45 
1 i t e r s / h r  a t  400'C and 1,500 p s i g  Ap, and about 0.65 1 i t e r s / h r  a t  450 C"and 1,700 
p s i g  Ap. 

A t  b o t h  temperatures the  amount o f  hydrogen 

The ins ide  o f  t h e  n i c k e l  t u b i n g  was s u l f i d e d  by r e a c t i n g  a t  400°C w i t h  about 
X-ray d i f f r a c t i o n  8 cu. ft. o f  a 50-50 m i x t u r e  o f  hydrogen s u l f i d e  and hydrogen. 

ana lys i s  showed the p r i n c i p a l  component t o  be n i c k e l  subsu l f i de .  The inne r  su r face  
was covered w i t h  a very rough t e x t u r e  o f  t i n y ,  dark grey c r y s t a l l i t e s  o f  t h i s  
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mate r ia l .  
Benzothiophene was added t o  a l l  l i q u i d  feeds i n  o rde r  t o  ensure maintainance of  t h i s  
s u l f i d e d  surface. SEM ana lys i s  gave 0.2 um as a t y p i c a l  c r y s t a l l i t e  s i ze .  

There was no s i g n i f i c a n t  decrease i n  hydrogen p e r m e a b i l i t y  a f t e r  S u l f i d i n g .  

Phenylcyclohexane was chosen as the so l ven t  f o r  t h e  model compounds because o f  
i t s  presumed r e l a t i v e  i ne r tness  and because i t  i s  a l i q u i d  a t  room temperature. 
Runs were made w i t h  about 5 t o  about 13 weight  percent  o f  each o f  t h e  fou r  model 
compounds d i sso l ved  i n  t h i s  so l ven t .  The Ap was 700 o r  750 p s i g ,  w i t h  the inner  tube 
pressure about 1.000 ps ig .  Temperatures o f  290, 340, 400 and 450°C were used, gen- 
e r a l l y  w i t h  a feed residence t i m e  o f  about 1 hour, and u s u a l l y  somewhat less than the  
s t o i c h i o m e t r i c  hydrogen requ i red  f o r  complete hydrogenat ion o f  t h e  cmponents present .  
Table 3 shows t h e  r e s u l t s  f o r  gas chromatographic analyses o f  t h e  products. There 
was a general t r e n d  t o  g rea te r  hydrogenat ion w i t h  h i g h e r  temperature and longer  res -  
idence t i m e ,  as would be expected. 

Porous N i  cke 1 -Mo 1 yb denum Reactors 

1 .  Runs w i t h  Pure Compounds i n  Ni-Mo Tubes. The run c o n d i t i o n s  a r e  summarized i n  
Table 4 f o r  theNi-Mo tub ing  reactors .  The r e s u l t s  f o r  t he  gas chromatographic a n a l y s i s  
of the rece ive r  product  f o r  runs 12 and 13 w i t h  pure compounds a r e  s h w n  i n  Table 5. 
A t  low hydrogen pressure (650 p s i g )  i n s i d e  t h e  tub ing,  w i t h  about 4.5 p s i g  d i f f e r e n t i a l  
pressure f o r  d i f f u s i n g  the hydrogen through the pores o f  the tub ing  from t h e  s h e l l  
s ide,  t he re  was s u b s t a n t i a l  r e a c t i o n  of  t h e  phenanthrene (45% convers ion)  and t h e  
benzothiophene (27% conversion). Biphenyl i n  the  product  probably  came from hydro- 
genolys is  o f  dihydrophenanthrene. The alkylbenzenes came i n  p a r t  f rom the phenanthrene 
and benzothiophene b u t  probably  a l s o  from hydrogenolys is  o f  t he  so l ven t ,  phenylcyc lo-  
hexane. High y i e l d s  o f  alkylbenzenes were ob ta ined  i n  the  t h i n - w a l l  n i c k e l  tube runs 
i n  the absence o f  phenylcyclohexane (Table 2). 
( I  ,350 p s i g )  enough of the i n te rmed ia te  d i -  and tetrahydrophenanthrenes were produced 
t o  be detected, and the  amount o f  b iphenyl  increased. The apparent increase i n  t h e  
amounts o f  phenanthrene and benzothiophene was due t o  loss o f  v o l a t i l e s ,  probably  
most ly  benzene, as shown by the  unexpectedly low y i e l d  o f  t h i s  product .  As w i l l  be  
seen f o r  the r e s u l t s  from t h e  comparable runs a t  these pressures w i t h  t a r  o i l  as feed, 
t h e  m s t  reasonable es t ima te  i s  t h a t  t he  amount o f  convers ion was doubled upon 
doubl ing the pressure,  as i n d i c a t e d  by the  y i e l d s  o f  to luene,  xylenes, and b ipheny l .  

A t  the h i g h e r  hydrogen pressure 

I n  two runs w i t h  pure compounds, des ignated 1 3 - S  and 14-5, a t  t h e  run cond i t i ons  
shown f o r  runs 13 and 14 i n  Table 4, product  from the  t o p  ( e x i t )  end of the c a t a l y s t  
tube dra ined down the ou ts ide  o f  t h e  tube i n t o  the  c o l d  lower  p o r t i o n  o f  t h e  pressur-  
i zed  s h e l l ,  f rom which i t  was dra ined a t  t h e  conclus ion of t h e  run, r a t h e r  than from 
the  product rece ive r .  It was observed i n  these runs under these p a r t i c u l a r  ope ra t i ng  
cond i t i ons  the re  was even g rea te r  convers ion t o  benzene, alkylbenzenes, and b iphenyl .  
The dihydrophenanthrene was l a r g e l y  conver ted t o  b ipheny l  under these cond i t i ons ,  
b u t  i n  so doing the  i n te rmed ia te  methy lb iphenyl  was produced in  l a r g e  enough amount 
f o r  detect ion.  The amount o f  convers ion was increased upon decreas ing the LHSV from 
20.0 t o  13.3, i.e., upon inc reas ing  the  residence t ime f rom 3.0 t o  4.5 minutes, as 
i nd i ca ted  by the  y i e l d s  o f  toluene, xylenes, and b ipheny l .  The p roduc t i on  o f  
naphthalene i n  t h i s  run would i n d i c a t e  the  fo rma t ion  o f  t h e  i n te rmed ia te  te t rahy -  
drophenanthrene, b u t  none c o u l d  be  detected. 

2. Runs w i t h  Tar O i l  Feed i n  Ni-Mo Tubes. The r e s u l t s  f o r  t he  gas chromatographic 
ana lys i s  o f  t h e  r e c e i v e r  product  f o r  runs 15 and 16 w i t h  coa l  t a r  creosote o i l  feeds 
a r e  shown i n  Table 6. I n  run 15 considerable t o t a l  hydrogen s u l f i d e  was evolved, 
showing t h a t  t he  0.6 w t .  % s u l f u r  i n  the  feed was i n s u f f i c i e n t  t o  ma in ta in  a heavy 
s u l f i d e  coa t ing  i n s i d e  t h e  nickel-molybdenum tub ing .  Th is  was probably  because t h e  
hydrogen p e r m e a b i l i t y  o f  t h e  Ni-Mo tub ing  was so h i g h  as i n d i c a t e d  by the pressure 
d i f f e r e n t i a l s  o f  o n l y  5 t o  10 p s i g  (Table 41, compared t o  700 p s i g  f o r  the t h i n - w a l l  
n i c k e l  t ub ing  (Table 1 ) .  Nevertheless, a s i g n i f i c a n t  convers ion o f  var ious feed 
components was observed. MoSz, molybdenum d i s u l f i d e ,  a known hydrogenat ion c a t a l y s t ,  
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was present  i n  the Ni-Mo tube, as w e l l  as N i 3 S 2 .  

a l s o  shown, 
The presence o f  MoNih a l l o y  was 

Analys is  of the  product  gas from run 15 showed 0.29 vo l .  %hydrogen  s u l f i d e ,  
whereas the gas from run 16 had no de tec tab le  HzS,  showing t h a t  the metal s u l f i d e  
l a y e r  had s t a b i l i z e d  w i t h  the  smal l  s u l f u r  content  o f  t h e  feed. The hydrocarbon 
i n  l a r g e s t  q u a n t i t y  i n  the  gas f rom run  15 was propane a t  0.14 vo l .  %. 
seem t o  i n d i c a t e  hydrocrack ing o f  the  s a t u r a t e d  r i n g s  o f  hexahydropyrene t o  y i e l d  
propane and naphthalene, or propane, ethane, and methylnaphthalene. 
t h a t  t he  pr imary product  was methylnaphthalene i n  run 15. The product  gas f rom run  
16 showed methane a t  2.67 vo l .  %, and ethane a t  0.26 vo l .  % to  be t h e  hydrocarbon 
gases i n  the l a r g e s t q u a n t i t i e s .  This would seem t o  i n d i c a t e  hyd roc rack ing  o f  t he  
sa tu ra ted  r i ngs  o f  tetrahydroacenaphthene t o  produce these gases and alkylbenzenes. 
Table 6 shows t h a t  t he  pr imary reac tan t  was acenaphthene,with tetrahydroacenaphthene 
and a lky lbenzene the  major products .  

Th is  would 

Table 6 shows 

These p o s s i b l e  r e a c t i o n  mechanisms, and o the rs ,  a re  shown i n  F igu re  2. The hy- 
drogenated d e r i v a t i v e s  o f  pyrene and f luoranthene c o u l d  n o t  be detected, and so a r e  
shown i n  brackets .  However, tetrahydroacenaphthene (Table 61, dihydrophenanthrene 
(Table 51, and tetrahydrophenanthrene (Table 5)  were a l l  found i n  s i g n i f i c a n t  
quan t i  t i e s  when us ing the porous nickel-molybdenum tub ing  reac to rs .  The on ly  reason- 
a b l e  source f o r  the pentane found by GC would be the  hydrocrack ing o f  phenylcyclohexane. 
Qader and H i  1 1  
t e t r a l i n  -f benzenes. 
two conversion sequences f o r  phenanthrene. F1 uoranthene a l s o  has t h e  sequence lead- 
i n g  t o  te t rahyd ro f l uo ran thene  and then, by hydrocrack ing,  t o  methy lb iphenyl .  

Porous Cobal t-Molybdenum Reactors 

(4) have shown the  sequence pyrene -t hydropyrenes -+ naphthalenes -f 

As mentioned p rev ious l y ,  Wu and Haynes (10) have o u t l i n e d  t h e  

Runs were made us ing the  porous cobalt-molybdenum tub ing  f a b r i c a t e d  a t  ORNL and 
pure compounds (phenanthrene and benzothiophene) d i sso l ved  i n  phenylcyclohexane. The 
inne r  sur face o f  the t u b i n g  was s u l f i d e d  b e f o r e  use i n  the  same manner as f o r  t he  
nickel-molybdenum tubing.  The o p e r a t i n g  c o n d i t i o n s  and t h e  r e s u l t s  f o r  gas chromato- 
g raph ic  ana lys i s  o f  t he  products, a r e  summarized i n  Table 7. 

The respec t i ve  run nunhers, weight  o f  feed m a t e r i a l  (g), pump r a t e  (g /hr ) ,  and 
t o t a l  run t ime (hr )  were: 17, 32.82, 45, 2.00; 18, 189.4, 50.49, 2.25; 19, 239.2, 
26.3, 2.50. 
the Ni-Mo reactors ,  the respec t i ve  run numbers, average hydrogen f l o w  ( l / h r ) ,  and 
t o t a l  hydrogen f l o w  (1) being: 17, 4.7, 9.4; 18, 7.2, 16.3; 19, 5.64, 14.1. 

The hydrogen f lows f o r  t he  Co-Mo reac to rs  were ve ry  s i m i l a r  t o  those f o r  

A comparison o f  t h e  r e s u l t s  f o r  t h e  porous Ni-Mo reac to rs  i n  Table 5 w i t h  
those f o r  the porous Co-Mo reac to rs  i n  Table 7 shows t h a t  the reac t i ons  o f  t h e  pure 
compounds were s i m i l a r ,  b u t  t he  s u l f i d e d  Co-Mo appeared t o  have a l i t t l e  g rea te r  
a c t i v i t y  than t h e  s u l f i d e d  Ni-Mo, a t  t he  same approximate temperature and pressure,  
f o r  t h e  p roduc t i on  o f  dihydrophenanthrene and i t s  hyd roc rack ing  products ,  d imethy l -  
b ipheny l ,  methy lb iphenyl ,  and b iphenyl ,  and t h e  p roduc t i on  o f  tetrahydrophenanthrene, 
and i t s  c rack ing  product, naphthalene. 

Hydrogen Permeabi 1 i t y  

It was n o t  p o s s i b l e  to  measure hydrogen p e r m e a b i l i t y  o f  t h i n - w a l l  n i c k e l  t u b i n g  
du r ing  a run, because o f  t h e  r e l a t i v e l y  low r a t e  o f  hydrogen f low,  and p e r m e a b i l i t i e s  
had t o  be measured beforehand w i t h  the empty tub ing,  making hydrogen s to i ch iomet ry  
c a l c u l a t i o n s  d i f f i c u l t .  However. d i r e c t  hvdroaen f l o w  measurements cou ld  be made , -  

d u r i n g  the runs w i t h  t h e  porous n icke l -molybdenumtubing (Table 4) f o r  
t he  amounts requ i red  f o r  any presumed s e t  of hydrogenat ion react ions.  
c e r t a i n  react ions,  such as . the hyd roc rack ing  o f  t he  phenylcyclohexane 
54 t o  89% o f  t h e  a v a i l a b l e  hydrogen was consumed i n  t h e  pu re  compound 
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t o  90% i n  the  t a r  o i l  runs. 
act ions,  i t  appears t h a t  e s s e n t i a l l y  a l l  hydrogen was consumed except t h a t  requ i red  
t o  ma in ta in  pressure on the  i n s i d e  o f  t h e  tub ing.  
t h e  porous Ni-Mo tub ing  a l lowed economical ly  low feed res idence t imes o f  on l y  3.0 
t o  12.6 minutes. 

When es t ima t ions  a r e  a l l owed  f o r  these neglected re -  

The h i g h  hydrogen f l o w  ra tes  w i t h  

A s i m i l a r  s i t u a t i o n  e x i s t e d  f o r  t h e  Co-Mo tub ing.  

As long as hydrogen flow was mainta ined through the  t u b i n g  w a l l ,  t h e r e  was never 
any i n d i c a t i o n  o f  carbon deposi ts ,  even a f t e r  many hours use on successive runs. 
However, i n  one instance, a t  t h e  t e r m i n a t i o n  o f  run I 6  a t  400°C. t h e  pressure d i f f e r -  
e n t i a l  o f  IO p s i g  H2 f rom the  s h e l l - s i d e  t o  the  tub ing -s ide  was l o s t ,  a l l o w i n g  the  
t a r  o i l  feed t o  pene t ra te  t h e  pores under cond i t i ons  of poor  c o n t a c t  w i t h  hydrogen. 
A heavy carbonaceous depos i t  was produced, t y p i c a l  of ex tens i ve  crack ing.  
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TABLE 3, React ion  o f  D i f fused Hydrogen w i t h  
Pure Compounds i n  T h i n  Wal l  N i  Tubing 
w i t h  N i s S z  Coat ing ,  about 1,000 P S l G  

S o l v e n t  = Phenylcyc lohexane 

Run Temp. , 
No. O C  LHSV Compound 

6 290 1 .o Benzothiophene 

7 290 1 .o Phenanthrene 
Benzothiophene 

Benzothiophene 

Benzoth iophene 

8 290 1 .o Acenaph thene 

9 340 1 .o F luorene 

10 400 1.2 Phenanthrene 
Benzothiophene 

Benzothiophene 
11 450 0.51 Phenanthrene 

Weight % 

Feed Product  Hydrogenated 

5.74 4.68 19 

7.58 6.36 16 
6.22 5.11 18 

7.67 4.98 35 
6.25 5.63 IO 

7.79 5.13 21 
6.09 5.30 13 

12-97 7.70 41 
7.06 4.79 32 

5.21 2.62 50 
5.10 2.23 56 

TABLE 4.  Opera t ing  C o n d i t i o n s  f o r  Porous N i c k e l -  
Molybdenum Tub ing  Hydrogen Permeable 

C a t a l y s t  Reactors  a t  400°C 

Run No. 

S u l f i d i n g  Condi t ions,  
I n t e r n a l  Sur face 

Feed M a t e r i a l  

W t .  o f  Feed M a t e r i a l ,  g 

Pump Rate, g /h r  

T o t a l  Run Time, h r s  

Residence Time i n  
C a t a l y s t  Tubing. rnin 

Pressure  I n s i d e  Tubing, 
P s i 9  

Pressure  D i f f e r e n t i a l  
( s h e l l  t o  t u b i n g ) ,  p s i g  

Hydrogen Flow, l i t e r s / h r  

12 13 14 15 16 

50% HZ ; 50% HzS, 4 hours a t  4OO0C, t o t a l  gas f l o w  = 

Phenylcyc lohexane,  Phenanthrene F i l t e r e d  R e i l l y  

150.0 160.1 205.2 267.7 114.4 

56.2 64.0 41 .O 48.6 57.2 

1 .G3 1.25 1.5 1.9 2.0 

3.0 3.0 4.5 12.6 10.2 

8 f e e t  

Benzothiophene ( v a r i o u s  p r o p o r t i o n s )  Tar  O i  1 

650 1,350 1,350 767 1,380 

4.5 10.0 10.0 8.5 10.0 

6.26 5.56 4.50 5.40 5.1.0 

5a 



TABLE 5. React ion o f  Pure Compounds a t  400°C w i t h  Hydr,ogen 
D i f f u s i n g  Through Porous Nickel-Molybdenum Tubing 

w i t h  a S u l f i d e d  Inne r  Wal l  

Feed: 4.52 w t .  % benzothiophene 
10.17 wt. % phenanthrene 
(sol vent  : pheny 1 cyclohexane) 

Run No. 

Pressure, p s i g  1350 

LHSV 20.0 20.0 

Benzene 
To 1 uene 
Xylenes 
Trimethylbenzenes 
Biphenyl 
D i hydrophenanthrene 
Tetrahydrophenanthrene 
Phenanthrene 
Benzothiophene 

16.56 0.69 
0.63 1.49 
1.77 3.33 
0.06 0.97 
0.58 1.28 
0.00 2.26 
0.00 1.09 
5.60 12.03l 
3.29 7.97l 

I 

'High, due t o  l oss  o f  v o l a t i l e s ,  mos t l y  benzene. 

TABLE 6.  React ion o f  Coal Tar Creosote O i l  a t  400°C 
w i t h  Hydrogen D i f f u s i n g  Through Porous N icke l -  

Molybdenum Tubing w i t h  S u l f i d e d  Inner  Wall 

Composit ion 

Run No. 
LHSV 
Pressure, p s i g  

Reactants - Feed 

Acenaphthene 8.61 
Phenanthrenes' 20.01 
Pyrene 6.68 
Fluoranthene 5.83 

Tota l  

P roduc ts  

Benzene 0.00 
To1 uene 0.10 
i y l e n e s  0.16 
lndan 1.23 
T e t r a  1 i n  1.15 
Methylnaphthalenes 11.70 
Tetrahydroacenaphthene 0.00 

Tota l  

15 
4.8 
767 

Rece i ve r 
Product 

19.06 
4.30 
4.81 

8.45 

0.21 
0.10 
0.20 
1.57 
1.60 

14.56 
0.34 

Decrease 

0. I6 
0.95 
2.38 
1.02 
4.51 

Increase 

0.21 
0.00 
0.04 
0.34 
0.45 
2.86 
0.34 
K-Z  

'Phenanthrene p l  US rnethylphenanthrenes. 
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Weight % 

Feed 

8.23 
20.77 

5.59 
5.99 

- 

0.00 
0.33 
0.21 
1.99 
1.45 
9.29 
0.00 

16 
5.9 
1,380 

Rece i ver  
Product 

4.03 
18.44 
3.52 
4.09 

1.52 
2.22 

3.06 
2.15 

10.91 
1.85 

2.03 

Decrease 

4.20 
2.33 
2.07 
1 .go 

10.50 

Increase 

1.52 
1.89 
1.82 
1.07 
0.70 
1.62 
I .85 

- 

10.47 



TABLE 7. React ion of Pure Compounds w i t h  Hydrogen 
D i f f u s i n g  Through Porous Cobalt-Molybdenum 

Tubing w i t h  S u l f i d e d  Inner  W a i l  

So lvent  = Phenylcyclohexane 

Run No. 
Temp., " C  
Pressure i n s i d e  

tube, p s i g  
Pressure, d i f f -  
e r e n t i a l ,  p s i g  

Residence t ime,  min. 
LHSV 

17 
350 

750 

20 
11.4 
5.3 

18 
400 

728 

9.0 
10.2 
5 . 9  

Composition, Weight 8 

19 
400 

1,495 

7.0 
19.2 
3.1 

Pentane 
Benzene 
To1 uene 
Xy 1 enes 
T r  i m e t  hy 1 benzenes 
Naphthalene 
B i pheny 1 
Methy 1 b i  pheny 1 
O i  methy 1 biphenyl 
D i  hydrophenan threne 
Te t rahydrophenan t hrene 
Phman threne 
Ben z o t  h i op hene 

Feed 

0.00 
0.64 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

11.82 
4.42 

- Product  

0.00 
6.91 
0.02 
1.93 
0.00 
0.62 
0.00 
0.00 
0.00 
0.00 
0.00 
5.05' 
4.42' 

60 

Feed 

0.00 
0.60 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

12.12 
4.51 

- Product 

2.73 
7.54 
4.73 
6.36 
1.13 
4.68 
3.46 
0.00 
0.00 
0.05 
0.00 
5-70'  
5.40' 

-- Feed 

0.00 
1.75 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

13.28 
5.27 

- Product 

0.00 
0.03 
0.08 
1.74 
0.59 
2.20 
4.49 
0.99 
1.12 
5.97 
2.08 

23.74: 
5.28 

P 

1 
I 
I 

P 
I 

I 

I 
I 

I 

I 

I 

I 

'High, due t o  loss of v o l a t i l e s ,  p r i m a r i l y  pentane and benzene. 
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CATALYTIC HYDROLIQUEFACTION OF COALS FOR 
HYDROCARBON-TYPE ANALYSIS IN RELATION TO REFINING 

by 

W. C. Lanning, J. B. Green, and J. E. Dooley 
Department of Energy, Bartlesvil le Energy Research Center 

P. 0. Box 1398, Bartlesville, Oklahoma 74003 

INTRODUCTION 

Small samples of liquids have been prepared from several coals of widely varied rank by 
catalytic hydrogenation i n  a batch autoclave. The liquids were prepared at conditions designed 
to minimize cracking of hydrocarbon components, yet were upgraded to remove nitrogen and to 
permit detailed determination of hydrocarbon types potentially obtainable for refining. This 
paper covers the preparation and properties of the liquids; the hydrocarbon analyses w i l l  be reported 
later. 

Scattered literature references indicate that the complexity of hydrocarbon groups in coals 
and in  liquefaction products varies substantially wi th the rank or grade of coal liquefied. Reports 
of early German technology refer repeatedly to the liquefaction of brown coal (lignite) at about 
half the hydrogenation pressure required for bituminous coals ( 9 ) .  
recycled o i l  i n  continuous hydrogenation of German coals decreased with decreasing grade of coal 
and reached an apparent minimum in  the range of sub-bituminous coals. Although there were gaps 
i n  the data, this trend, combined with greater rates of hydrogenation observed for the product oils, 
indicated smaller polynuclear hydrocarbon units as we l l  as different chemical structure in  brown 
coals in  comparison w i th  bituminous coals. The greater reactivity was also associated with increased 
oxygen content. Wender (8) suggested that hydrocarbon groups in coal can vary from those which 
contain l i t t le more than one aromatic ring, as in lignite, to virtually one huge fused-ring aromatic 
i n  anthracite coal. However, most coal liquefaction research i n  this country has been done on 
bituminous coals. U.S. Bureau of Mines work in the 1940 era recognized the greater reactivity 
o f  lower-rank coals and the importance of catalysts in promoting formation of hydroaromatic com- 
pounds that function as hydrogen donors in  liquefaction (6). In fact, low-rank coals were so re- 
active that high hydrogen pressure was required to avoid repolymerization o f  reactive fragments 
to  coke at the temperatures used, generally about 430° C. However, almost complete liquefaction 
and extensive oxygen removal could be obtained at relatively low temperature and with relatively 
l i t t le hydrogen consumption (but with hydrogen transfer from solvent). The rate of conversion of 
Pittsburgh bituminous-A coal to asphaltenes was considerably greater than conversion of the 
asphaltenes to oil, whi le  the opposite was true for coal of bituminous-C rank from Rock Springs, 
WY (9). The wt-pct yield of total o i l  increased with rank of coal from about 55 for lignite to 65 
for sub-bituminous to 70-75 for high-volatile bituminous coal on a moisture- and ash-free (maf) 
basis. Yields were much less for sti l l  higher-rank medium-volatile coals because of low reactivity. 
These trends were observed in  both batch autoclave and continuous-flow units with stannous sulfide 
catalyst. Characterization of the liquid products was limited to distillate fractions, usually a 
small part of the product, which were determined to be highly cyclic and aromatic. Phenolics 
content was greater i n  distillates from coal o f  lower rank. 

The aspholtene content of 

Among more recent studies, the effluent from liquefaction of a Utah sub-bituminous coal 
with hydrogen donor solvent (3) contained less benzene insoluble material than that from Pittsburgh 
bituminous coal, and addition of a paraffinic diluent was required to precipitate enough asphaltenes 
for agglomeration of residual solid particles. Other sub-bituminous coal products behaved similarly. 
I n  reports of the HRI, Inc., H-Coal process (7) and the Gulf Science and Technology Co. CCL 
(catalytic coal liquefaction) process (4), syncrudes produced from sub-bituminous coals contained 
less heavy ends and less polynuclear aromatics with 4 or more rings. An extensive survey of coals 
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with respect to liquefaction by hydrogenation (1) confirmed early reports that high volatile bitu- 
minous cw ls  gave the best yields, but the products were not characterized in  any detail. 

EXPERIMENTAL 

Materials 

Table 1 shows analyses of the coal samples used. The analyses were run by the U.S. Bureau 
of Mines, Pittsburgh, PA. The lignite was supplied by the Grand Forks, ND, Energy Research 
Center, the Wyodak coal by Hydrocarbon Research, Inc., Trenton, NJ, and the other four samples 
by Conoco Coal Development Co., Library, PA. Those samples not olready pulverized were 
ground and screened to -50 mesh. The lignite and Wyodak coal samples were dried under vacuum 
and kept under nitrogen thereafter. The others were used as received. Note that the nitrogen 
content of the bituminous coals was about 50 percent greater than that of the sub-bituminous coals 
and lignite. Indicated oxygen content of the dry coals increased from about 8 to 19 wt pct as 
the rank or grade decreased. The W. Kentucky coal had a high sulfur content of 4.3 wt pct. 

TABLE 1. - Analyses of Coals 

Montana Wyoming 
Source PA-WV Illinois W. KY (Colstrip) (Wyadak) N. Dakota 
Seam Pittsburgh No. 6 -- Rosebud Lower Beulah Std. I1 
Rank hvb A hvb B or C hvb B or C sub-bit. A sub-bit. C Lignite 

Proximate anolysis 
(as received) 

Moisture 1.7 7.8 2.9 4.2 10.9 28.0 
Volatile matter 35.9 34.2 3a .4 34.4 39.5 31 .O 
Fixed carbon 55.1 51.4 4a .a 48.5 42.7 33.3 
Ash 7.3 6.6 9.9 12.9 6.9 7.7 

Ultimate analysis 
(moisture free) 

Hydrogen 5.1 4.9 4.9 4.3 4.8 4.5 
Carbon 76.9 75.2 70.2 65.2 66.8 63.5 
Nitrogen 1.5 1.6 1.4 0.6 1 .o 0.9 
Sulfur 1.6 1.5 4.3 1.8 0.5 1.3 
Oxygen (difference) 7.6 9.7 8.8 14.5 19.2 19.1 
Ash 7.4 7.1 10.2 13.5 7.8 10.7 

Nickel- molybdenum/alumina hydrotreating catalyst, American Cyanamid HDS-3A, was 
crushed, screened to 60-100 mesh, and dried overnight at 200' C. Elemental sulfur was added 
in liquefaction runs to provide some sulfiding of the catalyst. For upgrading the crude liquids, 
the catalyst was presulfided in  the autoclave as a slurry in n-octane plus carbon disulfide, 400 
psig added hydrogen, and at 285" C maximum temperature. The diluent was flashed off at 225" C 
to insure elimination of water. 

The init ial solvent for each preparation was 99 percent tetralin from the Aldrich Chemical 
co .  
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Procedure 

Both liquefaction and upgrading runs were made i n  a 2-liter Magnedrive autoclave from 
Autoclave Engineers, Inc. A typical liquefaction charge was 325 - 400 g coal, 500 g solvent, 
50 g catalyst, and 4 g sulfur. The charged reactor was purged with nitrogen and hydrogen, 
pressured with hydrogen to about 1,500 psig, leak tested, and heated to 300" C in  about one 
hour. The temperature was then raised slowly over a period of several hours, depending upon 
the rate and extent of hydrogen consumption, to a maximum of 400" C. Cylinder hydrogen was 
boosted to about 3,300 psig with a Whitey compressor, and i t  was added periodically to the 
reactor from a calibrated surge volume to  maintain reactor pressure between about 2,450 and 
2,700 psig. At the end of a run the reactor was cooled rapidly to 260" C, and nearly a l l  the 
gaseous components were bled off to remove water a d  some light ends. The effluent gas passed 
through a condenser and ice-cooled trap, a scrubber column fi l led with 1/4-inch screen 
saddle-type packing, and a second ice-cooled trap, after which it was sampled and metered. 
The top section of the packed column was heated to break the fog which passed the first trap. 
The product slurry, cooled to about 70" C, was removed from the reactor by suction through a 
dip tube and was filtered through Whatman No. 41 paper in  a heated Buchner funnel, at 50 - 
60" C. Filtered liquid product was used as diluent for the following run. The fi l ter cake was 
washed with benzene at  50" C and dried to determine residual solids. Runs were repeated unti l 
the calculated tetralin content of the recycled l iquid was less than 6 wt pct, and then were con- 
tinued to  accumulate at  least 1,200 g of crude liquid (including benzene washings and light 
ends). The reactor was flushed with hot benzene only at the end of a series, since complete 
recovery from single runs was not essential. The reactor was opened occasionally to inspect for 
accumulated deposits, which generally were insignificant. 

The crude liquids were upgraded in similar autoclave runs to remove heteroatoms, espe- 
c ia l ly  nitrogen. A typical charge was 100 g presulfided catalyst and 850 g crude liquid. 

Effluent gases were analyzed by gas chromatography. Hydrogen consumption was taken as 
the difference between that charged and withdrawn. No attempt was made to account for sulfur, 
nitrogen, or oxygen, although water recovery was nearly quantitative in  later runs. Overall 
material balances were calculated, recognizing the limitations of the procedures used, but the 
objective was to obtain liquids which contained most of the hydrocarbons potentially obtainable 
from the coal, not to provide quantitative process data. 

The upgraded liquids were vacuum distilled in  a Perkin-Elmer spinning band column to an 
overhead temperature of 425" C, corrected to atmospheric pressure. Asphaltenes were removed 
from the > 425" C residuum by pentane precipitation (3, and the asphaltene-free residuum was 
then vacuum flashed at 540" C, corrected to atmospheric pressure. 

RESULTS 

The results of the liquefaction experiments are summarized in  Table 2. The data for each 
coal are a composite of those for successive batches from which product l iquid was retained. 
Total products accounted for varied from 90 to 105 wt pct of coal charged. The variations re- 
flected mostly uncertainty in reactor holdup at  the start of product accumulation, incomplete 
recovery of water and possibly removal of sulfur from W. Kentucky coal. Net  yields of liquid 
varied from 69 w t  pct from Illinois cool to 55 wt pct from lignite. The yields of C, - C, l ight 
gases decreased and that of CO, increased as the rank of coal decreased. Hydrogen consumption 
increased by about 15 percent as the rank of c w l  decreased, with the exception of Pittsburgh 
coal to be noted later. The reaction times briefly summarized i n  Table 2 show that the major 
part of the reaction was at temperatures less than 375" C, except for Pittsburgh coal, and that 
less total time was required to yield a readily filterable product slurry from the lower-rank cwls. 
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TABLE 2. - Batch Liquefaction of Coals 

2,450-2,800 psig, N i M o  Catalyst 

Coal Pittsburgh 111.  No. 6 W. Ky. Colstrip Wyodak Lignite 

Wt-pct of coal charge: 

Ne t  liquid 66 69 62 58 60 55 
Gas: C, - C, 5.8 5.0 5.2 3.2 4.2 4.2 

0.1 0.5 0.7 3.2 5.6 5.6 
c, + 2.8 0.9 1 .o 1.3 2.2 2.2 
co2 

Residual solids 19 19 18 32 21 20 
Total products 101 97 90 104 106 102 
H2 consumed 4.3 4.0 4.0 4.4 4.8 4.6 

Reaction time, hrs. at "C: 

325 - 375 5.2 7.6 10.3 6.8 6.8 5.6 
1.6 - 1.9 - 2.0 - 2.1 - 2.6 - 5.2 - 376 - 400 

Total 10.4 10.2 12.3 8.9 8.7 7.2 

Most of the hydrogen consumption also occurred at less than 375" C, again with the exception of 
Pittsburgh coal. 

Averaged temperature-time curves for the liquefaction reactions are shown i n  Figure 1. 
Temperatures were increased as needed to maintain a suitable rate of hydrogen consumption. The 
maximum temperature was set at 400° C to minimize hydrocarbon cracking, except for an in i t ia l  
preparation from Illinois coal for which data are not included. Temperatures up to 415" C were 
used in  that series, and yields of methane increased significactly. The bituminous coals showed 
no substantial consumption of hydrogen, as indicated by pressure decrease, at less than about 
350" C. Pittsburgh cool was the least reactive, with the indicated rate of hydrogen consumption 
being about half that of the other bituminous coals and one-third that of the lower-rank coals. 
To overcome this, maximum reactor pressure for Pittsburgh coal was increased to  2,800 psig. 
Coupled with less production of water, this resulted in sharply increased partial pressure of hydro- 
gen i n  the reactor. Reaction rates actually increased as the series progressed, in  contrast to 
behavior of the other coals. This improved rate was attributed to the formation of hydroaromatics 
of higher molecular weight which were better hydrogen donor solvents than the tetralin used 
as starting solvent. Hydrogen consumption by the sub-bituminous coals and lignite began at 
325" C or less, as reflected in  the curves of Figure 1, and most of the hydrogen was consumed 
at less than 350" C. In fact, too rapid an increase in reaction temperature for these coals 
resulted in an overall decrease i n  hydrogen consumption and a viscous product which was di f f i -  
cult to  handle. Reaction temperature was s t i l l  programmed to 400' C, however, for increased 
heteroatom removal from the l iquid and resultant molecular weight decrease. 

, 

The results of upgrading the crude coal liquids by similar batch hydrogenations with pre- 
sulfided catalyst are summarized in Table 3. Results for the Wyodak coal were not complete 
when the manuscript was submitted. The objective was to decrease nitrogen content of the 
liquids to 0.2 to 0.3 wt pct with a minimum of cracking of hydrocarbons. The ratio of o i l  to 
catalyst in  the autoclave was far greater than in  a typical trickle-flow operation over fixed- 
bed catalyst, by a factor of up to 50-fold. Thus, longer reaction time was required, and 
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TABLE 3. - Upgrading Coal Liquids 

2,450- 2,650 psig, N iMo Catalyst (Presulfided) 

II 

,I 
'I 

rl 

Coal Pittsburgh 111. No. 6 W. Ky. Colstrip Lignite 

Wt-pct of charge: 

Liquid product 92 92 92 93 95 
Gas: C, - C, 0.3 1.8 2.0 0.8 0.3 

c, + 1 .o 0.8 0.8 0.2 0.9 
Total products 95 97 97 97 98 
H, consumed 1 .o 2.3 2.3 1.6 0.9 

Reaction time, hrs. at  O C :  

325 - 375 9.8 8.7 12.7 4.7 2.0 
2.9 - 0.7 376 - 400 

Total 10.7 18.0 19.1 7.6 2.7 

- 6.4 - 9.3 - 0.9 - 

increased temperature could not be substituted for time without increased cracking of hydro- 
carbons originally present. The liquids from Illinois and W. Kentucky coals required up to 19 
hours reaction time; however, even in  those runs over 60 percent of the hydrogen was consumed 
at less than 375" C. Much shorter reaction times were required for upgrading the liquids from 
lower-rank coals and lignite. Recovery of upgraded liquid was 92 to 95 wt pct of the charge, 
not including C,+ material in  the effluent gas. Hydrogen consumptions and yields of gaseous 
hydrocarbons were small, except for the two liquids which required extended reaction. Tempera- 
ture-time curves for the upgrading are shown in Figure 2. No appreciable hydrogenation 
occurred at less than 350° C, and reactions of a l l  except the Pittsburgh liquid were programmed 
to 400° C. The Pittsburgh run was cut short when that liquid was found to have been substan- 
tially upgraded during the liquefaction as previously noted. 

Properties and some elemental analyses of the crude and upgraded liquids are given in 
Table 4. Nitrogen content o f  the crude liquids from bituminous coals was 1.1 to 1.3 wt pct, 
compared to 0.4 to 0.6 wt pct in  those from lower-rank coals. The exception, again, was that 
from Pittsburgh coal, for which more hydrogenation during liquefaction had decreased nitrogen 
content to 0.4 wt pct. Oxygen content in  several o f  the crude liquids, determined by neutron 
activation analysis, was 1.3 to 2.1 wt pct. Nitrogen content of all the upgraded liquids was 
decreased to about the same level, in  the range of 0.2 to 0.3 wt pct. Sulfur content was, of 
course, small i n  al l  cases. The upgraded liquid from Pittsburgh coal was the most viscous, but 
differences were small since the extent of upgrading was controlled to bring a l l  liquids t o  the 
same nitrogen content. Pour points of the upgraded liquids varied from less than 5 O  F for liquids 
from bituminous coals to +45" F for that from lignite, reflecting increased paraffin content in  
the latter. However, a few percent of waxy n-paraffins can increase pour point sharply. 

Distributions of the upgraded liquids by distillation and asphaltene content are shown in 
Table 5 .  Asphaltene contents were in  the range of4.7 to 6.8 wt pct and, thus, correlated 
well with nitrogen contents to indicate that all liquids had been brought to a similar level of 
upgrading to a predominantly hydrocarbon product. The distribution by boiling range was 
similar for all the liquids. This may be surprising in view of the greater reactivity of the lower- 
rank coals, but relatively l i t t le upgrading of the crude liquid was required in those cases. 

67 

I 



TABLE 4. - Properties of Crude and Upgraded Coal Liquids I 
I 

Coal Pittsburgh Ill. No. 6 W. Ky. Colstrip Lignite 

Crude liquid: 

Nitrogen, wt-pct 0.44 1 .IO 1.28 0.64 0.43 
Oxygen, wt-pct - 1.34 2.09 1.61 - 

Upgruded liquid: 

Specific gravity, 60/60" F 
SSU vis. @ 100" F 
Pour point, " F 
Carbon, wt-pct 
Hydrogen, wt-pct 
Sulfur, wt-pct 
Nitrogen, wt-pct 
Oxygen, wt-pct 

0.99 
441 
+5 
89.2 
10.8 
< .01 
.20 
- 

0.99 
126 
c5 
88.6 
10.3 
.02 
.25 
.19 

0.99 
89 
c5 
88.2 
10.7 
.02 
.29 
.32 

0.99 
263 
+20 
88.1 
10.6 
< .01 
.I9 
.32 

0.98 
181 
4 5  
89.0 
10.8 
< .01 
.25 
- 

TABLE 5. - Distribution of Upgraded Coal Liquids 

Coal Pittsburgh 111. No. 6 W. Ky. Colstrip Lignite 

Disti I lotion, wt-pct 

<200" c 10.0 1 1.4 16.6 11.5 12.3 
200 - 325" C 21.7 27.9 26.1 21.5 24.0 
325 - 425" C 20.3 22.5 22.8 21 . I  20.7 
425 - 540" C* 26.6 23.7 19.7 21 .o 21 .o 
> S O "  c* 16.2 7.5 9.3 18.3 15.0 

Asphol tenes 4.7 6.8 5.2 6.6 6.7 

*Asphaltenes removed from >425" C resid. 

Table 6 gives the specific gravities and nitrogen contents of the distillation fractions. The 
trends are as expected, with nitrogen concentration greatest i n  the residuum. 

DISCUSSION 

The results reported here indicate that a wide variety of coals can be liquefied by catalytic 
hydrogenation at conditions which permit recovery of most of the hydrocarbons potentially obtain- 
able from a given coal. 
which about 90 percent can be analyzed for hydrocarbon type have been prepared. Such analyses 
w i l l  provide information on the effect of coal source on the character of potential feedstocks for 
production of refined fuels. Differences in the required extent of upgrading of the crude liquids 
may have decreased the spread in complexity of hydrocarbon types recovered, but in view of the 
relatively low reaction temperatures used and the small yields of gaseous hydrocarbons, not much 

By control of the extent of upgrading of the crude product, liquids of 
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TABLE 6. - Distillation Fractions of Upgraded Liquids 

Coal Pittsburgh 1 1 1 .  No. 6 W. Ky. Colstrip Lignite 

<200" C distillate: 

Specific gravity 
Nitrogen, wt-pct 

200 - 325" C distillate: 

Specific gravity 
Nitrogen, wt-pct 

325 - 425O C distillate: 

Specific gravity 
Nitrogen, wt-pct 

425 - 540" C distillate:* 

Specific gravity 
Nitrogen, wt-pcl 

>425" C resid. 

Sulfur, wt-pct 
Nitrogen, wt-pct 
Asp ha I tenes , w t-pc t 

0.829 0.827 0.832 0.822 0.822 
.003 .001 .096 .023 .007 

.915 

.016 

.983 

.076 

1,045 
.272 

.926 .919 .918 

.a21 .062 .030 

1.001 .993 
.159 .200 

1 .a1 1.049 
0.415 0.415 

.982 

.119 

1.032 
0.233 

.916 

.lo4 

.983 

.304 

1.032 
0.412 

< .01 < .01 .04 .02 < .01 
.37 .56 .57 .33 .50 

9.9 17.9 15.3 14.3 15.7 

*Asphaltenes removed 

cracking of heavier hydrocarbons should have occurred. The reaction conditions used for lignite, 
for example, could not have been applied to Illinois coal to recover any substantial part of the 
hydrocarbons for analysis. On the other hand, a crude liquid from one of the low-rank coals 
could be upgraded on the same temperature-time program as was used for Ill inois coal, and this 
i s  planned. 

The upgraded coal liquids described in this paper are being analyzed in  detail for hydro- 
carbon-type composition by methods developed for petroleum and adapted to the analysis of 
synthetic crude oils (2). The results w i l l  be reported later when completed. 
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STANNOUS CHLORIDE AND COBALT MOLYBDATE-ALUMINA CATALYSTS 
I N  HYDROGENOLYSIS OF SOLVENT REFINED COAL 
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Buffalo,  New York 14214 
I S t a t e  Universi ty  of  New York a t  Buffalo 

Abstract  

The r e l a t i v e  e f f ec t iveness  of SnCl and Co/Mo/A1203 ( s i l i c a - s t a b i l i z e d )  
f o r  t he  hydrogenolysis o f  solvent-ref ingd coa l  was s tud ied  i n  a batch autoclave 
with t e t r a l i n  as so lven t .  SnCl was except ional  i n  higher  H consumption, 
higher  l i que fac t ion ,  and higher  r a t i o  of  low molecular weigh$ products  i n  the  
o i l  f r ac t ion  than e i t h e r  Co/Mo/Al 0 or  i n  c a t a l y s t - f r e e  tests. Discrimination 
between c a t a l y s t s  with respect  to2S3elimination was d i f f i c u l t  because o f  the  
low S content  of SRC; however, t he  e f f ec t iveness  with r e spec t  t o  both N and 0 
el iminat ion decreased i n  the  order  SnC12 > No Catalyst  > Co/Mo/A120g. 
production was a l s o  lower with Co/Mo/Al,O than with no c a t a l y s t ,  an e f f e c t  
which may be due t o  t h e  S i 0  present  a s L a 3 s t a b i l i z e r  i n  the  support  A120 
The r e s u l t s  are cons i s t en t  h t h  t h e  concept t h a t  coa l  ash ca t a lyzes  t h e  a l f f i c u l t  
s t e p  of  converting asphaltene t o  o i l .  

2 

O i l  

Introduct ion 

One of  t h e  i n t r i g u i n g  a spec t s  of c a t a l y t i c  coa l  liquefaction-hydrodesul- 
fu r i za t ion  i s  t h a t  mult i funct ional  c a t a l y s t s  a r e  des i r ab le ,  a s  is a l s o  t r u e  i n  
the  well-known cases  o f  naphtha reforming and of hydrocracking i n  petroleum 
re f in ing .  
a t  l e a s t  b i func t iona l ,  al though t h i s  aspect  has  no t  received much e x p l i c i t  
a t t en t ion .  
i s  s t i l l  not understood a f t e r  some decades of s tudy ,  but  c l e a r l y  t h e  c a t a l y s t  
exercises  cracking a s  w e l l  as hydrogenative funct ions.  The c a t a l y s t s  cons i s t ing  
of "cobalt  molybdate" supported on s i l i c a - s t a b i l i z e d  alumina a r e  a c i d i c ,  whatever 
t h e i r  d e t a i l e d  ac t ion  may be i n  t h e  hydrodesulfur izat ion of  coa l  or coal-derived 
l i qu ids .  

Most of the  individual  c a t a l y s t s  b e s t  s tud ied  i n  coal processing a re  

The r o l e  o f  SnC12 (or Sn + H C 1 ,  o r  Sn + NH4C1) i n  coa l  l i que fac t ion  

I t  is an i n t e r e s t i n g  f a c t  t h a t  t h e  b e s t  c a t a l y s t  f o r  l i que fac t ion  of coal 
i s  not bes t  f o r  hydrodesulfur izat ion.  
Kawa e t  a l .  (1974) provides a r ecen t  i l l u s t r a t i o n .  Supported SnCl , even i n  
small  concentrat ion,  was outs tanding i n  i t s  a b i l i t y  t o  promote bot2 t o t a l  
l iquefact ion and t h e  production of benzene-soluble o i l ,  bu t  not  i n  desu l fu r i za t ion .  
Supported "cobalt  molybdate" was equa l ly  outs tanding i n  giving products of low 
s content ,  but  not  i n  l i que fac t ion .  

The comprehensive c a t a l y s t  survey of  

The study of c a t a l y s t s  f o r  coa l  hydrogenolysis i s  e s s e n t i a l ,  but t he  
c a t a l y t i c  e f f e c t s  of coa l  ash i t s e l f  may confound the  i n t e r p r e t a t i o n  of the  
e f f e c t s  of added c a t a l y s t s .  There i s  some advantage, t he re fo re ,  i n  studying 
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added c a t a l y s t s  f o r  t h e  hydrogenolysis of so lvent - re f ined  c o a l  (SRC) r a t h e r  
than of  coal  i t s e l f .  SRC is e s s e n t i a l l y  ash- f ree .  

The present  l imi ted  s tudy  was intended t o  explore  what seem t o  be extreme 
cases  of c a t a l y t i c  a c t i o n ,  with t h e  use  of SRC a s  feed.  
comparison o f  
(c) a commercial Co/Mo/SiO -A1 0 at low concent ra t ion .  I n  some ways SRC i s  a 
reasonable "model compound2 wi%h3which t o  s tudy t h e  d i f f i c u l t  s t e p s  i n  coal-  
t o - o i l  conversion f r e e  o f  t h e  complication of  i n t r i n s i c  c a t a l y s t  (ash) .  The 
sample of SRC was almost completely s o l u b l e  i n  p y r i d i n e ,  i n  Soxhlet e x t r a c t i o n ;  
only 17% soluble  i n  e i t h e r  benzene o r  toluene;  and almost inso luble  i n  n-pentane 
( < 2 % ) .  
and "oil". as well a s  o f  hydrodesul fur iza t ion ,  may t h e r e f o r e  be followed 
conveniently with SRC a s  feed.  

The s tudy i s  a 
(a)  no c a t a l y s t ,  (b) unsupported SnC12 at  low concentrat ion,  and 

The d i f f i c u l t  s t e p s  of convert ing pyr id ine-so lubles  t o  "asphaltene" 

Experiment a1 

Equipment 

A l l  autoclave experiments were conducted with t h e  same 1-9,. stirred auto-  
c lave  (Autoclave Engineers Model MB-1005 Magnedash) used i n  t h e  work o f  Yen 
e t  a l .  (1976). A s  i n  t h e  e a r l i e r  s t u d i e s ,  a g l a s s  l i n e r  was used i n  t h e  auto-  
c lave  t o  e l imina te  p o s s i b l e  c a t a l y s t  "memory e f f e c t s " .  
were made i n  equipment used f o r  product ana lyses :  

The fol lowing changes 

1. A t  t h e  conclusion o f  a run,  a f t e r  cooldown, autoclave gas was 
passed through 2N z i n c  a c e t a t e  so lu t ion  ( r a t h e r  than  c a u s t i c )  
i n  t h e  scrubbing b o t t l e s ,  t o  remove H2S and permit subsequent 
a n a l y s i s  of  H2S by an iodometr ic  method. 

through an on-l ine gas chromatograph (Perkin-Elmer Model 810) 
f o r  a n a l y s i s  o f  l i g h t  hydrocarbons. The column was 7 f t .  x 
1 / 8  inch Porapak Q,  operated a t  80'C.; flow r a t e  of  t h e  He 
c a r r i e r  was 45 ml./min. 

Analysis of  t h e  "o i l "  samples was performed with a Varian 
Aerograph gas chromatograph, Model 1420, equipped with 5 f t  
x 1 /8  inch columns packed with 1.5% OV-101 on 100/120 
Chromosorb G - H . P . ,  wi th  a helium c a r r i e r  flow r a t e  o f  25 
ml./min. 
f o r  t h e  f i r s t  3 minutes a f t e r  sample i n j e c t i o n ,  a f t e r  which 
t h e  column temperature was increased  from 125OC. t o  (a 
maximum of)  270'C. a t  the  programmed r a t e  of 15"C./min. 
The G.C. d a t a  were processed with a Varian CDS-111 Data 
System and v i s u a l l y  displayed on a Leeds and Northrup Azar 
recorder .  

2 .  After  t h e  scrubbing b o t t l e s ,  t h e  autoclave gas  was passed 

3.  

The column was opera ted  i so thermal ly  a t  125'C. 

Mater ia ls  

The so lvent - re f ined  coal  used i n  t h i s  work was obtained,  through the  
courtesy of Mr. E . L .  Hoffman, from t h e  p i l o t  p l a n t  operated i n  Wilsonvi l le ,  
Alabama by Southern Serv ices ,  Inc. Our mater ia l ,  s a i d  t o  have been made from 
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Kentucky No. 14 c o a l ,  has  t h e  fol lowing elemental a n a l y s i s :  
1.3% N ,  0 .7% S,  and 5.3% 0 (by d i f f e r e n c e ) .  These values  a r e  c lose  t o ,  but  
d i f f e r  s l i g h t l y  from, " typica l  values" repor ted  f o r  t h e  Wilsonvi l le  p l a n t .  
Ash was about 0.2%. 

from Fisher  S c i e n t i f i c  Co. The Co/Mo/Al O3 c a t a l y s t  was 6arshaw Type 0402T, 
containing approximately 15 w t . %  MOO 
alumina (5% Si02) .  
e t  a l .  (1976). 

86.77% C, 6.0% H ,  

The t i n  ch lor ide  used as  c a t a l y s t  was ACS grade SnCl . 2H20, obtained 

3 w t . %  COO on s i l i c a - s t a b i l i z e d  a d  3 I t s  p r o p e r t i e s  a r e  given i n  g r e a t e r  d e t a i l  i n  Yen 

Procedures 

Procedures f o r  t h e  autoclave experiments were e s s e n t i a l l y  t h e  same a s  those 
used by Yen e t  a l .  (1976), except f o r  t h e  addi t ion  of  a s o l i d - s t a t e  temperature 
c o n t r o l l e r  (Barber-Colman Model 520) f o r  t h e  2 kw. furnace.  I n t e r n a l  tempera- 
t u r e s  were monitored by a chromel-alumel couple, i n s e r t e d  i n  t h e  autoclave thermo- 
wel l ,  connected t o  a m i l l i v o l t  potent iometer .  I n i t i a l  (cold) H p ressure  was 
1000 ps ig  i n  a l l  experiments. The autoclave "dasher" was operaged during heatup 
and t h e  reac t ion  per iod  of  1 h r .  a t  45OoC. (+ 5°C.) a t  t h e  constant  frequency o f  
180 s t rokes  per  minute. 

The procedures f o r  analyzing t h e  letdown gases at  t h e  conclusion of a run 
have been descr ibed  above. A s e r i e s  of e i g h t  gas samples was taken during t h e  
letdown period f o r  G.C.  ana lys i s ;  t h e  analyses  f o r  any s i n g l e  run were i n t e g r a t e d  
t o  obtain t o t a l  gas composition. 

After  the autoclave was unsealed,  t h e  g l a s s  l i n e r  with i t s  conten ts  was 
removed f o r  ana lys i s .  
the  autoclave,  was removed by a s p i r a t i o n ,  c o l l e c t e d ,  and weighed; i t  was denoted 
as  "autoclave residue".  Although t h e  average amount of "autoclave residue" was 
approximately 14 w t . %  of t h e  t o t a l  i n i t i a l  charge (75g. SRC + 300g. t e t r a l i n ) ,  
it was not  included i n  t h e  mass balance o r  i n  t h e  product separa t ion  scheme 
because of poss ib le  c a t a l y t i c  e f f e c t s  of t h e  metal autoclave wal l s .  

Some mater ia l ,  found outs ide  t h e  l i n e r  i n  t h e  bottom of 

The separa t ion  scheme used f o r  l i q u i d  and s o l i d  products  is summarized i n  
Figure 1. D i s t i l l a t i o n s  i n  Run 1 (see  Table I )  were performed a t  atmospheric 
pressure ,  as was done by Furlani  e t  a l .  (1976). I n  a l l  o t h e r  runs,  t h e  
d i s t i l l a t i o n s  were genera l ly  conducted a t  30-35 Torr .  under a N 
Separat ion of "asphal tols"  ( toluene-insoluble ,  pyr id ine-so luble  mater ia l )  was 
e f fec ted  i n  only a few runs; t h e  r e s u l t s  a r e  t h e r e f o r e  not  included i n  t h i s  
paper. 
t e t r a l i n  d i s t i l l a t i o n .  When t h i s  occurred,  t h e  vacuum d i s t i l l a t i o n  was c a r r i e d  
t o  a vapor temperature somewhat i n  excess of 105"C., cool ing water was drained 
from t h e  condenser, and a hea t  gun was employed t o ' d r i v e  t h e  naphthalene i n t o  
t h e  t e t r a l i n  d i s t i l l a t e .  The pot  temperature was always kept  below 250°C. i n  
t h i s  d i s t i l l a t i o n .  
i n  Lovetro (1977). 

atmosphere. 2 

Occasionally naphthalene was observed t o  be condensing during t h e  

Further  d e t a i l s  o f  t h e  separa t ion  scheme a r e  t o  be  found 

Analyses f o r  C, H ,  and N were performed with a Perkin-Elmer Model 240 
Analyzer i n  t h e  Department of  Chemistry of  t h i s  u n i v e r s i t y .  
were very k indly  provided through t h e  courtesy of t h e  Hooker Chemical Co. 

Analyses f o r  S 
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Resul ts  and Discussion 

The c a t a l y s t s  used i n  t h e  var ious autoclave runs a r e  summarized i n  Table 
I .  
d i f fe rence ,  and t h e  weights of  H S absorbed i n  t h e  z inc  a c e t a t e  scrubbers .  

Also shown a r e  t h e  weights of H2 consumed i n  each run, ca lcu la ted  by 

2 

Table I 

Autoclave Tes ts :  H2 Consumed and H2S Discharged* 

H2S 
Run 
- No. Cata lys t  

Hydrogen (g . ) Discharged 
Charged Discharged Consumed** (g.1 

1 None 3.56 2.43 1.13 0.0154 
1 A  None 4.44 3.42 1.02 0.0528 
2 SnCl *** 4.45 Not detnd.  Not detnd.  0.0139 
2A SnC12 4.53 2.78 1.75 0.0219 
2B SnC1; 4.53 2.71 1.82 0.0416 
3 Co/Mo/A1203**** 4.43 3.43 1.00 0.0487 
3A Co/Mo/A1203 4.49 3.31 1.18 0.0416 

*75g. SRC + 300g. t e t r a l i n  charged t o  g l a s s  l i n e r .  
**H consumption by d i f f e r e n c e .  
***21g. SnCl 
****lg. Harsgaw 0462T (Co/Mo/Si02-A1203) charged a s  40-60 mesh p a r t i c l e s .  

. 2H 0 charged. 

There was considerable  s c a t t e r  i n  t h e  H S da ta .  However, t h e  S measured 
as  H S was i n  a l l  cases  less than 10% of  tha$ charged i n  t h e  75g. of SRC. 
Subszant ia l ly  more e l imina t ion  of S a c t u a l l y  occurred,  based on t h e  analyses  of 
asphaltene and o i l  shown i n  Table 11. Sul fur  analyses  of t h e  toluene and 
t e t r a l i n  d i s t i l l a t e s  show t h e  presence of small amounts of  low-boiling s u l f u r  
compounds, and t h e  "missing" S i s  probably t o  be accounted f o r  i n  these  c u t s .  

O f  p a r t i c u l a r  i n t e r e s t  i s  the  H consumption i n  t h e  run with SnC12 c a t a l y s t  2 .  (Ser ies  2). 
runs  w i t h  Co/Mo/Al 0 (Ser ies  3) .  This  r e s u l t  may be c o r r e l a t e d  with t h e  
r e l a t i v e l y  poor ma$e?ial balances i n  t h e  SnC12 runs ( c f .  Table IV, below) and 
with t h e  r e l a t i v e l y  r i c h  content  of low-boi l ing c o n s t i t u e n t s  i n  t h e  "oi l"  
f r a c t i o n  from t h e  SnC12 runs (cf .  Figure 2 ,  below). 

I t  was much h igher  than I n  t h e  blank runs (Ser ies  1) o r  i n  t h e  

The d i f f e r e n c e  between average va lues  f o r  H2S discharged,  f o r  t h e  blank 
runs and f o r  those with SnC12 o r  Co/Mo/Al 0 , was found by a p p l i c a t i o n  of t h e  
"t" t e s t  t o  be s i g n i f i c a n t  only a t  t h e  8Og I e v e l .  
CH4 discharged a r e  not  shown i n  Table I .  
run t o  run, and t h e  average value f o r  CH 
corresponds t o  a conversion t o  CH 

Values f o r  t h e  weight of  
These showed almost no v a r i a t i o n ,  
produced was about 1.7g. This 

of  about 2% of t h e  carbon i n  t h e  75g. of 4 
4 SRC charged. 

Table I1 contains  the  elemental ana lyses  f o r  t h e  o i l  and asphal tene 
f r a c t i o n s  from each run.  
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Run No. 

Feed 
S RC 
1 

1 A  

2 

2A 

2 B  

3 

3A 

Product 

-- 
O i  1 
Asphaltene 
O i  1 
Asphaltene 
O i  1 
Asphaltene 
O i  1 
Asphaltene 
O i l  
Asphaltene 
O i l  
Asphaltene 
O i  1 
Asphaltene 

Table I1  

Elemental Analyses 

Atom Ratio W t . %  W t . %  
(H/C) __ C H - 

0.83 86.66 5.99 

1.20 
0.77 
1.11 
0.87 
1.10 
0.87 
1 . 1 2  
0.86 
1.08 
0.87 
1 . 1 2  
0.88 
1.18 
0.87 

87.57 
89.62 
88.32 
88.28 
88.58 
89.87 
89.22 
89.69 
88.97 
89.35 
87.49 
88.28 
83.70 
87.96 

8.74 
5.77 
8.20 
6.38 
8.10 
6.52 
8.30 
6.46 
8.02 
6.47 
8.20 
6.49 
8.26 
6.38 

W t . %  
N 

1.33 

0.05 
1.82 
0.24 
1.82 
0.63 
0.73 
0.81 
1.32 
2.38 
1.13 
0.15 
1.70 
0.37 
1.49 

- 
W t . %  W t . %  0 
__ S (by d i f . )  

0.70 5.32 

0.09 3.55 
0.38 2.41 
0.27 2.97 
0.41 3.11 
0.26 2.43 
0.37 2.51 
0.24 1.43 
0.39 2.14 

< 0 . 1 5  0.48 
0.37 2.68 

<0.15 4.01 
0.40 3.13 
0.23 7.44 
0.46 3.71 

With the  exception of Run 1, which involved d i s t i l l a t i o n s  a t  atmospheric pressure ,  
t h e  H/C atom r a t i o s  were almost t h e  same f o r  a l l  of  t h e  o i l  samples, and almost 
t h e  same f o r  a l l  of  t h e  asphal tene samples. 
lower than t h a t  of  t h e  SRC feed,  which occasions no s u r p r i s e .  Furthcrmore, w i t h i n  
t h e  l i m i t a t i o n s  of t he  lower bound f o r  t he  S analyses ,  a l l  o i l  samples had 
approximately t h e  same S content ,  as was a l s o  t r u e  f o r  a l l  asphal tene samples. 

The S contents  of  a l l  f r a c t i o n s  were 

The i n t e r e s t i n g  f e a t u r e s  of t h e  elemental analyses  re la te  t o  t h e  quest ions 
of  N e l imina t ion  and o f  0 el iminat ion from the  SRC a s  a func t ion  of  c a t a l y s t .  
average N e l imina t ion  f o r  Ser ies  1 (blank) was 9%; f o r  S e r i e s  2 (SnC1 ) ,  38%; and 
f o r  Se r i e s  3 (Co/Mo/A1203), 1%. 
c a t a l y s t  > Co/Mo/A1203 f o r  e f fec t iveness  i n  N e l imina t ion .  
e l iminat ion f o r  Se r i e s  1 was 57%; f o r  S e r i e s  2 ,  69%; and f o r  S e r i e s  3,  42%. 
Again t h e  rank order ing is SnC12 > No c a t a l y s t  > Co/Mo/A1203. 

of  Kentucky coal  with those  obtained i n  t h e  present  s t u d i e s  f o r  t h e  hydrogenolysis 
of  SRC made from Kentucky coa l .  
used i n  both s t u d i e s ;  t e t r a l i n  was used a s  solvent  i n  both cases;  and t h e  
Co/Mo/A1203 c a t a l y s t  was t h e  same ba tch  of  Harshaw 0402T i n  both cases .  

The 

The rank order ing,  t h e r e f o r e  was S n d 2  > > No 
The average 0 

Table I11 compares r e s u l t s  reported by Yen e t  a l .  (1976) f o r  t h e  hydrogenolysis 

The same autoclave (Magnedash) and condi t ions were 
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Table I11 

Comparison of Coal and SRC 

Coal* SRC** 
Quantity Blank Run Co/Mo/A1,03 Blank Run Co/Mo/A1,03 

% S in  O i l  0.25 0.21 0.18 <0.19 

% S in  Asphaltene 0.27 0.47 0.40 0.43 

34 O i  1 
(Oil  + Asphaltene) 49 19 5 

*Data from Yen e t  al .  (1976). "Blank Run" = Run T-3; "Co/Mo/Al 0 " = Run T-4. 
**Present work. Data given a r e  average values  for.Runs 1 and 11 $or "blank", 

Runs 3 and 3A f o r  "Co/Mo/A1203":. see  Table IV. 

The S contents  i n  both t h e  o i l  and t h e  asphal tene f r a c t i o n s  were s l i g h t l y  
lower i n  t h e  SRC runs than i n  t h e  corresponding f r a c t i o n s  from whole coal .  This 
i s  not surpr i s ing ,  of course, s i n c e  t h e  organic  S of t h e  coal  i s  already 
s i g n i f i c a n t l y  reduced i n  the  process  of  making SRC. 
(1) t h e  o i l  production i n  the SRC runs ( c f .  Table I V )  was except ional ly  low 
r e l a t i v e  t o  the runs with whole c o a l ,  and ( 2 )  t h e  o i l  production from SRC was 
even lower in  t h e  presence of Co/Mo/Al 0 2 3  may be suggested: 

It is s u r p r i s i n g  tha t  

than with no c a t a l y s t .  Two impl ica t ions  

1. The lower o i l  production from SRC i s  c o n s i s t e n t  with the  not ion ,  
now genera l ly  accepted, t h a t  t h e  ash i n  the  coal  i s  c a t a l y t i c a l l y  
a c t i v e  and i t s  removal i s  harmful ( c f .  "SRC I" vs .  "SRC 11" 
processes) .  This r e s u l t  i s  reminiscent of t h a t  reported by 
Weller and Pe l ipe tz  (1951). In t h e  e a r l i e r  work it was found 
t h a t  under i d e n t i c a l  experimental condi t ions with no added 
c a t a l y s t ,  whole P i t t sburgh  seam coal  showed 50-60% conversion, 
whereas low-ash (1.4%) hand-picked anthraxylon from the  same mine 
showed only 30% conversion. Since i r o n  p y r i t e  is so important 
an ash cons t i tuent  i n  high-ash coa ls ,  t h i s  again i s  not  surpr i s ing :  
(a) t h e  commercial development of  t h e  Bergius process  by I.G. 
Farbenindustr ie  included Luxmasse, a high-iron mater ia l ,  i n  t h e  
c o a l - o i l  pas te ;  (b) impregnated i ron  s u l f a t e  is known t o  be an 
exce l len t  c a t a l y s t  f o r  coal  l i q u e f a c t i o n  (Weller and Pe l ipe tz ,  
1951a). 

The d e l e t e r i o u s  e f f e c t  o f  Harshaw Co/Mo/A1203 on o i l  production 
r'rom SRC, r e l a t i v e  t o  no added c a t a l y s t ,  may r e f l e c t  an undesired 
polymerization o f  feed o r  products occurr ing a s  a r e s u l t  of the  
a c i d i c  support ( s i l i c a - s t a b i l i z e d  alumina). Variat ion of t h e  
support a c i d i t y  was not  s tud ied  i n  t h e  present  work, but  it 
should be examined. 

2 .  

Table I V  summarizes the  mater ia l  balances,  t o t a l  " l iquefact ion",  and t h e  
o i l  and asphal tene d i s t r i b u t i o n s  f o r  t h e  ind iv idua l  runs.  
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Table IY 

Product Distributions. 

1 
1 

I 

I 

I 

I 

Run 
No:' - 

I.... 

1A 

2 

2A 

2B 

3 

3A 

Total 
Products 

Recovered (8.) 

61.7 

64.8 

50.5 

56 .3  

59.8 

67.6 

69.9 

% Oil, % of Asphaltene. $ 
Liquefaction"' Total Products of Total Products 

Not detnd. 22.1 77 .4  

93 .7  14.0 77 .2  

100.0 

99.6 

99 .8  

94.5 

94.1 

13.5 86.5 

21.8 77.5 

20.5 79 .1  

2 .7  9 0 . 1  

5 .9  87.2 

(Oil) x 100 
(Oil + Asphaltene) 

22.2 

15.4 

13.5 

22.0 

20.6 

2.9 

6 . 3  

'75g. SRC + 3008. tetralin charged in each N n .  
**See Table 1 for identification. 
***% Liquefaction = 75 - Toluene insalubles (including catalyst) 

x 100 75 

"'*Distillations in Run 1 made at atmospheric pressure. Vacuum distillation (30-35 Torr.) under NZ used in 
all other runs. 

Two points should be noted: 

1. Although the liquefaction is high in all cases, it is highest in 
the SnC12 runs. (Note: Correction for the catalyst in the 
toluene insolubles would increase the % Liquefaction to 95.8% in 
Run 3 and 95.5% in Run 3A. The very small amount of toluene in- 
solubles in Runs 2 ,  2A, and 2B means that the SnCl has been some- 
how "solubilized"; it is = present in the tolueng insolubles.) 
Although the material balances are low in all cases, they are 
consistently lower in the SnC12 runs. 
attributed to low-boiling liquid products from the SRC which are 
lost to the overhead during the toluene and tetralin distillations. 
The particularly high losses in the SnC12 runs are consistent with 
(a) the higher H consumptions observed in these runs (Table I), 
and (b) the eviience for many low-boiling constituents in the 
recovered oil fractions (cf. Figures 2 and 3 ,  below). If this 
interpretation is correct, then the attribution of the "missing" 
material to distillation of low-boiling fractions of the oil 
product would mean that all the oil recoveries listed in Table 
IV may be lower than the true values. 
true for the SnC12 runs. 

2. 
The losses are tentatively 

This would be particularly 

Figures 2 and 3 are illustrative of the gas chromatograms obtained on the 
oil fractions. 
the oil from Run 3A (Co/Mo/A1203). 

Figure 2 is for the oil from Run 2A (SnC12); Figure 3 is for 
In both cases there was some residual 
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(unstr ipped)  so lvent ,  t y p i c a l l y  a mixture of t e t r a l i n  and naphthalene. In 
both cases  t h e r e  was a major, sharp  peak with a r e t e n t i o n  time of  13.5 minutes 
( a t  270'C.) i n  t h i s  temperature-programmed chromatogram. The i d e n t i t y  of  t h i s  
component i s  unresolved. However, c o r r e l a t i o n s  of  r e l a t i v e  r e t e n t i o n  time vs .  
carbon number and vs .  normal b o i l i n g  p o i n t  were used t o  p r e d i c t  t h a t  t h e  13.5 
minute peak could correspond t o  a compound analogous t o  an alkane o f  carbon 
number C The sharpness of t h e  
peak and2?he est imated carbon number make it tempting t o  a t t r i b u t e  t h e  peak t o  
some dimeric  ( i . e . ,  C , with M = 260)  spec ies  o r i g i n a t i n g  from t h e  t e t r a l i n  
so lvent ,  and not  from2?he SRC. 
o f  t h e  molecular weight of t h e  t o t a l  o i l  f r a c t i o n s  rout ine ly  showed an average 
molecular weight i n  t h e  range 250-300. The r i c h  mixture of  peaks i n  t h e  
SnCl run (Figure 2)  between naphthalene and t h e  "13.5 minute unknown" pre-  
sumagly represents  low-boiling products  i n  t h e  o i l ,  der ived from t h e  SRC with 
SnCl c a t a l y s t .  I t  is noteworthy t h a t  these  peaks a r e  almost absent  i n  t h e  
Co/:d/Al2C3 run (Figiirc 3) .  
Figure 2 i s  cons is ten t  with t h e  high H consumption and t h e  very low mater ia l  
balances when SnCl is used. O i l  consgi tuents  with r e t e n t i o n  times longer  than 
13.5 minutes a t  276"C., t h e  h i g h e s t  temperature  chosen f o r  use with t h e  OV-101 
columns, would not  have been de tec ted ;  t h e  G.C. a n a l y s i s  was terminated a t  t h i s  
p o i n t .  

-Czl and a normal b o i l i n g  p o i n t  o f  ca. 365OC. 

Our de te rmina t ions ,  by vapor-phase osmometry, 

A s  po in ted  out  above, t h e  chromatogram shown i n  
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I1 l u s t r a t  ions  

Figure 1 .  Analyt ical  Procedure 

Figure 2 .  Chromatogram of O i l  Fract ion from Run 2A 

Figure 3 .  Chromatogram of O i l  Fract ion from Run 3A 

Autoclave 
Residue C.C. Ket Test Products 3 H ~ S  4 

Absorption Analysis Meter 
Vent Liquids ' 

Filtered Through 
Soxh let Thimhl e 

- 5 5 0  me 
S o l i d s  Toluene 

& 

Vacuum Vacuum Vacuum Soxhlet Extraction 
i i i t h  Toluene Extract . ~ i ~ ~ i l l ~ ~ i ~ ~ ,  Resid; ~ i ~ ~ i l l ~ ~ i ~ ~ ,  Resid, Distillation, 

9S0C to 1050c above 105OC. 
' 
25'C to 95OC - 

I-- 
Distillate : Solids 

: Residue 
Toluene 

Pentane 
Insolubles 

Gravity 
of Solids Filtration, 

with Pyridine Hot 

Solids 1 Extract 
1 I 

Vacuilm i)ried, 
B O " C . ,  10 in. Hg 

Pyridine -- Insolubles 
_- 

Figure I .  An3lytical Procedure 
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UPGRADING OF SOLVENT REFINED COAL 

Yuan C .  Fu, Rand F. Batchelder  and John C .  Winslow 

P i t t s b u r g h  Energy Research Center  
U. S .  Department of Energy 

4800 Forbes k e n u e ,  P i t t s b u r g h ,  Pennsylvania  15213 

INTRODUCTION 

Severa l  c o a l  l i q u e f a c t i o n  processes  a r e  be ing  developed by v a r i o u s  o r g a n i z a t i o n s .  
The i n i t i a l  o b j e c t i v e  appears  t o  be  t h e  product ion of low-sulfur b o i l e r  f u e l s  f o r  
power genera t ion ,  bu t  i t  is obvious t h a t  upgrading of t h e s e  c o a l  l i q u i d s  w i l l  be  
necessary  t o  make acceptab le  q u a l i t y  f u e l s  f o r  home, t r a n s p o r t a t i o n ,  and i n d u s t r i a l  
s e c t o r s  of our economy. 
der ived  l i q u i d s ,  t a r ,  and anthracene o i l  i n  t h e  p a s t .  More r e c e n t l y ,  E isen  (1) 
hydrogenated syncrudes from a wes tern  Kentucky c o a l  and a Utah c o a l  i n  an a t tempt  t o  
p r e p a r e  gas  t u r b i n e  engine f u e l .  S t e i n  e t  a l .  ( 2 )  repor ted  t h e i r  explora tory  s t u d i e s  
on hydroprocessing of Solvent  Refined Coal (SRC), H-Coal, and SYNTHOIL. Severa l  
i n s t i t u t i o n s  a r e  a l s o  s tepping  up t h e i r  a c t i v i t i e s  i n  c o a l  l i q u i d s  upgrading,  as 
evidenced by a recent  symposium ( 3 ) .  

This  r e p o r t  p resents  an e v a l u a t i o n  s tudy on hydroprocessing of a blend of 30 weight 
percent  SRC and 70 weight percent  SRC process  s o l v e n t .  It w a s  chosen as t h e  feed- 
s t o c k ,  because i n  some r e s p e c t s  i t  is t y p i c a l  of c o a l  l i q u i d s  such as SYNTHOIL o r  
mixtures  of atmospheric bottoms and vacuum bottoms of H-Coal. They have s i m i l a r  
b o i l i n g  p o i n t  ranges and high percentages  of asphal tenes ,  o rganic  s u l f u r  and n i t r o g e n .  
The s ingle-s tage  hydro t rea t ing  of t h e  SRC l i q u i d  over  convent iona l  n icke l - tungs ten  o r  
nickel-molybdenum c a t a l y s t s  does n o t  g i v e  very e f f e c t i v e  hydrogenat ion even under 
s e v e r e  condi t ions ,  whereas t h e  hydrogenat ion e f f e c t ,  a s  measured by t h e  i n c r e a s e  of 
H / C  atomic r a t i o ,  N-removal, and S-removal, i s  s u b s t a n t i a l l y  improved i n  t h e  second- 
s t a g e  hydroprocessing of the  hydro t rea ted  SRC l i q u i d .  

S tudies  have been conducted on t h e  upgrading of  coal-  

EXPERIMENTAL 

The hydroprocessing of c o a l  l i q u i d  w a s  s t u d i e d  i n  a 500-ml magnet ica l ly-s t i r red  
au toc lave .  A series of f a c t o r i a l  experiments f o r  s ing le-s tage  h y d r o t r e a t i n g  of 
SRC l i q u i d  was conducted using Ni -W supported on s i l ica-a lumina  (Harshaw Ni-4301E) 
a s  t h e  c a t a l y s t .  The feed  w a s  a blend of 30 p a r t s  SRC s o l i d  and 70 p a r t s  SRC s o l v e n t ,  
wi th  5 p a r t s  of c a t a l y s t  added p e r  hundred p a r t s  of t h e  feed .  Ranges of condi t ions  
were: temperature  375"-475"C, i n i t i a l  H2 p r e s s u r e  600-1,800 p s i g  ( t o  g i v e  opera t ing  
p r e s s u r e  900-2,900 ps ig  a t  r e a c t i o n  tempera tures) ,  and r e a c t i o n  t i m e  1-4 hours .  
The au toc lave  was s t i r r e d  a t  600-700 rpm dur ing  t h e  r e a c t i o n .  The r e a c t i o n  t i m e  w a s  
measured a f t e r  t h e  au toc lave  reached t h e  r e a c t i o n  temperature  i n  about 60-70 minutes ,  
and t h e  autoclave was quenched r a p i d l y  a f t e r  t h e  r e a c t i o n  by an i n t e r n a l  water  cool ing  
c o i l .  T o t a l  products  were f i l t e r e d  t o  o b t a i n  l i q u i d  o i l s .  Asphal tenes  and benzene 
i n s o l u b l e s  were determined according to  procedures  e s t a b l i s h e d  by t h e  Chemical and 
Ins t rumenta l  Analysis  Div is ion  of t h e  P i t t s b u r g h  Energy Research Center  ( 4 ) .  Boi l ing  
range d i s t r i b u t i o n s  of s e l e c t e d  o i l  p roducts  were obta ined  by gas  chromatography 
(ASm D2887). 

Various commercial c a t a l y s t s  have been t e s t e d  f o r  comparison. 
except ing  ZnC12 and noble  metal  c a t a l y s t s ,  were reduced, s u l f i d e d ,  and crushed t o  
p a s s  through a 60 mesh s i e v e  p r i o r  t o  use .  

Gaseous products  were analyzed by mass spectrometry.  

Most c a t a l y s t s ,  
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For a two-stage hydroprocessing,  t h e  SRC blend w a s  hydro t rea ted  over  a Ni-Mo c a t a l y s t  
(Nalco NM-504), i n  t h e  f i r s t  s t a g e ,  i n  a 5 - l i t e r  rocking au toc lave .  The product  was 
then  hydroprocessed over  a N i - W  c a t a l y s t  (Harshaw Ni-4301) i n  t h e  500-ml magnet ica l ly  
s t i r r e d  autoclave.  The experimental  c o n d i t i o n s  a r e  descr ibed  f u r t h e r  on. 

RESULTS AND DISCUSSION 

Single-Stage Hydrotreat ing.  Table  1 shows t h e  des ign  and t h e  r e s u l t s  of a s e r i e s  o f  
f a c t o r i a l  experiments wi th  t h r e e  v a r i a b l e s  of tempera ture ,  i n i t i a l  H p r e s s u r e ,  and 
time a t  t h r e e  l e v e l s .  
w a s  a blend of  SRC s o l i d  and SRC process  s o l v e n t  ( f o r  t h e  composite ana lyses ,  s e e  
Table  6 ) ,  and the  c a t a l y s t  was Ni-W supported on s i l ica-a lumina  (Harshaw Ni-4301E). 
The d a t a  a n a l y s i s  was made by computer, and t h e  dependence of v a r i o u s  measured 
c h a r a c t e r i s t i c s  ( Y ) ,  such as conversion of  pentane i n s o l u b l e s ,  C -C  hydrocarbon 
y i e l d ,  S-reduction, N-reduction, o i l  v i s c o s i t y ,  and H consumption on process ing  
v a r i a b l e s  (X)  of p r e s s u r e ,  temperature ,  and t i m e  was represented  by t h e  fol lowing 
q u a d r a t i c  polynumial 

The experiments  were c a r r i e d  o u t  i n  random or3er .  The feed 

1 4  
2 

The s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  r e g r e s s i o n  c o e f f i c i e n t s  ( 6 ) has been t e s t e d ,  
and i t  w a s  observed t h a t ,  except  fo r  N-reduction and v i s c o s i t y ,  most c h a r a c t e r i s t i c s  
c o r r e l a t e  wel l  and pass  t h e  F - t e s t  f o r  f i t  wi th  95% confidence.  The q u a d r a t i c  
approximation yielded p l o t s  showing t h e  e f f e c t s  of i n i t i a l  H p r e s s u r e  and temper- 
a t u r e  on the  conversion of pentane i n s o l u b l e s  (benzene i n s o l u b l e  + asphal tene)  and 
on S-reduction i n  F igures  1 and 2 ,  r e s p e c t i v e l y .  

F u r t h e r ,  t h i s  equat ion can be used t o  r e p r e s e n t  c h a r a c t e r i s t i c  response s u r f a c e s  
dur ing  an opt imiza t ion  a n a l y s i s .  The a n a l y s i s  i s  made by f i n d i n g  an optimum p o i n t  
over  t h e  response s u r f a c e  of t h e  c h a r a c t e r i s t i c  being opt imized,  whi le  s imul taneous ly  
keeping o ther  c h a r a c t e r i s t i c s  w i t h i n  s p e c i f i e d  l e v e l s .  The main o b j e c t i v e  of t h e  
c o a l  l i q u i d s  upgrading i n  the  f i r s t  s t a g e  of a two-stage concept i s  hydrodesul fur i -  
z a t i o n  and hydrodeni t rogenat ion.  These r e a c t i o n s  can be  b e t t e r  achieved a t  h igher  
temperatures ,  bu t  H 
uneconomically high? Table  2 shows t h e  optimum c o n d i t i o n s  f o r  (1) achiev ing  a 
maximum S-reduct ion whi le  l i m i t i n g  H 
and C -C y i e l d  t o  5 weight  percent , ’ (2)  achiev ing  a minimum C -C4 hydrocarbon 
formaiion while  r e a l i z i n g  S-reduct ion of a t  l e a s t  80% and N-reauction of 35%, and 
( 3 )  achieving a maximum convers ion  of pentane i n s o l u b l e s  without  any c h a r a c t e r i s t i c  
c o n s t r a i n t s .  It appears  t h a t  temperature  i s  t h e  c o n t r o l l i n g  f a c t o r  f o r  achiev ing  a 
d e s i r e d  optimum. F igure  3 shows t h e  change of v a r i o u s  c h a r a c t e r i s t i c s  wi th  
temperature  a t  an optimum c o n d i t i o n  of 1,800 p s i  and 3.18 hours .  

Elemental ana lyses  were obta ined  f o r  some s e l e c t e d  o i l  p roducts .  
hydro t rea ted  products  were not  s u f f i c i e n t l y  r i c h  i n  hydrogen, and N and 0 c o n t e n t s  
were s t i l l  too high.  The S-removal w a s  r e l a t i v e l y  s a t i s f a c t o r y .  
t h e  H / C  r a t i o  i n c r e a s e s  only  from 0.92 to 1.1, r e g a r d l e s s  of the  i n c r e a s e  i n  H 
consumption. It appears  t h a t ,  under s e v e r e  condi t ions  a t  high temperatures ,  
a d d i t i o n a l  H2 i s  consumed i n  C -C 
N/C r a t i o  is  only moderate w i t t i  r h n g  H2 consumption. 

Various hydroprocessing c a t a l y s t s  (Table 3) were eva lua ted  a t  one s tandard  set  of 
condi t ions  used i n  the f a c t o r i a l  experiments .  The r e s u l t s  i n  Table 4 show t h a t  
Ni-Mo type c a t a l y s t  exhib i ted  t h e  b e s t  o v e r a l l  a c t i v i t y .  

2 

consumption and C1-C4 hydrocarbon formation could become 

consumption t o  2 .8  weight percent  ( 1 7 4 0  s c f / b b l )  

4 

In  g e n e r a l ,  t h e  

F igure  4 shows t h a t  

2 

hydrocarbon gases  formation.  The decrease  of t h e  
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Two-Stage Hydroprocessing. A two-stage hydroprocessing w a s  conducted. I n  t h e  f i r s t  
s t a g e ,  the  SRC blend was hydro t rea ted  i n  a 5 - l i t e r  rocking au toc lave  at a n  i n i t i a l  
H p ressure  of 2,200 p s i  and 415OC f o r  4 hours .  I t  was judged t h a t  t h i s  c o n d i t i o n  
would give a good compromise of  h igh  S and N reduct ion  wi th  low H2 consumption and 
C -C y ie ld .  The c a t a l y s t  w a s  Ni-Mo on alumina promoted wi th  P 0 and S i 0  (Nalco 
d - 5 8 4 ) .  The product  was then used as t h e  feeds tock  f o r  a hydrocracking szudy o v e r  
Ni -W c a t a l y s t  on s i l ica-a lumina  (Harshaw Ni-4301). A s e r i e s  of f a c t o r i a l  experi-  

2 ments f o r  t h i s  second-stage hydrocracking was conducted a t  1,800 p s i  i n i t i a l  H 
p r e s s u r e ,  wi th  temperature  i n  t h e  range of 377"-433"C and r e a c t i o n  t i m e  i n  t h e  
range of 40-180 minutes. The r e s u l t s  of  t h e  f a c t o r i a l  experiments  are shown i n  
Table  5. 
Through a computerized r e g r e s s i o n  a n a l y s i s  of t h e  second-stage hydrocracking d a t a ,  
w e  were also a b l e  t o  determine t h a t  most c h a r a c t e r i s t i c s ,  such a s  pentane i n s o l u b l e  
conversion,  S-reduct ion,  N-reduction, H consumption, and C -C hydrocarbon y i e l d ,  
could be represented by t h e  q u a d r a t i c  approximation. Figure 5 shows t h e  change of  
c h a r a c t e r i s t i c s  wi th  temperatiire f o r  t h e  secoiid-stage kydrocrackiiig a t  t h e  s p e c i f i e d  
condi t ions .  It is evident  t h a t  t h e  upgrading i s  q u i t e  e f f e c t i v e  a t  t h e  second s t a g e .  
The b e n e f i t  of the second-stage hydroprocessing can be b e t t e r  s e e n  i n  Table  6 ,  which 
shows t h e  ana lyses  of products  ob ta ined  from a two-stage hydroprocessing of t h e  SRC 
blend.  The l i g h t  f r a c t i o n s  (IBP-260°C and 26Oo-350"C, obtained from a Kontes vacuum 
d i s t i l l e r )  of  t h e  second-stage product  have very low s u l f u r  and n i t r o g e n  c o n t e n t s  
(pass  EPA s p e c i f i c a t i o n s  f o r  t u r b i n e  o i l ) .  

Addi t iona l  experiments  were a l s o  made t o  de te rmine  t h e  e f f e c t  of p r e s s u r e  (Figure 6) 
i n  t h e  second-stage hydrocracking.  A s  expected,  t h e  hydrocracking e f f e c t  improved 
w i t h  i n c r e a s i n g  pressure .  

2 

2 5  

Some r e s u l t s  of us ing  c a t a l y s t s  o t h e r  than  N i - W  a r e  a l s o  included.  

2 1 4  
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TABLE 6 .  Two-stage hydroprocessing of  SRC l i q u i d  

S e c o n d - s t a g s  hydroprocessed 
F i r s t - s t a g e  product  

S R G  hydroprocessed IBP- 260'- 
blend product  Overa l l  260°C 35OoC 350"C+ 

Composition, w t  % 
O i l  
Asphaltene 
Benzene i n s o l  

69.50 93.8 96.7 
19.58 6 .1  3.3 
10.92 0 .1  - 

F r a c t i o n ,  w t  % 
I B P  - 260'C 5 .93  21.92 29.54 
26OoC - 350°C 17.70 39.74 45.19 

38.34 25.28 76.36 350'C + 
Elemental a n a l y s i s ,  w t  % 

C 
H 
N 
S 
0 

Ash 
H / c  atomic r a t i o  

S p e c i f i c  g r a v i t y ,  15/15OC 

Viscos i ty ,  c s  a t  60°C 

88.19 
6.78 
1.43 
0.58 
2.89 
0.13 
0.92 

1.122 

450 

89.20 
8.47 
0.84 
0.10 
1 .39  

1.20 

1 .023  

- 

39.8 

89.29 88.46 89.93 90.31 
9.36 11.13 9.46 8.00 
0 .51  0.04 0.11 0.75 
0.049 0.035 0.048 0.113 
0.79 0.34 0.55 0.82 

1.26 1.51 1.26 1.06 

0.980 

5.0 

- - - - 

E SRC blend conta ins  30 p a r t s  SRC s o l i d  and 70 p a r t s  SRC so lvent .  
- Hydroprocessed a t  1800 p s i ,  415°C and 4 hours  w i t h  Ni-Mo. 

Hydroprocessed a t  1800 p s i ,  405'C and 3 hours  w i t h  Ni -W.  
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The S u l f i d e d  Co-Mo/y-A1203 C a t a l y s t :  Evidence o f  S t r u c t u r a l  
Changes During H y d r o d e s u l f u r i z a t i o n  o f  Dibenzothiophene 

D. H. Broder ick ,  G. C. A. S c h u i t ,  and B. C .  Gates 

Center  f o r  C a t a l y t i c  S c i e n c e  and Technology 
Department o f  Chemical  Engineer ing  

U n i v e r s i t y  o f  Delaware 
Newark, D e l a w a r e  1 9 7 1 1  

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

The c a t a l y s t  most o f t e n  used  f o r  h y d r o d e s u l f u r i z a t i o n  (HDS) 
o f  petroleum f r a c t i o n s  are d e r i v e d  from o x i d e s  of Co and M o  
suppor ted  on y-A1203,  and t h e i r  s u r f a c e s  are s u l f i d e d  p r i o r  t o  
o p e r a t i o n .  S t r u c t u r e s  o f  t h e  o x i d i c  and s u l f i d i c  forms of  t h e  
c a t a l y s t  are incomple te ly  unders tood  and much d e b a t e d  (1-31, and 
s i n c e  t h e  a v a i l a b l e  s t r u c t u r a l  i n f o r m a t i o n  h a s  been d e r r v c d  from 
s t u d i e s  of  c a t a l y s t s  a t  c o n d i t i o n s  f a r  removed f r o m  t h o s e  of 
commercial o p e r a t i o n  (about  50-200 a t m  and 35O-32O0C), it i s  n o t  
c lear  how o p e r a t i n g  v a r i a b l e s  i n f l u e n c e  t h e  c a t a l y s t  s t r u c t u r e  
and a c t i v i t y  i n  p r a c t i c e .  

The h y d r o d e s u l f u r i z a t i o n  k i n e t i c s  d a t a  r e p o r t e d  h e r e  w e r e  
measured t o  c h a r a c t e r i z e  t h e  c a t a l y s t  o p e r a t i n g  a t  about  100 a t m  
and 300OC: t h e  r e a c t a n t  stream c o n t a i n e d  d ibenzoth iophene  (DBT) 
and hydrogen d i s s o l v e d  i n  n-hexadecane car r ie r  o i l .  The r e s u l t s  
p r o v i d e  t h e  f i r s t  ev idence  o f  s t r u c t u r a l  v a r i a t i o n s  i n  t h e  
Co-Mo/y-A1203.catalyst b rought  a b o u t  by changes  i n  the r e a c t i o n  
environment. 

Experimental  Methods 

The c a t a l y s t  used i n  a l l  exper iments  w a s  American Cyanamid 
HDS 16A having t h e  f o l l o w i n g  p r o p e r t i e s  ( p r i o r  to  s u l f i d i n g ) :  
s u r f a c e  a r e a ,  1 7 6  m2/g; pore  volume, 0.50 cm3/g; Co  c o n t e n t ,  4 . 4  
w t % ;  and Mo c o n t e n t ,  7 . 5  w t % .  A sample o f  1 0  mg of  c a t a l y s t  pow- 
d e r  (80-100 mesh p a r t i c l e s ,  demonst ra ted  e x p e r i m e n t a l l y  t o  be 
s m a l l  enough to  e n s u r e  t h e  l a c k  o f  i n t r a p a r t i c l e  d i f f u s i o n  resis- 
t a n c e )  was charged  t o  the r e a c t o r ,  and t h e  3 a t a l y s t  was s u l f i d e d  
a t  4OOOC f o r  2 h w i t h  a f low o f  a b o u t  4 0  c m  /min o f  10% H2S i n  H 2  
a t  a tmospheric  p r e s s u r e .  Fol lowing t h e  s u l f i d i n g ,  the f low of 
f e e d  l i q u i d  was s t a r t e d .  The f e e d  c o n t a i n e d  0.12 w t %  DBT ( A l d r i c h ,  
95% p u r i t y )  i n  n-hexadecane [Humphrey Chemical Co .  ( r e d i s t i l l e d ) ] ,  
and it was s a t u r a t e d  w i t h  H2 a t  68 a t m  and room t e m p e r a t u r e .  
O c c a s i o n a l l y ,  t h e  f e e d  was s a t u r a t e d  w i t h  H2S 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  b e f o r e  it w a s  s a t u r a t e d  w i t h  H 2 .  Experiments  were 
c a r r i e d  out  w i t h  a f low reactor d e s c r i b e d  i n  d e t a i l  e l sewhere  (4). 
The r e a c t o r  o p e r a t e d  a t  3OOOC and 1 0 4  a t m .  Under a l l  r e a c t i o n  
c o n d i t i o n s ,  t h e  f r a c t i o n a l  c o n v e r s i o n  H2 was < 5 % ,  so t h e  H 2  con- 
c e n t r a t i o n  could  be  c o n s i d e r e d  t o  b e  v i r t u a l l y  c o n s t a n t  th roughout  
t h e  reactor. 

92 



Liquid  product  samples  were c o l l e c t e d  p e r i o d i c a l l y  (wi thout  
i n t e r r u p t i n g  t h e  r e a c t a n t  f low)  and a n a l y z e d  by g l c  ( 5 ) .  DBT 
and H 2  were conver ted  i n t o  b iphenyl  and H 2 S .  
mation,  t h e s e  w e r e  t h e  o n l y  p r o d u c t s  formed; t h e  d e t a i l e d  r e a c t i o n  
network i s  c o n s i d e r e d  s e p a r a t e l y  (6) .  

T o  a f i i?s t  approxi -  

R e s u l t s  

Some convers ion  d a t a  are p l o t t e d  i n  F i g .  1. They show t h a t  
t h e  i n i t i a l  convers ion  a t  a r e l a t i v e l y  h i g h  i n v e r s e  space  v e l o c i t y  
( p r o p o r t i o n a l  t o  r e a c t a n t - c a t a l y s t  c o n t a c t  t i m e )  i n c r e a s e d  a b o u t  
10% o v e r  t h e  f i r s t  10-20 h of o p e r a t i o n ,  f o l l o w i n g  by n e a r l y  con- 
s t a n t  c o n v e r s i o n  ( r e f e r r e d  t o  as " l i n e d - o u t  c o n v e r s i o n " )  for  
150 h o r  more. When t h e  l ined-out  c o n v e r s i o n  w a s  determined f o r  
v a r i o u s  s p a c e  veloci t ies ,  t h e  r e a c t i o n  w a s  found t o  be  pseudo- 
f i r s t - o r d e r  i n .  DBT (2 ) .  

caused by changes i n  t h e  f e e d  f low ra te .  A f t e r  t h e  f i r s t  s t e p  
change i n  f e e d  f low r a t e ,  t h e r e  w a s  a change i n  c o n v e r s i o n  
c h a r a c t e r i z e d  by  a t r a n s i e n t  p e r i o d  o f  some 50 h b e f o r e  t h e  catalyst 
achieved a n o t h e r  t i m e - i n v a r i e n t  a c t i v i t y .  A f t e r  a second change 
i n  space v e l o c i t y  a t  70 h onstream t i m e ,  g i v i n g  a g a i n  t h e  o r i g i n a l  
v a l u e ,  t h e r e  fol lowed a t r a n s i e n t  p e r i o d ,  a s  e x p e c t e d ,  b u t ,  s u r p r i s -  
i n g l y ,  t h e  c a t a l y s t  f a i l e d  t o  r e t u r n  t o  i t s  o r i g i n a l  l i n e d - o u t  
a c t i v i t y .  

F i g u r e  1 shows t h e  r e s u l t s  of  v a r i a t i o n s  i n  t h e  space  v e l o c i t y  

I n  f u r t h e r  exper iments ,  e a c h  begun w i t h  a f r e s h  c a t a l y s t  
c h a r g e ,  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  H 2 S  w e r e  added to  t h e  feed .  
The d a t a  of  F ig .  2 show t h a t  a t  l o w  H 2 s  c o n c e n t r a t i o n s  [ ( H 2 S ) / ( H 2 )  
i n  t h e  f e e d  l i q u i d  - 0 .0151 ,  t h e  q u a l i t a t i v e  p a t t e r n  o f  changes 
mentioned above a g a i n  o c c u r r e d .  The c a t a l y s t  a c t i v i t y  i n  t h e  
presence  of  added H2S a t  each space  v e l o c i t y  appeared t o  be  less 
t h a n  t h a t  i n  t h e  absence  o f  added H 2 S ,  c o r r e s p o n d i n g  t o  t h e  w e l l -  
known i n h i b i t i o n  o f  r e a c t i o n  by H 2 S  (1, 5 ) .  When h i g h e r  f e e d  
c o n c e n t r a t i o n s  of  H z S  w e r e  used ,  t h e  t r a n s i e n t  p e r i o d s  o f  change 
i n  t h e  c a t a l y s t  a c t i v i t y  became s h o r t e r ;  when t h e  ( H z S ) / ( H  ) r a t i o  
i n  t h e  f e e d  was a s  g r e a t  a s  0 . 2 ,  t h e  t r a n s i e n t s  i n  c a t a l y s g  a c t i v -  
i t y  were v i r t u a l l y  e l i m i n a t e d .  

I n  summary, t h e s e  r e s u l t s  show t h a t  H 2 S  d o e s  more t h a n  j u s t  
i n h i b i t  t h e  HDS r e a c t i o n  by a d s o r b i n g  on c a t a l y t i c  s i tes  i n  com- 
p e t i t i o n  w i t h  DBT. W e  i n f e r  t h a t  when t h e  space  v e l o c i t y  was 
i n c r e a s e d ,  r e d u c i n g  t h e  c o n c e n t r a t i o n  o f  H2S produced i n  t h e  
r e a c t i o n  ( F i g s .  1 and 2 ) ,  s t r u c t u r a l  changes  took  p l a c e ,  reducing  
t h e  number of c a t a l y t i c  s i tes .  The presumed s o l i d - s t a t e  r e a c t i o n s  
were s l o w ,  i n  c o n t r a s t  t o  t h e  a d s o r p t i o n  o f  H 2 S  t h a t  caused  t h e  
i n h i b i t i o n  of r e a c t i o n .  The loss o f  c a t a l y t i c  s i tes  was o n l y  
p a r t i a l l y  r e v e r s e d  when t h e  c o n c e n t r a t i o n  o f  H 2 S  w a s  a g a i n  i n c r e a s e d  
by d e c r e a s i n g  t h e  space  v e l o c i t y .  But when H 2 s  was p r e s e n t  i n  t h e  
feed  i n  s u f f i c i e n t  amounts t h a t  t h e  H 2 S  c o n c e n t r a t i o n  remained 
n e a r l y  c o n s t a n t  th roughout  t h e  r e a c t o r ,  t h e n  t h e  c a t a l y s t  a c t i v i t y  
(and s t r u c t u r e )  d i d  n o t  change w i t h  space  v e l o c i t y ;  t h e  d a t a  t h e n  
i n d i c a t e  o n l y  t h e  s imple  c o m p e t i t i v e  h i b i t i o n  o f  r e a c t i o n  by H 2 S ,  
and there w a s  no h y s t e r e s i s .  

93  



The f o r e g o i n g  r e s u l t s  s u g g e s t  t h a t  there i s  a n  optimum con- 
c e n t r a t i o n  o f  H2S [ o r  p e r h a p s  a (H2S):(H2) r a t i o ]  c o r r e s p o n d i n g  
t o  a c a t a l y s t  s t r u c t u r e  which h a s  a maximum HDS a c t i v i t y .  Experi-  
ments  were c a r r i e d  o u t  t o  t e s t  t h i s  s u g g e s t i o n .  I n  one  series, 
c a t a l y s t  were brought  on s t r e a m  w i t h  i n i t i a l l y  l o w  s p a c e  v e l o c i t i e s ,  
p roducing  i n i t i a l l y  h i g h  ac t iv i t i e s ;  t h e  exper iments  w e r e  done w i t h  
v a r i o u s  f e e d  HzS c o n c e n t r a t i o n s .  The p s e u d o - f i r s t - o r d e r  ra te  con- 
s t a n t s  (determined from l i n e a r  s e m i l o g a r i t h m i c  p l o t s  o f  f r a c t i o n  
unconverted v s .  i n v e r s e  space  v e l o c i t y )  a r e  r e p r e s e n t e d  by c u r v e  B 
i n  F i g .  3; t h e y  i n d i c a t e  t ha t  i n  these exper iments  t h e  H2S was 
s imply  a r e a c t i o n  i n h i b i t o r .  

I n  t h e  complementary series o f  e x p e r i m e n t s ,  each  new c a t a l y s t  
c h a r g e  was brought  on stream a t  a h i g h  space  v e l o c i t y  and,  c o r r e -  
spoi idingly,  w i t h  a r e l a t i v e l y  l o w  c o n v e r s i o n  and a l o w  H2S concen- 
t r a t i o n ;  H2S c o n c e n t r a t i o n  i n  t h e  f e e d  w a s  v a r i e d  s y s t e m a t i c a l l y .  
The rate c o n s t a n t s  s c a t t e r  around c u r v e  A i n  F i g .  3. These r e s u l t s  
c o n f i r m  t h a t  i n c r e a s i n g  t h e  H2S c o n c e n t r a t i o n  i n c r e a s e d  t h e  a c t i v -  
i t y  of t h e  c a t a l y s t  when it w a s  b r o u g h t  on stream i n  such  a way 
t h a t  i t s  i n i t i a l  a c t i v i t y  w a s  r e l a t i v e l y  low. 

The i m p o r t a n t  c o n c l u s i o n  i s  t h a t  t h e  c a t a l y s t  a c h i e v e s  a 
l i n e d - o u t  a c t i v i t y  which i s  dependent  on  t h e  reactor s t a r t u p  
procedure  (and probably  on t h e  p r e s u l f i d i n g  procedure  as  w e l l ) .  
T h i s  c o n c l u s i o n  may be  i m p o r t a n t  t o  t h e  technology o f  HDS, and w e  
s u g g e s t  t h a t  t h e  i n d u s t r i a l  a r t  may i n c l u d e  t h e  a p p l i c a t i o n  o f  
p r e s u l f i d i n g  and reactor s t a r t u p  p r o c e d u r e s  which maximize t h e  
c a t a l y s t  a c t i v i t y ;  t h e  optimum s t a r t u p  would e n s u r e  t h a t  some 
H2S c o n t a c t e d  t h e  c a t a l y s t  i n i t i a l l y .  

Discuss ion  

The observed changes i n  c a t a l y t i c  a c t i v i t y  and,  by i n f e r e n c e ,  
c a t a l y s t  s t r u c t u r e ,  are s u g g e s t i v e  of F a r r a g h e r ' s  (7) o b s e r v a t i o n s  
o f  t h e  a c t i v i t y  o f  Ni-W/y-A1203 c a t a l y s t  f o r  benzene hydrogenat ion .  
F a r r a g h e r  p r e s e n t e d  e v i d e n c e  o f  h y s t e r e s i s  e f f e c t s  s i m i l a r  t o  t h o s e  
r e p o r t e d  h e r e ,  b u t  caused  by t e m p e r a t u r e  v a r i a t i o n s ;  he  e x p l a i n e d  
t h e  r e s u l t s  i n  t e r m s  o f  s o l i d - s t a t e  r e a c t i o n s  i n f l u e n c i n g  c a t a l y s t  
s t r u c t u r e  and a c t i v i t y .  The s u g g e s t e d  r e a c t i o n s  w e r e  t h e  fo l lowing:  

(1 1 

(2) 

3Vs + NijS2 + 2H2 2 3Ni + 2H2S 
2W4+ + N i s  2 2W3+ + N i s  2+ 

The former r e a c t i o n  i n v o l v e s  c o n v e r s i o n  o f  N i  from b u l k  N i  S on 
t h e  ca t a lys t ;  it becomes i n t e r c a l a t e d  i n  i n t e r s t i t i a l  o c t a z e i r a l  
holes a t  t h e  s u r f a c e  o f  WS2 c r y s t a l l i t e s  on t h e  c a t a l y s t  s u r f a c e .  
The l a t t e r  r e a c t i o n  i s  b e l i e v e d  t o  produce W3+ i o n s  a t  t h e  s u r f a c e ,  
which Voorhoeve e t  a l .  (E,?)  have c h a r a c t e r i z e d  by esr and i d e n t i -  
f i e d  as t h e  c a t a F t z  sices f o r  benzene hydrogenat ion .  F a r r a g h e r  
showed t h a t  b o t h  t h e  r a t e  c o n s  a n t  f o r  benzene hydrogenat ion  and 
t h e  esr s i g n a l  i n d i c a t i v e  o f  W5+ w e r e  dependent  on t h e  PH2s/PH 

2 
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ratio in a way that is consistent with the catalyst stoichiometry 
suggested in Eqs. (1) and (2). 

There is much evidence (1, 11) [but not a consensus (2, 3)] 
supporting the view that the Co-=/y-A120 catalyst is similar-to 
the Ni-W/y-A1203 catalyst, consisting of MoS2 and Cogs8 on the 
A1203 surface, and esr evidence supports the idea that the catal- 
ytic sites are M03+ ions intercalated at the edges of the MoS2 
crystallites (1, z, 12). 
intercalation model for the Co-Mo catalyst, we suggest the 
following speculative interpretation of the structural changes 
in the catalyst brought about by changes in the reaction environ- 
ment. The fully active catalyst ' s  supposed to consist of MoS2 
crystallites intercalated with Co3+ ions, and H2S can bond to the 
surface at anion vacancies in competition with DBT, causing inhi- 
bition of the HDS reaction. When only little H2S is present, 
however, intercalated MoS2 may be converted into a sulfur-deficient 
layer structure which may lack catalytic activity. We speculate 
that CoMo S4 may be the sulfur-deficient structure, since it is 
known to lack HDS activity and to have the layer structure shown 
in Fig. 4 (10). Here both Co2+ and M03+ ions are octahedrally 
surrounded E S2- ions, whereas in MoS2 the surrounding is 
trigonal prismatic. 

Following Farragher, and assuming the validity of the edge 

It is important that CoMo2Sq meets the criterion of having 
a lower sulfur content than the presumed catalyst, Co-intercalated 
MoS2; to explain the observed intermediate activities, we suggest 
that the catalyst may consist of a range of intermediate structures 
which could be interconverted by local redistributions of Co and 
Mo ions accompanied by changes in the Mo-S surrounding. 

An explicit suggestion is the epitaxial structure shown in 
Fig. 5. This structure accounts for the observed promotion by Co 
at higher Co/Mo ratios than can be accounted for by the edge inter- 
culation model (=). It might be expected to undergo changes 
analogous to those postulated by Farragher for the Ni-W catalyst: 

9Vs + Cogs8 + 16H2 2 9Co + 8H2S (3) 

( 4 )  
2+ 2 ~ ~ ~ +  + cos : 2 ~ ~ ~ +  +- cos 

This model is consistent with the experimental evidence, but 
it is rough and speculative and in need of experimental evaluation. 
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Notation 

3 & pseudo-first-order rate cons t an t ,  c m  / h a g  of ca ta lys t  

P p a r t i a l  pressure  

Vs i n t e r s t i t i a l  octahedral ho le  i n  a l aye r  s t r u c t u r e  
l i k e  MoS2 
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120 I I 

Curve B 

Figure 3 .  Effec ts  of H S On c a t a l y s t  a c t i v i t y  f o r  HDS of DBT a t  t h e  reaction condi t ions  given 
in t h e  c a p t i e n  of Pig. 1. 

The points on curve A represent  conversion e a s u r e d  a t  various space velocities ma 
with varluus feed 15 s)/(n 1 r a t 1  s f o r  c a t a l y s t  which ha6 previously l ined  O u t  a t  
hioh space v e l o c i t f e a  17002750 cng/h.q of c a t a l y s t ) .  
c a t a l y s t  r;hich line3 Out a t  high space v e l o c i t i e s  was sulfur d e f l e i s n t  and r e l a t i v e l y  
inac t ive ,  becorinq nore a c t i v e  on addi t ion  of H2S, as discussed in t h e  t e x t .  

The p a i n t s  on curve B reTre len t  Conversion nzasured a t  various feed (HzSl/(H2) ra t io .  
for c a t a l y s t  which had previocs ly  l i n e d  Out a t  1w.r space Velocitie. 190-100 sn2/h.g 
of c a t a l y s t ) .  

These r e s u l t s  .how t h a t  the 

These r e s u l t s  i n d i c a t e  competit ive inh ib i t ion  of reac t ion  t y  H p .  

Figure 4 .  Model of the  Bulfided Co-no/y-Al 0 c a t a l y s t ,  repre- 
.e t i n 9  l a y e r s  of Co 5 
co?+ a t  the c r y s t a l  % d b s .  

and HoS2zir?tercalatsd with 
11.u.. 5 .  m.p*cun ,.,, 0. 0, ,no I . P .  .t.ysturo Of COLI ',> ,* ..=,"., .truc,uro I. d1.t.rt.n. .. .no"" d "." 6on ldlS 1 g .  
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EFFECT OF CATALYST COMPOSITION ON 
QUINOLINE AND ACRIDINE HYDRODENITROGENATION 

BY 
b S. Shih,a E.  Reiff,- R .  Zawadzki2 and J .  R .  Katzer 

Newark, Delaware 19711 
Department of Chemical Engineering, University o f  Delaware 

INTRODUCTION 

Recently there  has been increased i n t e r e s t  i n  t h e  hydrodenitrogena- 
t i o n  of nitrogen-containing aromatic compounds t y p i c a l  of  those found i n  
petroleum, coal-derived l i q u i d s  and sha le  o i l .  Because of t h e  high ni t rogen 
contents  of coal-derived l i q u i d s  and sha le  o i l ,  hydrodenitrogenation w i l l  
become increasingly important i n  t h e  f u t u r e ,  Mars and Coworkers (1-4) have 
c l a r i f i e d  t h e  reac t ion  network and k i n e t i c s  assoc ia ted  with t h e  hydro- 
denitrogenation of pyridine.  Their work was done on unsulf ided Co-Mo/A1203 
c a t a l y s t .  Although severa l  authors  (5-9) have s tudied  hydrodenitrogenation, 
ne i ther  the  reac t ion  network, nor t h e  reac t ion  k i n e t i c s  have been adequately 
defined f o r  anything but  pyridine.  
networks and reac t ion  k i n e t i c s  of t h e  hydrodenitrogenation of quinol ine 
(10, 11) and of acr id ine  (12) over su l f ided  hydroprocessing c a t a l y s t s  under 
high-pressure liquid-phase conditions. 

Both t h e  pr ior  l i t e r a t u r e  and our  work shows t h a t  hydrodenitrogena- 
t ion  of nitrogen-containing compounds occurs via a complex reac t ion  network 
involving hydrogenation of t h e  aromatic r i n g s  followed by carbon-nitrogen 
bond breaking. This is i n  cont ras t  t o  hydrodesulfur izat ion,  i n  which s u l f u r  
removal occurs d i r e c t l y  without hydrogenation of t h e  associated aromatic 
r ings  (13). 
t ion  a f fec ts  t h e  r e l a t i v e  rates of hydrogenation and of  bond breaking i n  t h e  
complex nitrogen-removal reac t ion  network. 
reac t ion  network requi res  an appropriate  balance between t h e  c a t a l y s t  
hydrogenation and c a t a l y s t  bond-breaking func t ions  t o  provide t h e  most a c t i v e  
c a t a l y s t .  A quant i ta t ive  d e f i n i t i o n  of t h e  r e l a t i v e  k i n e t i c  r o l e  of the  two 
c a t a l y s t  func t ions  i n  hydrodenitrogenation is  not  ava i lab le .  

a c t i v e  f o r  hydrodenitrogenatlon than Co-Mo)A1203, t h e  c a t a l y s t  of choice f o r  
hydrodesulfurization, and the  enhanced behavior is of ten  assuwd t o  be due 
t o  higher hydrogenation a c t i v i t y  (9,  14, 15). 

We have recent ly  es tab l i shed  the  reac t ion  

It is  therefore  important t o  understand how c a t a l y s t  composi- 

This b i func t iona l  nature  of t h e  

Generally Ni-Mo/A1203 o r  Ni-W/A120 have been reported t o  be more 

This is not  confirmed by 

3 u r r e n t l y  a t  Mobil Research and Development Corp., Paulsboro, N .  J . 
-Currently a t  Dept. Chem. Eng., Univ. of Mass., Arnherst, Mass. 
%Currently a t  American Cyanamid, Bound Brook, N.J. 
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quant i ta t ive  experimental da ta ,  p a r t i c u l a r l y  under typ ica l  hydroprocessing 
conditions with multi-ring nitrogen-containing compounds. In t h i s  work we 
have evaluated the r e l a t i v e  behavior of commercial hydroprocessing c a t a l y s t s  
of d i f fe r ing  metal composition and support under high-pressure liquid-phase 
conditions. 
form and  t h e  sulf ided form with H2S i n  the system. 
f o r  a l l  hydrogenation and bond breaking s t e p s  i n  t h e  reac t ion  networks were 
determined as a funct ion of c a t a l y s t  type and c a t a l y s t  pretreatment. 
object ives  were t o  determine how t h e  c a t a l y s t  type and pretreatment a f fec ted  
the  r a t e  of  each individual  s t e p  i n  t h e  hydrodenitrogenation reac t ion  network 
and thus t o  e lucidate  the  fundamental differences i n  the c a t a l y s t s ,  

The c a t a l y s t s  were examined in  the  oxidic  fo rm,  the  sulf ided 
First-order r a t e  constants 

Our 

EXPERIMENTAL 

The experiments were c a r r i e d  o u t  i n  a one- l i te r  s t i r r e d  autoclave 
(Autoclave Engineer) with g l a s s  l i n e r ;  the autoclave was operated i n  batch 
mode. A spec ia l  reac tan t -o i l -ca ta lys t  in jec t ion  system was at tached t o  t h e  
autoclave t o  i n j e c t  c a t a l y s t  and r e a c t a n t  (nitrogen-containing compound) i n  
c a r r i e r  o i l  in to  t h e  autoclave after it had been s t a b i l i z e d  a t  the  operating 
temperature and pressure.  Consequently, the  problems of reac t ion  and 
ca ta lys t  deact ivat ion during t h e  long heat-up time frequent ly  encountered 
i n  autoclave s tudies  were el iminated,  and zero time was prec ise ly  defined. 
The system has been described elsewhere ( I O ,  11); operat ing conditions 
were: 

Temperature: quinoline, 342 + l O C ;  ac r id ine ,  367 +1*C 
Tota l  pressure: quinol ine,  34 atm; acr id ine ,  136 atm 
Reactant concentration: quinol ine,  1.0 wt%; acr id ine  0.5 w t  % 
Catalyst :  0.5 w t  % i n  c a r r i e r  o i l ;  150-200 mesh; 

su l f ided  (quinol ine,  2 hr a t  325OC; acr id ine  2 h r  a t  
425OC) i n  160 cc/min of 10% HzS i n  H2 

Carr ie r  O i l :  500 cc highly p a r a f f i n i c  White O i l ;  
0.05 w t  % CSz added t o  give 1.4 vol  % H2S i n  the  
gas phase 

One-liter autoclave, s t i r r e d  at 1700rpm 

Analysis of  reac t ion  products was by G. C .  using a IO' X 1/8' 
Chromosorb l o 3  g l a s s  column f o r  quinol ine,  a 5Om O V l O l  SCOT g l a s s  column 
f o r  acr id ine  and a ni t rogen-specif ic  de tec tor  so  t h a t  individual  nitrogen- 
containing compounds could be i d e n t i f i e d .  

RESULTS 

The react ion network f o r  quinol ine hydrodenitrogenation with spec i f ic  
rate constants ident i f ied ,  as es tab l i shed  by Shih & a. (10, li), is! 
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The behavior of d i f f e r e n t  c a t a l y s t s  i n  quinol ine hydrodenitrogena- 
t i o n  i s  given i n  Table I. Ni-Mo/A1203 is a s l i g h t l y  b e t t e r  c a t a l y s t  f o r  
t h e  removal of  nitrogen from quinoline than Co-Mo/A1203 o r  Ni-W/A1203 a s  
shown by the  pseudo f i r s t -order  rate constants  f o r  t o t a l  ni t rogen removal. 
The Ni-containing c a t a l y s t s  appear t o  be more a c t i v e  f o r  hydrogenating the  
benzenoid r i n g  ( k l  and k3) ;  whereas the Mo-containing c a t a l y s t s  appear t o  
be more a c t i v e  i n  hydrogenating the  heteroaromatic r i n g  (k2) .  The pseudo 
f i r s t -order  r a t e  constants  f o r  the  cracking s t e p s  (k4  and kg) a r e  more 
dependent on the  source of the alumina ( c a t a l y s t )  than on the metals present  
as demonstrated b e t t e r  by other  s tud ies  not  reported here .  

TABLE I 

HYDRODENITROGENATION OF QUINOLINE OVER DIFFERENT CATALYSTS 

Ni-Mo/A1203 Co-Mo/A1203 Ni-W/Al203 
Rate (Cyanamid (Cyanamid (Nalco 
constant, min-l HDS-9A) HDS-16A) NT-550) 

kl 3.10 1.49 2.17 

k2 1.11 1.51 0.52 

k3 0 -63 0.26 0 -33 

k4 0.077 o .067 0.073 

k5 0.61 1.51 0.36 

k6 2 -54 3.56 I .ll 

kTotal N-removal 0.30 0.20 0 -19 

Operating conditions: Catalysts  were presulf ided,  no CS2 added t o  the 
system, T = yLZ0C, P = 34 atm. 
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F'resulfiding has a marked e f f e c t  on the  t o t a l  nitrogen removal r a t e  
(Table 11) ; t h e  r a t e  constant  f o r  t o t a l  ni t rogen removal almost doubles. 
However there  seems to be l i t t l e  o r  no gain i n  going from t h e  oxidic  form 
t o  the sulf ided form of the  c a t a l y s t  i n  s t e p s  t h a t  involve carbon-nitrogen 
bond breaking. 
can be seen upon comparing k5 and k6 f o r  the  oxidic  and sulf ided c a t a l y s t  
i n  Table 11. 
hydrogenation of  t h e  benzenoid and heteroaromatic r i n g  (ki, k2 and k3). 
However, t h e r e  seems t o  be a preference f o r  hydrogenation of  the  benzenoid 
r i n g  over t h e  heteroaromatic r i n g  i n  quinoline; there  i s  a 4-fold increase 
i n  t h e  value of  k l  and k3 as compared to  only a l .5-fold increase i n  k2. 
The react ion path involving 2-propylaniline i s  of negl ig ib le  importance 
f o r  t h e  oxid ic  form, 

The r a t e s  f o r  these s t e p s  remain bas ica l ly  the  same, as 

Presulf iding has  a marked inf luence on t h e  r a t e  of 

TABLE I1 

EFFECT OF PRESULFIDING ON THE HYDRODENITROGENATION OF QUINOLINE 

Ni-Mo/A1203 (Cyanamid HDS-9A) 

Rate constant, min-' o x i d i c  presulfided 

0.72 3.10 (4.3X) 

0.75 1.11 (1.5X) 

0.18 0.63 (3.5X) 

kl 

k2 

3 k 

k4 0.00235 0.077 

5 k 

k6 

kTotal N-removal 

0.75 

2.2 

0.17 

0.61 

2.54 

0.3 

Operating conditions: 

%'his value w a s  so  small f o r  the oxidic  form t h a t  i t s  value is uncertain.  

c a t a l y s t  presulf ided at  325OC f o r  2 h r  i n  10% H2S/H2, 
no CS2 added, T = 342OC, P = 34 atm. 

The e f f e c t  o f  CS2 (H2S) on the  reac t ion  system is shown i n  Table 111. 
H2S increases  t h e  r a t e  of  t o t a l  ni t rogen removal. 
enhances the carbon ni t rogen bond breaking r a t e s  ( i  .e . ,  % and par t icu lar ly  
k4) .  However, k i s  negatively a f fec ted  s ince the transformation of 
- 0-propylaniline 20 a hydrocarbon and ammonia involves f i r s t  a hydrogenation 

The presence of  H2S 
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s tep  (IO, 11); k 
advantage of havmg H2S present is  seen i n  the  hydrogenation r a t e s  ( k i ,  
k2 and k ) .  
hydrogenJtion of the  heteroaromatic r ing ,  bu t  the benzenoid r i n g  hydrogena- 
t ion  capaci ty  i s  s l i g h t l y  enhanced. For the  Ni-Mo/Al,03 and Ni-W/A1203 
c a t a l y s t s  the  converse is  t r u e )  they experience a decrease i n  t h e i r  benzenoid 
r i n g  hydrogenation a c t i v i t y  and an increase i n  t h e i r  heteroaromatic r i n g  
hydrogenation a c t i v i t y  with gas-phase H2S. 

is a compound pseudo f i r s t - o r d e r  r a t e  constant .  L i t t l e  5 
For t h e  Co-Mo/A1203 c a t a l y s t  there  is  no enhancement of the  

TABLE I11 

EFFECT OF H2S ON THE HYDRODENITROGENATION OF QUINOLINE 

Rate constant ,  Ni-Mo/A1203 Co-M0/A1203 Ni-W/A1203 

A B A B A B 

min-1 (Cyanamid HDS-9A) (Cyanamid HDS-I6A) (Nalco NT-550) 

3.10 3.09 1.49 1.51 kl 

k2 

k3 

1.11 1.57 1.51 1.51 

0.63 0.32 0.26 0.24 

k4 0.077 0.13 0.067 0.18 

0.61 0.13 1.51 0.78 k 5 
k6 2.54 3.89 3.56 3.64 

0.20 0.41 k t o t a l  N removal ''3' '-57 2 

2.17 1.71 

0 4 2  1.24 

0 -33 0.21 

0.073 0.15 

0.36 0.38 

1 .il 2.94 

0 -19 0.60 

Operating condi t ions,  A l l  c a t a l y s t s  were presulf ided 
f o r  2 hrs .  T = '342OC. P = '34 a t m .  
A:  
gas phase H2S. 

without CS21 B: 'with 6.05 w t  % of CS2 i n  white o i l  t o  give 

The d i f fe rences  between Co-Mo/A120 and Ni-Mo/A120 increase with 
sever i ty  of operat ing conditions as shown ?n Table IV. 
severe operat ing conditions Ni-Mo/A120 
f o r  t o t a l  ni t rogen removal rate. The zydrogenation r a t e s  ( k l ,  k2, k3 and k& 
a r e  a l l  s i g n i f i c a n t l y  higher over the  Ni-MoIA1203 than over Co-Mo/A1203. 
behavior f o r  nitrogen-carbon bond rupture  is  cons is ten t  w i t h  the  r e l a t i v e  
behavior observed for the  less severe condi t ions,  

UnJer the  more 
is  superior  by a f a c t o r  of  about 2 
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TABLE IV 

CATALYTIC HYDRODENITROGENATION OF QUINOLINE AT MORE SEVERE CONDITIONS 

Rate co s t a n t ,  Ni-M0/Al203 Co-Mo/A1203 
min- P (Cyanamid HDS-9A) (Cyanamid HDS-16A) 

severe** severe** %* - ' mild* - 
kl 3.09 4.95 1.51 0.69 

k2 1.57 10.55 1.51 2 -95 

k3 0.32 4.67 0.24 2.28 

k4 0.13 0.jO 0.18 0.51 

0.13 3 .40 0.78 1.91 k 5 
k6 3.89 10.58 3 -64 3 -45 

t o t a l  N-removal 0.57 2.42 0 .&I 1.22 

A l l  c a t a l y s t s  presulf ided a t  325°C i n  10% H2S/H2 f o r  2 h r s ,  0.05 w t  % CS2 

*mild opera t ing  conditions: temp., 342OC; total pressure,  9 atm. 
*severe operating conditionst temp, 3 6 7 0 ~ ;  t o t a l  pressure,  136 atm. 

was added t o  a l l  runs.  

For acr id ine  t h e  hydrodenitrogenation reac t ion  involves the  
following reac t ion  network (12) I 

3 
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The ef fec t  o f  d i f f e r e n t  ca ta lys t s  on the hydrodenitrogenation of acr id ine  
is shown i n  Table V .  
typ ica l ly  more rap id  over the  Ni-Mo/A120 and Ni-W/A%O c a t a l y s t s  than 
over the  Co-Mo/A120 
over Ni-W/Al203, T?: Ni-Mo/A120 ca?alyst shows d i s t i n c t l y  higher a c t i v i t y  
f o r  the  carbon-nitrogen bond rupzure s teps  and thus is overa l l  the  superior  
of  the c a t a l y s t s  used i n  these s tud ies .  

Hydrogenation r a t e s  ( k l ,  k2, k , kq and k5) a r e  

t h e  Ni-Mo/A120 ca?alysts has  a sg ight  advantage 

TABLE V 

EFFECT OF CATALYST TYPE ON THE HYDRODENITROGENATION OF ACRIDINE 

Rate constant ,  
min-1 

'kl 

k2 

klL 

3 
5 

k 

k 

k6 
kg 
'"7 

k t o t a l  N-removal 

Ni-Mo/AlzO 
(Cyanamid HDZ-YA) 

5 -0 

36.2 

7 - 2  
0.38 
8.8 
1.14 
2.20 

2.19 

1.25 

Co-Mo/A1203 
(Cyanamid HDS-16A) 

3.1 
19.0 

3.67 
0.015 

2.91 

0.43 

0.79 
0.73 
0.48 

Ni-W/A1203 
(Nalco NT-550) 

7 -7 
43 .O 

4.0 

0 -15 
3.77 
0 -41 
0 -77 
0 -76 

0.54 

Operating conditions: T = 367oc; P = 136 atm; A l l  c a t a l y s t s  presulf ided 
a t  425OC f o r  2 hr  i n  10% H2S i n  H2; 0.05 w t  % of CS2 i n  white o i l  
w a s  used i n  a l l  runs. 

Because o f  the  complexity of the  hydrodenitrogenation reac t ion  
network, involving hydrogenation and carbon-nitrogen bond rupture  a s  
d i s t i n c t  reac t ion  s teps ,  the  evaluation and f u r t h e r  development of 
hydrodenitrogenation c a t a l y s t s  can be grea t ly  aided by knowledge of the  
r a t e  of t h e  var ious intermediate  reac t ion  s t e p s  i n  t h e  reac t ion  network, 
This work shows t h a t  Ni-Mo/A1203 i s  typica l ly  b e t t e r  f o r  hydrodenitrogena- 
t i o n  because it has higher hydrogenation a c t i v i t y  than Co-Mo/A1203; Ni-W/A1203 
appears t o  be s l i g h t l y  l e s s  a c t i v e  than Ni-Mo/A1203. 
appear t o  be more dependent on t h e  source of the support and a r e  a l s o  very 
important i n  determining the  r e l a t i v e  ranking of overa l l  c a t a l y s t  behavior, 
This aspect  of  c a t a l y s t  behavior w a s  not  s u f f i c i e n t l y  invest igated i n  t h i s  
work t o  a l l o w  f o r  f i r m  conclusions. 

The cracking a c t i v i t i e s  
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STERIC EFFECTS IN PHENANTHRENE AND PYRENE 
HYDROGENATION CATALYZED BY SULFIDED Ni-W/A1203 

J. Shabtai*,  L. Veluswamy, and A . G .  Oblad 

Department o f  Mining and Fuels  Engineer ing,  
Univers i ty  of  Utah, S a l t  Lake C i t y ,  Utah 84112 

The increased  i n t e r e s t  i n  coa l  l i q u e f a c t i o n  and c a t a l y t i c  upgrading o f  coal-de-  
r i v e d  l i q u i d s  has  r e c e n t l y  l e d  t o  a cons iderable  amount o f  work on hydrodesul fur iza-  
t i o n  and hydrodeni t rogenat ion of  model h e t e r o c y c l i c  compounds i n  t h e  presence of 
s u l f i d e d  c a t a l y s t  s y s t e m s ( l , 2 ) .  In  c o n t r a s t ,  hydrogenat ion r e a c t i o n s  of model poly- 
c y c l i c  aromatic  hydrocarbons i n  t h e  presence  o f  such c a t a l y s t s  have been s t u d i e d  t o  
a l i m i t e d  e x t e n t  (3-5) .  I t  i s  a l s o  noteworthy t h a t  in comparison wi th  prev ious  ex- 
t e n s i v e  s t u d i e s  on mechanis t ic  and s te reochemica l  a s p e c t s  o f  meta l -ca ta lyzed  hydro- 
genat ion o f  condensed aromat ics ,  so f a r  l i t t l e  a t t e n t i o n  has  been p a i d  t o  such a s p e c t s  
i n  hydrogenation s t u d i e s  wi th  t h e  s t r u c t u r a l l y  d i f f e r e n t  c l a s s  o f  s u l f i d e d  c a t a l y s t s .  

I n  t h e  p r e s e n t  work t h e  hydrogenation o f  phenanthrene (1) and pyrene (9) was 
s y s t e m a t i c a l l y  i n v e s t i g a t e d  as a func t ion  of s u l f i d e d  c a t a l y z t  t y p e ,  r e a c t i o n  temper- 
a t u r e ,  hydrogen p r e s s u r e ,  and c a t a l y s t / f e e d  r a t i o .  Experiments were performed i n  a 
semi-batch r e a c t o r ,  and products  ob ta ined  were i d e n t i f i e d  and q u a n t i t a t i v e l y  analyzed 
by a combination of gas  chromatography, PMR, and mass-spec t ra l  methods ( see  Experi-  
mental) .  

RESULTS AND DISCUSSION 

Rela t ive  c a t a l y t i c  a c t i v i t i e s  o f  s u l f i d e d  Ni-Mo/AlzOg ( c a t a l y s t  A), Ni-W/A120g 
( c a t a l y s t  B) and Co-Mo/A1203 ( c a t a l y s t  C) f o r  hydrogenat ion o f  1. were examined by 
comparative experiments  under  mi ld  experimental  c o n d i t i o n s ,  i . e .  p r e s s u r e ,  1500 p s i g ;  
temperature ,  341OC; r e a c t i o n  time, 2 h r .  Under such c o n d i t i o n s  conversion of  L i n t 0  
perhydrophenanthrene (E) i s  incomplete and t h e  product  c o n t a i n s ,  i n  a d d i t i o n  t o  8. a 
s e r i e s  of p a r t i a l l y  hydrogenated compounds expected from s tepwise  hydrogenat ion o f  
phenanthrene (P) ,  i . e .  9,10-dihydroP(L), 1 ,2 ,3 ,4- te t rahydroP(A) ,  1 ,2 ,3 ,4 ,9 ,10,11,12-  
octahydroP(?), 1,2,3,4,5,6,7,8-octahydroP(z), and i somer ic  mixtures  of decahydroP(5) 
and dodecahydroP(1). With samples o f  t h e  above i n d i c a t e d  types  of c a t a l y s t s ,  having 
comparable concent ra t ions  o f  t h e  a c t i v e  components and n e a r l y  i d e n t i c a l  s u r f a c e  a r e a s  
and pore  volumes, it was found t h a t  t h e  decrease  i n  H-aromatici ty  i s  20-25% h i g h e r  
with A and B,  as compared with C .  Fur ther ,  under  c o n d i t i o n s  lead ing  t o  complete sa- 
t u r a t i o n  of  1. (2,900 p s i g ;  341OC; 7 h r )  t h e  hydrogenat ion s e l e c t i v i t y  of  B was found 
t o  be somewhat h igher  than  t h a t  o f  A.  Consequently, a c a t a l y s t  of type  B (conta in ing  
5.1% of  N i O  and 20.2% of  WO3; see Experimental) was s e l e c t e d  f o r  t h e  hydrogenat ion 
s tudy.  

genat ion of  1. a s  a f u n c t i o n  o f  temperature  i n  t h e  range o f  20O-38O0C. For t h e  pur-  
pose of  c l a r i t y  t h e  composition i s  p l o t t e d  i n  two s e t s  corresponding t o  a n t i c i p a t e d  
consecut ive s t a g e s  o f  t h e  hydrogenat ion process ,  i . e .  an e a r l y  s t a g e  (A) showing t h e  
change i n  concent ra t ion  o f  phenanthrene d e r i v a t i v e s  wi th  one o r  two hydrogenated r i n g s  
(Fig. l ) ,  and a la te r  s t a g e  showing t h e  change i n  concent ra t ion  of  d e r i v a t i v e s  wi th  
two o r  t h r e e  hydrogenated r i n g s  (Fig.  2 ) .  Ext rapola t ion  o f  t h e  curves i n  Fig.  1 t o  
temperatures  below 2OO0C, c l e a r l y  i n d i c a t e s  t h a t  1 , 2 , 3 , 4 - t e t r a h y d r o P ( 3  i s  t h e  main 
primary product ,  while  t h e  o t h e r  p o s s i b l e  pr imary product ,  i . e . ,  9,10-dihydroP(L), i s  
formed i n  cons iderably  lower y i e l d .  The gradual  decrease  i n  t h e  concent ra t ion  o f  
compound 3 with  i n c r e a s e  i n  temperature  (Fig.  1 )  i s  accompanied by a corresponding 
increase  i n  t h e  y i e l d  o f  1,2,3,4,5,6,7,8-octahydroP(S), a product  which should be 
formed by hydrogenat ion o f  t h e  r e s i d u a l  aromatic  end-ring i n  3. 
t h e  gradual  disappearance o f  9,10-dihydroP(Z) with t e m p e r a t u r e  i s  n o t  accompanied by 

*Weizmann I n s t i t u t e  of Sc ience ,  Rehovot, I s r a e l  

Figures  1 and 2 summarize t h e  observed change i n  product  composition from hydro- 

On t h e  o t h e r  hand, 
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any s i g n i f i c a n t  formation o f  t h e  expec ted  second-s tep  hydrogenation product  from z, 
i . e . ,  1,2,3,4,9,10,11,12-octahydroP(~). S i n c e  conversion o f  2 i n t o  3 is a slow, i n -  
d i r e c t  r eac t ion  (vide i n f r a ) ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  L i s  n o t  an important i n -  
t e rmed ia t e  i n  t h e  o v e r a l l  hydrogenation p rocess  l ead ing  t o  perhydrophenanthrene (!). 
Afte r  reaching a maximum o f  -605b.wt.  n e a r  3OO0C, t h e  concen t r a t ion  o f  1 ,2 ,3 ,4 ,5 ,  
6,7,8-octahydroP(A) decreases  wi th  f u r t h e r  i n c r e a s e  i n  tempera ture .  F igure  2 i n d i -  
c a t e s  t h a t  hydrogenation o f  t h e  r e s i d u a l  i n n e r  a romat ic  r i n g  i n  5, l ead ing  t o  the  
f i n a l  product 8, involves  t h e  formation o f  o l e f i n i c  in t e rmed ia t e s ,  i . e .  i somer ic  
mixtures o f  decahpdroP(5) and o f  dodecahydroP(1). 
ed i n  Figs .  1 and 2 are a l s o  observed i n  t h e  s tudy  o f  product  composition a s  a func- 
t i o n  o f  hydrogen p res su re  (between 500-2,900 ps ig )  , and o f  ca t a lys t /phenan th rene  
r a t i o .  

t h e  s t e reochemis t ry  of t h e  in t e rmed ia t e  compounds formed i n  t h e  s t epwise  hydrogena- 
t i o n  o f  1. t o  8: 

I n i t i a t i o n  o f  t h e  p rocess  by hydrogenation o f  t h e  i n n e r  r i n g  i n  1 a t  the  9,lO- 
p o s i t i o n  produces a somewhat s t r a i n e d  hydroaromatic r i n g .  In forming t h i s  r i n g  t h e  
two aromatic end r ings  arc forccd  = ~ t  o f  c o p l a n a r i t y ,  and the  r e s u l t i n g  3,lO-dihy- 
droP(2) shows s t r o n g  dehydrogenation tendency a t  t empera tures  225OOC (v ide  i n f r a ) .  
I n  c o n t r a s t ,  hydrogenation of an end r i n g  i n  1, t o  y i e l d  3, i nvo lves  formationof a 
s t r a i n l e s s  hydroaromatic r i n g .  Fast consecu t ive  hydrogenation of t h e  two end r ings  
i n  1. should produce 1,2,3,4,5,6,7,8-octahydroP(~), which i s  indeed  observed a s  t h e  
main in t e rmed ia t e  i n  t h e  p rocess .  Examination o f  s t e r i c  models o f  5 i n d i c a t e s  t h a t  
f l a t w i s e  adsorp t ion  o f  t h e  r e s i d u a l  i n n e r  a romat ic  r i n g  B on t h e  c a t a l y s t  s u r f a c e  
would be  d i f f i c u l t  as a r e s u l t  of s ter ic  i n t e r f e r e n c e  by t h e  two f l e x i b l e  hydroaro- 
mat ic  r i n g s  A and C (Fig.  3). The lower r a t e  o f  hydrogenating t h e  i n n e r  r i n g  as  com- 
pared  t o  t h e  end r i n g s  i n  1. i s  r e f l e c t e d  i n  t h e  accumulation o f  compound 5 i n  reac- 
t i o n  products  formed under mild exper imenta l  cond i t ions .  
however, may proceed by a s t epwise  double t  mechanism,~involving s l a n t w i s e  o r  edgewise 
adsorp t ion  of 5 by means o f  t h e  s t e r i c a l l y  unobs t ruc ted  9 , lO-pos i t ion .  Such mecha- 
nism would r e q u i r e  format ion  o f  o l e f i n i c  i n t e r m e d i a t e s ,  e . g .  5 and 1, which are i n -  
deed found i n  t h e  r e a c t i o n  products  (F ig .  2 ) .  

P a t t e r n s  similar t o  those  i n d i c a t -  

The r e s u l t s  ob ta ined  can be  r a t i o n a l i z e d  by cons ide r ing ,  among o t h e r  f a c t o r s ,  

Slow hydrogenation o f  B ,  

7-7 
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Fig. 3. S t e r i c  i n t e r f e r e n c e  wi th  f l a t w i s e  adsorp t ion  of 1,2,3,4,5,6,7,8-octahydroP(2) 

I t  should be noted  t h a t ,  depending on t h e  s u r f a c e  s t r u c t u r e  and t h e  s t r e n g t h  o f  

For in s t ance ,  
adso rp t ion ,  s t e r i c  i n t e r f e r e n c e  o f  t h e  t y p e  i n d i c a t e d  i n  Fig.  3 may not  n e c e s s a r i l y  
be equa l ly  e f f e c t i v e  with d i f f e r e n t  types o f  hydrogenation c a t a l y s t s .  
hydrogenation o f  1 us ing  p la t inum group metals proceeds  wi th  s t r o n g  p re fe rence  (se-  
l e c t i v i t y  '75%) f o r  formation o f  t h e  cis-s cis-perhydrophenanthrene s t e reo i somer  
(6). 
s u r f a c e ;  and (b)  f a s t  add i t ion  o f  hydrogen from t h e  unders ide  o f  t h e  adsorbed sys-  
tem, so t h a t  a l l  of t h e  f o u r  hydrogen atoms found at  t h e  asymmetric b r idge  p o s i t i o n s  

This  would r e q u i r e  ( a )  p r e f e r e n t i a l  &;=e o r i e n t a t i o n  of r i n g  B on t h e  

li 
I 

m 
I 

108 



appear on t h e  same s i d e  o f  t h e  produced hydroaromatic  r i n g .  
observed i n  t h e  present  s tudy ,  y&. t h e  perhydrophenanthrene f r a c t i o n  produced i n  
t h e  presence o f  s u l f i d e d  Ni-W/A1203 c o n s i s t s  of  a mixture  o f  a l l  s i x  p o s s i b l e  ste- 
reoisomers i n  maximal concent ra t ions  below 50% o f  t h e  t o t a l  f r a c t i o n .  This  is i n  
good agreement with t h e  above proposal  t h a t  i n  t h e  presence  o f  s u l f i d e d  c a t a l y s t s  
r i n g  B i s  hydrogenated by a s tepwise  mechanism, which excludes any p o s s i b i l i t y  of 
a t t a i n i n g  cis-=-cis  s t e r e o s e l e c t i v i t y .  

d r o p ( )  as t h e  main f i r s t - s t e p  in te rmedia te  i n  t h e  p r o c e s s ,  comparative hydrogenation 
experiments using these  two compounds as feeds were c a r r i e d  out  under t h e  fol lowing 
condi t ions :  
3 h r .  I t  i s  found t h a t  2 y i e l d s  cons iderable  amounts (17.2% b.wt . )  of  phenanthrene, 
which i s  then  converted sb perhydroP(g) 
3 and 5. S i g n i f i c a n t l y ,  t h e  o v e r a l l  r a t e  o f  conversion o f  2 i n t o  8 i s  lower compared 
fb t h a t  observed i n  t h e  conversion of phenanthrene i n t o  8 uzder  t h e  same set of con- 
d i t i o n s .  I n  c o n t r a s t ,  1 ,2 ,3 ,4- te t rahydroP(?)  does n o t  undergo any dehydrogenation 
t o  phenanthrene under i d e n t i c a l  c o n d i t i o n s ,  and i t s  r e l a t i v e  r a t e  o f  hydrogenat ion 
i n t o  8 is markedly h i g h e r  than t h a t  of  phenanthrene proper .  

The hydrogenation o f  pyrene(2)  i n  t h e  presence of  s u l f i d e d  N i - W / A l z O s  was i n -  
v e s t i g a t e d  a s  a func t ion  of experimental  v a r i a b l e s ,  us ing  an analogous procedure. 
Figures  4 and 5 summarize t h e  change i n  product  composi t ion from 9 ( a t  341OC) as  a 
funct ion o f  hydrogen p r e s s u r e  i n  t h e  range o f  1,000-2,900 p s i g .  A s  seen ,  on ly  one 
type o f  product  conta in ing  one hydrogenated r i n g ,  i . e .  4,5-dihydropyrene (g), i s  
formed. The y i e l d  o f  t h i s  f i rs t  in te rmedia te  decreases  wi th  i n c r e a s e  i n  p r e s s u r e ,  
while t h a t  of  t h e  p r e f e r r e d  second-step hydrogenat ion i n t e r m e d i a t e ,  e. 1,2 ,3 ,3a ,  
4,s-hexahydropyrene (12) passes  through a maximum a t  %1,50Opsig and then  gradual ly  
decreases  a t  h igher  p r e s s u r e  (Fig.  4 ) .  
second-step product ,  i . e .  4,5,9,10-tetrahydropyrene ( l l ) ,  i s  very low i n  t h e  e n t i r e  
pressure  range,  i n d i c a t i n g  t h a t  t h i s  compound i s ,  n o t  an important  in te rmedia te  i n  
t h e  hydrogenation process .  The s t r o n g  preference  f o r  hydrogenat ion o f  10 i n t o  1 2  
r a t h e r  than i n t o  1' apparent ly  depends on a marked d i f f e r e n c e  i n  t h c  p o z t i o n  of the 
r e s p e c t i v e  aromatic  s a t u r a t i o n  e q u i l i b r i a .  Compound 11 conta ins  two r a t h e r  s t r a i n e d  
hydroaromatic r i n g s  which should be s u c c e p t i b l e  t o  easy  dehydrogenat ion,  whereas 11 
conta ins  two non-s t ra ined  hydroaromatic r i n g s  i n  a skewed c h a i r  conformation which 
should be more r e s i s t a n t  t o  dehydrogenation. F igure  5 i n d i c a t e s  t h a t  hydrogenation 
of  12 t o  y i e l d  perhydropyrene (E) involves  t h e  in te rmedia te  formation of  1 ,2 ,3 ,3a ,  
4,5,5a,6,7,8-decahydropyrene (E), followed by s1.0~ hydrogenat ion o f  t h e  r e s i d u a l  
t e t r a s u b s t i t u t e d  aromatic  r i n g  i n  13. Examination of molecular  models shows t h a t  
f l a t w i s e  adsorp t ion  of  t h i s  r e s i d u a l  aromatic  r i n g  on t h e  c a t a l y s t  s u r f a c e  would be 
d i f f i c u l t  due t o  s t e r i c  i n t e r f e r e n c e  by t h e  t h r e e  surrounding hydroaromatic r i n g s .  

hydrophenanthrene (z), and t h e  apparent  slow rate o f  hydrogenat ing t h e  r e s i d u a l  
t e t r a s u b s t i t u t e d  r i n g  i n  1,2,3,3a,4,5,5a,6,7,8-decahydropyrene (w, t o  y i e l d  per -  
hydropyrene (x), i n d i c a t e  t h a t  s t e r i c a l l y  blocked aromatic  r i n g s  i n  p o l y c y c l i c  
aromatic-naphthenic  systems could be markedly r e s i s t a n t  t o  hydrogenat ion i n  t h e  
presence o f  s u l f i d e d  c a t a l y s t s .  This  could provide a p l a u s i b l e  explana t ion  f o r  t h e  
observed r e s i s t a n c e  of  coa l -der ived  l i q u i d s  t o  complete hydrogenat ion,  even i n  case  
t h e  aromatic  s a t u r a t i o n  e q u i l i b r i a  a r e  f u l l y  d isp laced  i n  t h e  d i r e c t i o n  of  s a t u r a -  
t i o n  (1) .  

No such s e l e c t i v i t y  i s  

To confirm t h e p r o p o s e d  r o l e  of  1 ,2 ,3 ,4- te t rahydroP(3)  r a t h e r  t h a n  9,lO-dihy- 

temperature ,  250OC; hydrogen p r e s s u r e ,  ,1500 p s i g ;  and r e a c t i o n  t ime,  

t h e  usua l  i n t e r m e d i a t e s ,  e .g .  compounds 

I t  i s  found t h a t  t h e  y i e l d  o f  t h e  a l t e r n a t i v e  

The observed slow r a t e  o f  hydrogenat ing t h e  i n n e r  r i n g  i n  1 ,2 ,3 ,4 ,5 ,6 ,7 ,8-oc ta-  

EXPERIMENTAL 

Apparatus - An autoc lave  of 300 m l  c a p a c i t y ,  r a t e d  a t  4,000 p s i  (51OoC), was 
adopted f o r  use as a semi-batch r e a c t o r .  
s t i r r e r ,  a tempera ture-cont ro l led  h e a t e r ,  a p r e s s u r e  gage, and a water  cool ing  sys-  
tem. I t  was connected t o  a high p r e s s u r e  hydrogen source  through a check valve and 
a r e g u l a t o r  permi t t ing  t h e  maintainance o f  a cons tan t  p r e s s u r e  throughout t h e  exper- 
iment. 

The au toc lave  was equipped wi th  a magnetic 

Cata lys t s  - A wide range of supported Ni-Mo,Ni-W, and Co-Mo systems,  ob ta ined  
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commercially o r  prepared i n  t h i s  Department, were used i n  a pre l iminary  screening  o f  
hydro t r ea t ing  c a t a l y s t s .  The s e l e c t e d  c a t a l y s t  had a s u r f a c e  a rea  o f  225 m2/g, and 
conta ined  NiO,  5.1;  W03, 20.2; Fe203, 0.03; and Al2O3, 74.1% b.wt. I t  was s u l f i d e d  
a t  3 O O 0 C  and 250 p s i g  with a mixture  o f  hydrogen and carbon d i s u l f i d e ,  u s ing  an ap- 
p r o p r i a t e l y  designed p res su re  flow system ( 1 ) .  

a s  s t a r t i n g  ma te r i a l s .  In each experiment were used 13 g o f  t he  a romat ic  compound 
and 2.6 g of p re su l f ided  c a t a l y s t .  
b rought  t o  t h e  d e s i r e d  tempera ture  and hydrogen p res su re ,  and kept under constant  
cond i t ions  f o r  t he  s e l e c t e d  l eng th  o f  time (2 h r  i n  most experiments).  
each  run,  the r e a c t i o n  mixture  was r a p i d l y  cooled  t o  room tempera ture ,  and a f t e r  re- 
l e a s i n g  t h e  p r e s s u r e ,  d i s so lved  i n  carbon t e t r a c h l o r i d e ,  f i l t e r e d  t o  remove t h e  ca- 
t a l y s t ,  and analyzed. 

spec t romet ry ,  PMR a n a l y s i s ,  and measurement of gas  chromatographic r e t e n t i o n  volumes. 
In most cases  s t r u c t u r e s  were confirmed by  comparison wi th  pu re  r e fe rence  compounds. 
Quan t i t a t ive  a n a l y s i s  of p roduc t  components was performed by temperature-programmed 
160-270'C; 4"C/min) gas chromatography w i t h  a 9 '  x 1/8" column packed wi th  6% OV-17 
on 100-120 mesh Chromosorb W .  

Procedure - Highly p u r i f i e d  samples (> 9 9 % ) o f  phenanthrene and pyrene were used 

After f lu sh ing ,  t h e  charged au toc lave  was quick ly  

A t  t h e  e n d o f  

Analysis - Products from t h e  hydrogenation r eac t ions  were i d e n t i f i e d  by mass 

REFERENCES 

L.R.  Veluswamy, Ph.D. Thes i s ,  Un ive r s i ty  of Utah, 1977, and r e fe rences  t h e r e i n .  
S.S.  Shih,  J . B .  Katzer,  H. Kwart, and A.B. S t i l e s ,  P rep r in t s ,  Div. P e t r o l .  
Chem., A.C.S., 2, #3, 919 (1977),  and r e fe rences  t h e r e i n .  
S. Singh, Ph.D. Thesis ,  Un ive r s i ty  o f  Utah, 1972. 
C.S. Huang, K . C .  Wang, and H.W. Haynes, J r . ,  P r e p r i n t s . ,  Div. Fuel Chem., 
A . C . S . ,  2, # 5 ,  228 (1976). 
E.G.  Prokopetz,  G . E .  Gavrilova,  and L.A. Klimova, 
- 11, 823 (1938), and subsequent  pape r s .  
R.P.  Linstead,  W . E .  Doering, S.B. Davis,  P .  Levine, and R . R .  Whetstone, 
J.  h e r .  Chem. SOC..  64, 1985 (1942).  

I 

110 



I I I 
0 0 
d I 

I I I 1 
0 0 
(u 0 d 0 W 0 a 

-paqJahuo3 6 0 0 ~ / 6  
I 

I 1 I I 8 
6. 

111 

0 
In m 

o u  
14"- 

O 0 
cu 

0 ul > I -  

E 0 



500 1000 1500 2000 2500 3000 
Pressure,  PSIG 

Fig. 4 .  Change in product composition from hydrogenation of 

Catalyst: Sulfided N i - W  on Alumina; 
pyrene as a function o f  pressure (Stage A). 

Reaction Temperature: 341 "C,  
Reaction Time: 3 hr .  
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of pyrene a s  a f u n c t i o n  of pressure (Stage 8). 

C a t a l y s t :  S u l f i d e d  Ni-W on Alumina, 

React i on Tempera t u  r e  : 341 O C; 
Reaction Time: 3 h r .  
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STERIC EFFECTS I N  THE HYDROGENATION-HYDRODENITROGENATION 

Ni-W/A1203 

J. Shabta i* ,  L. Veluswamy, and A . G .  Oblad 

Department o f  Mining and Fuels Engineering, 
Un ive r s i ty  o f  Utah, S a l t  Lake C i t y ,  Utah 84112 

OF ISOMERIC BENZOQUINOLINES CATALYZED BY SULFIDED 

Mechanistic a spec t s  o f  s u l f i d e - c a t a l y z e d  hydrodeni t rogenat ion  of N-heterocy- 
c l i c s ,  and i n  p a r t i c u l a r  o f  condensed po lycyc l i c  systems, have been s t u d i e d  t o  a 
l i m i t e d  ex ten t  (1 ,2) .  Recently,  t h i s  s u b j e c t  has a t t r a c t e d  more i n t e r e s t  and seve ra l  
s i g n i f i c a n t  k i n e t i c  s t u d i e s  have been r e p o r t e d  (3 ,4 ) .  I t  i s  noteworthy, however, 
t h a t  so f a r  very l i t t l e  a t t e n t i o n  h a s  been p a i d  t o  s te reochemica l  a spec t s  o f  hydro- 
den i t rogena t ion  p rocesses .  
importance of s t e r i c  e f f e c t s  i n  such r e a c t i o n s ,  t h e  hydrogenation-hydrodenitrogena- 
t i o n  o f  two i somer ic  benzoquinol ines ,  i . e .  5,6-benzoquinoline (L) and,7,8-benzoquin- 
o l i n e  (L) ,  was comparatively s t u d i e d  as  a func t ion  o f  r e a c t i o n  tempera ture ,  hydrogen 
p r e s s u r e ,  and s u l f i d e d  c a t a l y s t  type. 
r e a c t o r ,  and products  formed were i d e n t i f i e d  and analyzed by a combination of gas 
chromatography, PMR, and mass spec t romet ry .  

I n  o r d e r  t o  ob ta in  a f i r s t  in format ion  on t h e  p o s s i b l e  

Experiments were c a r r i e d  ou t  i n  a semi-batch 

RESULTS AND DISCUSSION 

Figures  1-4 summarize t h e  change i n  product  composition from hydrogenation o f  
t h e  two i somer ic  benzoquinol ines  a s  a f u n c t i o n  of r e a c t i o n  tempera ture  i n  t h e  range 
of 200-380°C, us ing  a s u l f i d e d  Ni-W/A1203 c a t a l y s t .  A s  seen  from F ig .  1, a t  temper- 
a t u r e s  below 250°C, t h e  on ly  product  from 2 i s  1,2,3,4-tetrahydro-7,8-benzoquinolne 
(A), der ived  by s e l e c t i v e  hydrogenat ion  o f t h e  py r id ine  r ing .  With i n c r e a s e  i n  t e m -  
p e r a t u r e  above 250°C, t h e r e  is f a s t  dec rease  i n  t h e  y i e l d  o f  t h i s  i n t e rmed ia t e  com- 
pound, accompanied by formation o f  t h r e e  o t h e r  d e r i v a t i v e s ,  i . e . ,  6-propyl-1,2,3,4- 
tetrahydronaphthalene(&), 2-propylnaphtha lene(5) ,  and 1,2,3,4,11,12,13,14-octahydro- 
7 ,8 -benzoqu ino l ine (~ ) .  The presence  o f  compounds 5 and 6 i n d i c a t e s  t h a t  hydrodeni- 
t rogena t ion  of t he  primary product  3 could  occur  wi th  o r  without p re l imina ry  hydro- 
gena t ion  of t h e  end benzene r i n g .  
(2) reaches a maximum a t  E 30OoC and then  decreases  wi th  inc rease  i n  tempera ture ,  
whi 1 e t h e  y i e l d  o f  6-propyl - 1,2 ,3 ,4-  t e t  rahydronaphthal ene (4) cont inues  t o  i n c r e a s e  
up t o  350'C and on ly  then  decreases  w i t h  f u r t h e r  i n c r e a s e  Tn tempera ture  (Fig.  1 ) .  
This  would i n d i c a t e  t h a t  S p l a y s  an impor tan t  r o l e  as a p recu r so r  i n  t h e  format ion  of 
- 4. The l a t t e r  could a l s o  be de r ived  from 6, but t h e  r e l a t i v e l y  low y i e l d  o f  t h i s  
compound i n d i c a t e s  t h a t  t h i s  a l t e r n a t i v e  pathway i s  o f  lesser importance.  A t  tem- 
p e r a t u r e s  between 350-380' (Figure 2) t h e  decrease  i n  t h e  concent ra t ion  o f  4 is ac-  
companied by a corresponding i n c r e a s e  i n  t h e  y i e l d  of 2-propyldeca l in(L) ,  which i s  
t h e  f i n a l  product o f  t h e  hydrodeni t rogenat ion  p rocess .  A t  t h e  r e l a t i v e l y  s h o r t  con- 
tact  t ime of  2 hr ,  a t  341°C, t h e  y i e l d  o f  2 -p ropy ldeca l in ( l )  i s  on ly  9%, and 6-pro- 
pyl-1,2,3,4-tetrahydronaphthalene(4) i s  t h e  major product  (79%).  However, a t  a con- 
t a c t  t ime of 7 hr hydrogenation of-? i n t o  1 is e s s e n t i a l l y  complete. 

Pa t t e rns  c l o s e l y  s i m i l a r  t o  t h o s e  i n  Figs .  1 and 2 a r e  found i n  t h e  change o f  
product  composition as a func t ion  o f  hydrogen p res su re .  

Figures  3 and 4 summarize t h e  change i n  product  composition from hydrogenation 
of 5 ,6 -benzoqu ino l ine (~ )  as a func t ion  o f  r e a c t i o n  temperature .  As seen,  a t  temper- 
a t u r e s  around 2OO0C t h e  s i n g l e  product  observed i s  1,2,3,4-tetrahydro-5,6-benzoquin- 
o l i n e  (9, der ived  by f a s t ,  s e l e c t i v e  hydrogenation o f  t he  py r id ine  r i n g  i n  1. 
i n d i c a t e d  r a t e  of t h i s  r e a c t i o n  i s  h i g h e r  by a t  l e a s t  one o rde r  o f  magnitude than  
t h a t  of t h e  corresponding hydrogenat ion  o f  7,8-benzoquinoline(2) t o  1 ,2 ,3 ,4 - t e t r ahy-  
dro-7,8-benzoquinoline(~). 

*Weizmann I n s t i t u t e  o f  Sc ience ,  Rehovot, I s r a e l  

I t  i s  noted  t h a t  t h e  y i e l d  o f  2-propylnaphthalene 

The 

A t  t empera tures  > 200'Cthere i s  grzdual  decrease  i n  the  
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concent ra t ion  of  8, accompanied by formation of  1,2,3,4,11,12,13,14-octahydro-5,6- 
benzoquinol ine(9) .  The y i e l d  o f  t h i s  second-step hydrogenat ion in te rmedia te  reaches  
a maximum a r o u n x  3OO0C, and then decreases  a t  h i g h e r  temperature  (F ig .  3 ) .  F u r t h e r ,  
t h i s  decrease i n  t h e  y i e l d  o f  9 (Fig. 4) i s  accompanied by a corresponding gradual  
i n c r e a s e  i n  t h e  y i e l d  of  t h e  hydrodeni t rogenat ion product,S-propyl-1,2,3,4-tetrahy- 
dronaphthalene(lO),  i n d i c a t i n g  t h a t  hydrodeni t rogenat ion i s  mainly accomplished sub-  
sequent  t o  t h e  z t u r a t i o n  o f  t h e  end benzene r i n g .  A s  seen  from Fig .  4 ,  a t  tempera- 
t u r e s  >3OO0C t h e  product  conta ins  a l s o  small amounts (5-8%) of  1-propylnaphthalene 
(g), i n d i c a t i n g  t h a t  d i r e c t  hydrodeni t rogenat ion of  t h e  pr imary product  8 occurs  t o  
a minor e x t e n t .  A t  r e a c t i o n  temperatures  of  ca  340-380° p a r t  o f  compound i s  f u r -  
t h e r  hydrogenated t o  give l -propyldeca l in  (12)which can be  considered as  t h e  f i n a l  
product  o f  t h e  hydrodeni t rogenat ion process .  I f  t h e  temperature  i s  kept a t  E 34OoC 
and t h e  r e a c t i o n  t ime i s  extended, o r  t h e  p r e s s u r e  i n c r e a s e d ,  compound 10 i s  conver t -  
ed l a r g e l y  i n t o  11, without  any s i g n i f i c a n t  e x t e n t  o f  c racking .  A t  s 3 8 0 ° C ,  how- 
ever ,  some cracking of compound occurs  t o  f o r m  1,2,3,4-tetrahydrohaphthalene 
(Fig. 4). 

The s tudy  of  t h e  r e a c t i o n  o f  5 ,6-benzoquinol ine( l )  as a func t ion  of  c a t a l y s t  
t y p e  i n d i c a t e s  t h a t  t h e r e  i s  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  hydrogenation-hydrode- 
n i t r o g e n a t i o n  a c t i v i t y  o f  s u l f i d e d  Ni-W/A1203 and Ni-Mo/A120 

The observed markedly slower hydrogenation o f  t h e  p y r i a i n e  r i n g  i n  7,S-benzo- 
quinol ine(1)  can be ascr ibed  t o  t h e  s t e r i c  hindrance e f f e c t  o f  t h e  7,S-benzo group, 
which prevents  edgewise adsorp t ion  o f  t h e  p y r i d i n e  r i n g  t o  a c i d i c  s i tes  on t h e  cata- 
l y s t  s u r f a c e  by means of  t h e  n i t r o g e n  e l e c t r o n  p a i r ( 5 ) .  I n  c o n t r a s t ,  h indrance- f ree  
adsorpt ion o f  t h i s  type ,  with consequent s t r o n g  p o l a r i z a t i o n  and a c t i v a t i o n  of t h e  
pyr id ine  moiety i s  e a s i l y  a t t a i n e d  i n  t h e  case o f  5 ,6-benzoquinol ine( l ) .  Following 
t h e  hydrogenat ion o f  t h e  pyr id ine  r i n g s  i n  1 and 2 t o  g ive  1,2,3,4- te t rahydro-5,6-  
b e n z o q u i n o l i n e ( )  and 1,2,3,4-tetrahydro-7,8-benz~quinoline(A), r e s p e c t i v e l y ,  t h e r e  
a r e  marked d i f f e r e n c e s  i n  t h e  subsequent r e a c t i o n  pathways leading  t o  hydrodeni t ro-  
genat ion o f  t h e s e  two isomeric  in te rmedia tes ,  i . e .  compound 3 undergoes d i r e c t  hydro- 
deni t rogenat ion  t o  y i e l d  2-propylnaphthalene(5) ,  whereas 8 uTdergoes e s s e n t i a l l y  com- 
p l e t e  hydrogenation o f  t h e  end benzene r i n g ,  T o  f o r m  1,2,~,4,11,12,13,14-octahydro- 
5 , 6 - b e n z o q u i n o l i n e ( ~ ) ,  p r i o r  t o  t h e  hydrogenolysis  s t e p  (v ide  E). This  could be  
ascr ibed  t o  d i f f e r e n c e s  i n  t h e  s t e r i c  c h a r a c t e r i c s  o f  t h e i n t e r m e d i a t e s  involved.  
Examination o f  molecular  models shows t h a t  i n  compound A t h e  N-atom i s  i n  a &-po- 
s i t i o n  r e l a t i v e  t o  t h e  aromatic  H a t  C-14. 
t h e  n i t rogen  out  of c o p l a n a r i t y  with t h e  aromatic  system, and should f a c i l i t a t e  t h e  
hydrogenolysis  o f  t h e  C-N bonds, l ead ing  t o  formation of  2-propylnaphthalene(5) .  In 
c o n t r a s t ,  t h e  5,6-benzo group i n  5 does n o t  i n t e r a c t  s t e r i c a l l y  with t h e  hydrogen- 
a t e d  pyr id ine  r i n g ,  v i z .  i n  t h i s  case t h e r e  i s  no d e s t a b i l i z i n g  e f f e c t  upon the  C-N 
bonds. 
s t e p  , which produces 5rpropyl-  1 ,2 ,3 ,4-  te t rahydronaphtha l  ene ( 10) . 

t h e  r a t e  and d e p t h a f  hydrodeni t rogenat ion 
of  coa l -der ived  l i q u i d s  may s t r o n g l y  depend on t h e  s t e r i c  c h a r a c t e r i s t i c s  o f  con- 
densed N-heterocycl ic-aromatic  components, o r  of  p a r t i a l l y  hydrogenated r e a c t i o n  i n -  
te rmedia tes  formed dur ing  t h e  process .  

c a t a l y s t s .  

This  should cause some displacement o f  

Consequent ly;8 i s  hydrogenated t o  compound 9 p r i o r  t o  t h e  hydrogenolysis  

The r e s u l t s  ob ta ined  i n d i c a t e  t h a t  

EXPERIMENTAL 

The appara tus ,  a s  wel l  as t h e  experimental  and a n a l y t i c a l  procedures  were e s -  
s e n t i a l l y  t h e  same as used i n  t h e  preceeding s tudy  o f  phenanthrene and pyrene hydro- 
genat ion.  

REFERENCES 

(1) L . R .  Veluswamy, Ph.D. Thes is ,  Univers i ty  o f  Utah, 1977. 
(2) D .  Weisser and S. Landa, "Sulf ide C a t a l y s t s ,  Thei r  P r o p e r t i e s  and Applicat ions" ,  

(3) s . S .  Shih ,  J . B .  Katzer, H. Kwart, and A . B .  S t i l e s ,  P r e p r i n t s ,  Div. P e t r o l .  Chem., 
Pergamon Press, New York, 1973. 

A . C . S . ,  22, #3,  919 (1977), and r e f e r e n c e s  t h e r e i n .  

115 



(4) J . F .  Coccheto, and C . N .  S a t t e r f i e l d ,  Ind.  Eng. Chem., Proc. Des. Dev. s, 272 

(5) L.H. Klemm, J.  S h a b t a i ,  and F.H.W. Lee, J .  Chromatog., z., 433 (1970. 
(1976). 

Temperature,' C 

Fig. 1 . Change i n  product  composition from hydrodeni t ro-  

C a t a l y s t :  S u l f i  ded Ni-W/Al 203 
Pressure:  2900 p s i g ,  
Reaction time: 2 h r .  

gena t ion  o f  7,8-Benzoquinoline a s  a  func t ion  o f  temperature  
(Stage A ) .  
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Fig.  2 .  Change i n  product composit ion from hydrodeni t ro-  
qenation o f  7,8-Benzoquinoline as a func t i on  of temperature 
(Stage B). 

Cata lyst :  Su l f i ded  Ni-W/AI2O3 
Pressure: 2900 ps ig;  
Reaction t ime: 2 hr .  

Temperature pC 

Fig. 4 .  Change i n  product composit ion from hydrodeni t ro-  

Cata lyst :  Sul f i ded N i -W/A l  203 
genation of 5,6-Benzoquinoline as a funct ion of temperature (Stage B) .  

Pressure: 2900 p i i i ;  
Reaction Time: 2 hrs .  
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Fig .  3. Change i n  p roduc t  compos i t ion  f rom h y d r o d e n i t r o -  

C a t a l y s t :  S u l f i d e d  H i  -W/A1203 

g e n a t i o n  o f  5,6-Benzoquinol ineas a f u n c t i o n  o f  temperature 
(Stage A ) .  

Pressure:  2900 ps ig ;  
React ion  Time: 2 hrs. 
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1.0 INTRODUCTION 

A number of processes a re  currently being developed on a la rge  sca le  
t o  produce l i qu id  fue l s  from coa l (1 ) .  
w i l l  supplement t he  ever decreasing supplies of petroleum crude now refined t o  
produce gasoline,  d i s t i l l a t e s ,  and res idua l  fue l  o i l .  However, de ta i led  
analysis of these coal l iqu ids  shows t h a t  they a re  more aromatic and contain 
more nitrogen and oxygen than do corresponding f r ac t ions  from petroleum(2.3). 
I n  addition, coa l  l i qu ids  containing res idua l  f r ac t ions  high i n  asphaltenes, 
a r e  incompatible when blended with typ ica l  petroleum fue l s  ( 4 )  . 
preliminary r e s u l t s  have been reported on the  combustion of heavy coal l iqu ids  
i n  r e s iden t i a l  bo i le rs  (5) and of synthetic j e t  fue l  i n  av ia t ion  turbines (6) . 

It  i s  an t ic ipa ted  t h a t  these coa l  l i qu ids  

Some 

The purpose of t h i s  work w a s  t o  evaluate the use of raw and hydrotreated 
heavy d i s t i l l a t e  coal l i qu ids  from the  Solvent Refined Coal (SRC) and H-Coal 
processes f o r  use i n  heavy duty u t i l i t y  turbines.  Presently,  these turbines 
account for  about nine percent of t he  in s t a l l ed  power generation capacity 
in  the  U.S. Most of t h i s  capacity is dedicated t o  peak load generation where 
high r e l i a b i l i t y  and the  a b i l i t y  t o  put  the  capacity on-line rapidly a re  of 
c r i t i c a l  importance. In the  fu ture ,  gas turbine capacity i s  expected t o  grow 
for  intermediate and base load a s  high temperature combined cycle systems a r e  
introduced f o r  power generation. 

In  considering fue l s  f o r  use i n  these p l an t s ,  ce r t a in  fundamental 
combustion proper t ies  must be established i n  order t o  assure safe ,  e f f i c i e n t ,  
and clean combustion of these fue ls .  
determination of the  operating l i m i t s  of t he  combustion turb ine  with respect 
t o  corrosion, erosion, and deposition. Dependable operation of the  combustor 
without the occurrence of flame-out, fouling o r  overheating of the combustor 
basket i s  a l s o  required for  sa fe  operation on coal-derived fue ls .  
the  time and power l o s t  during shutdown t o  clean o r  r epa i r  hardware is an 
important fac tor  t o  be considered. F ina l ly ,  emissions from turbines burning 
coal-derived l iqu ids  must meet projected s t r ingen t  EPA standards f o r  oxides 
of su l fur  and nitrogen. 

Reliable u t i l i z a t i o n  includes the  

Furthermore, 

D i s t i l l a t e  coal l i qu ids  from the  H-Coal and SRC processes were 
evaluated i n  a laboratory turbine combustor passage. 
of r a w  coal l iqu ids  and the  same l iqu ids  hydroprocessed a t  severa l  severity 
leve ls  t o  produce addi t iona l  t e s t  fue ls  of varying aromatic and nitrogen content. 
Each fue l  w a s  characterized by physical,  chemical, and compositional analyses,  
and was evaluated i n  a small laboratory combustor a t  simulated commercial tu rb ine  

The t e s t  fue ls  consisted 
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conditions. It should be noted here t h a t  due t o  t h e  l imited fue l  quantity 
available,  flows in  t h i s  combustor were approximately 300 t i m e s  smaller than 
those i n  f u l l  sca le  engines, so t h a t  caution should be exercised i n  in te rpre t ing  
the trends detected.  

2.0 EXPERIMENTAL 

2.1 HYDROPROCESSING OF COAL LIQUIDS 

Samples of d i s t i l l a t e  coal l i qu ids  from the  SRC p i l o t  p l an t  i n  
Wilsonville, Alabama, and the  H-Coal p i l o t  p l an t  i n  Trenton, New Jersey, were 
hydrotreated i n  a fixed-bed hydroprocessing p i l o t  u n i t  of the  Mobil Research 
and Development Corporation. 
ca t a lys t s  were employed fo r  t he  H-Coal and SRC samples respectively.  
l iqu id  was hydroprocessed a t  severa l  s e t s  of processing conditions. 
solvent processed a t  three d i f f e ren t  s e v e r i t i e s  and H-Coal d i s t i l l a t e  processed 
at two d i f f e ren t  s eve r i t i e s  w e r e  se lec ted  f o r  the tests. The e n t i r e  l iqu id  
product w a s  u t i l i z e d  f o r  t h e  SRC l iqu id ,  while the product from the  H-Coal 
d i s t i l l a t e  w a s  d i s t i l l e d  t o  obtain a 350°F+ sample fo r  the turb ine  t e s t a .  

Commercial nickel-molybdenum and cobalt-molybdenum 

SRC recycle 
Each 

Five gallons of each of t he  raw coa l  l iqu ids ,  two ga l lons  of each of 
the SRC hydrotreated l iqu ids  and three  gallons each of the hydrotreated H-Coal 
l i qu ids  were sen t  to the  Westinghouse Research Laboratories i n  Pit tsburgh for 
t e s t ing  in  t h e  small sca le  turbine combustor. 

2 . 2  COMBUSTION TESTS 

In order t o  evaluate the  e f f ec t  of burning coal-derived l iqu id  fue l s  
i n  commercial combustion turbines,  it was necessary t o  reproduce as accurately 
as possible t h e  gas residence time, temperature and aerodynamics of a combustor 
operating on conventional fuels.  
l iqu ids  ava i lab le  f o r  these tests, a subscale combustor was designed and its 
performance evaluated on No. 2 d i s t i l l a t e  f u e l  t o  demonstrate combustion and 
emission cha rac t e r i s t i c s  representa t ive  of f u l l  sca le  combustors. 
performed a t  f u e l  flow r a t e s  of 1.6 gph with nominal operating conditions 
fixed as  follows: 

Because of t he  l imited quan t i t i e s  of coal 

Tests were 

Combustion air pressure 
Combustion a i r  temperature 
Combustion a i r  flow 
Fuel pressure 
Fuel flow 
Atomizing air pressure 
Atomizing air flow 
Reference ve loc i ty  
Combustor e x i t  temperature 
Primary zone residence time 
Heat re lease  r a t e  
combustor cooling air flow 
Diluent a i r  flow 
Combustor pressure drop 
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3.0 atm 
500'F 
0.1 Ibs/sec 
100 psig 
1.6 gph 
70 psig 
3-5% of fue l  flow 
7 f t / s ec  
l8OO'F 
a0.05 sec 
a1200 BTU/sec f t 3  
%40% t o t a l  a i r  
%20% t o t a l  a i r  
23% of i n l e t  pressure 



The combustion t e s t  passage is shown i n  Figure 1. A bank of ro t a ry  
compressors supplies compressed a i r ,  through an ind i r ec t ly  f i r ed  preheater,  t o  
the  t e s t  passage. This system is designed t o  de l ive r  6.5 lb/sec of a i r  a t  a 
p re s s i r e  of 6 atm and a maximum temperature of 800'F. The desired quantity of 
combustion a i r  is  metered by a sharp edged o r i f i c e  and forwarded t o  the  
combustor while t he  remaining a i r  is  bypassed and ult imately dumped near t he  
end of the  test passage. The t e s t  f u e l  is burned i n  a four-inch diameter 
combustor and the r e su l t an t  ho t  gas flows through the  passage pas t  a back pressure 
valve which i s  p a r t i a l l y  closed t o  maintain a set pressure i n  the  t e s t  passage. 
Thermocouples mounted on the combustor a r e  used t o  measure and monitor the  
combustor wall  temperature. 'Tho thermocouples a r e  placed d i r e c t l y  a f t e r  t he  
combustor t o  measure the  temperature of the hot  combustion products. The exhaust 
products are then passed through a mixing device and an array Of s i x  thermocouples 
measures the mean bulk exhaust temperature'of t h e  gases.  The temperatures of t h e  
thermocouples are recorded on a twenty-four poin t  recorder. Further downstream, 
provisions e x i s t  fo r  mounting test pins and fo r  procuring samples of t he  exhaust 
gas f o r  both emission analyses and smoke number determinations. A much l a rge r  
sample flow r a t e  than necessary is  used t o  minimize sampling l i ne  in te r fe rence  
and keep the residence t i m e  small. The sample gas is dried and f i l t e r e d  and 
passed t o  various analyzers. 

In a typ ica l  run the  combustion test passage was f i r s t  f i r e d  with 
No.  2 fue l  and allowed t o  run u n t i l  t he  s e t  standard t e s t  conditions were reached. 
The item with the  longest t i m e  constant was the a i r  preheater.  I t  generally took 
about an hour before the  combustion a i r  temperature was up t o  the  t e s t  design 
point.  When the  required combustion a i r  temperature w a s  reached the  a i r  flow 
through and the  pressure i n  the  combustion test  passage was set a t  t he  desired 
leve l .  
1800°F. 
achieved and t h e  base-line da ta  f o r  No. 2 fue l  w a s  obtained. Smoke Numbers, CO2, 
CO, N 4 (  and unburned hydrocarbon leve ls  i n  the  exhaust were measured. A two 
color pyrometer was sighted through a view por t  t o  obtain the  flame temperature 
i n  the  primary zone. 

The fue l  flow was s e t  t o  give an exhaust mixed temperature of approximately 
The combustion t e s t  passage was run u n t i l  steady-state conditions were 

By Slowly turning off the  No. 2 f u e l  o i l  needle valve and turning on 
the coal-derived l iqu id  fue l  valve a switchover with a negligible excursion from 
the  s e t  t e s t  condition was obtained. When the  t r ans i t i on  was complete, da ta  
were taken every f i f t e e n  minutes. 

3.0 RESULTS AND DISCUSSION 

3.1 HYDROPROCESSING RESULTS 

The SRC recycle solvent was hydroprocessed over a commercial CoMo/A1203 
ca t a lys t  (Cyanamid WS-1441A) a t  th ree  sever i ty  l eve l s  while the  H-Coal d i s t i l l a t e  
was hydroprocessed over a commercial NiMo/A1203 ca t a lys t  (Ketjen 153s) a t  two 
sever i ty  leve ls .  
l iqu id  products from these runs. 
conditions, y i e lds  of a l l  products, and degree of heteroatom (0, N ,  S )  removal. 
For the  SRC recycle solvent,  the pressure w a s  held constant a t  2500 psig fo r  
a l l  th ree  runs. The two highest  s eve r i ty  runs were made a t  %715'F and space 
ve loc i t i e s  of 0.8 and.0.4 consuming 2260 and 2800 SCF H2/Bbl respectively.  
the lowest s eve r i ty  run, the  temperature w a s  decreased t o  678'F and the  space 

Table 1 lists the  proper t ies  of t he  feeds and hydroprocessed 
Also shown i n  Table 1 are  the  processing 

For 
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veloc i ty  increased t o  2.9 LHSV. 
1140 SCF/Bbl. In a l l  cases,  t h e  y ie ld  of cg+ l iqu id  product was grea te r  than 
98 %. The su l fu r  removal was g rea t e r  than 85% for a l l  th ree  conditions while 
the  oxygen and nitrogen removal varied from 30 t o  95%. 

This resu l ted  in  a hydrogen consumption of 

The H-Coal d i s t i l l a t e  was processed a t  1500 psig and 2.9 space 
ve loc i ty  for t h e  mild sever i ty  run and a t  2500 psig and 0.5 space ve loc i ty  f o r  
t he  high sever i ty  run r e su l t i ng  i n  chemical hydrogen consumptions of 570 and 
1730 SCF/Bbl respectively.  The temperature w a s  approximately 700'F f o r  both 
runs. Again, su l fu r  removal w a s  g rea te r  than 95% while oxygen and nitrogen 
removal varied from 40 t o  99%. 

The r a w  and hydrotreated €I-Coal d i s t i l l a t e  were d i s t i l l e d  t o  remove 
the  material  bo i l ing  below 350°F. These, together with the  as received r a w  and 
hydrotreated SRC recycle solvent,  were used as  the t e s t  fue l s  fo r  t h e  combustion 
t e s t s .  Table 2 lists t h e  chemical and physical properties of the  coa l  l iqu id  
fue l s .  Also shown are  the  proper t ies  of t he  N o .  2 petroleum fue l  used i n  the  
canbustion tests. In  general ,  t he  coa l  l i qu ids  have lower API g rav i t i e s :  are 
higher boiling; and contain l e s s  hydrogen (i .e. ,  more aromatic) and more su l fu r ,  
nitrogen, and oxygen than the  petroleum fue l .  The t r ace  metal elements a r e  
s ign i f icant  i n  the  raw SRC recycle solvent and H-Coal d i s t i l l a t e ;  hydroprocessing 
reduces these metals t o  leve ls  equivalent t o  the  N o .  2 petroleum fue l .  The r a w  
SRC recycle solvent contains only 7.4 w t  % hydrogen with 74 % of the  carbon 
atoms i n  aromatic r ing  s t ruc tu res  while t he  raw H-Coal d i s t i l l a t e  contains 9 . 1  w t  
% hydrogen and 55% aromatic carbon. The most severely hydroprocessed SRC recycle 
solvent and H-Coal d i s t i l l a t e  still  contain 34 and 27% aromatic carbon 
respectively compared t o  19% aromatic carbon i n  t h e  No. 2 petroleum fue l .  In 
addi t ion ,  severe hydroprocessing increased the  heat of combustion of the coa l  
l i qu ids  equivalent t o  t h a t  of N o .  2 f ue l .  

3.2 TURBINE ENGINE SIMULATION RESULTS 

3.2a) Fuel Forwarding and Atomization 

Due t o  the s m a l l  quan t i t i e s  of fue l  ava i lab le ,  t he  constant pressure 
rec i rcu la t ing  f u e l  system designed f o r  use  with t h e  t e s t  passage could not be 
used. Instead a small tank pressurized with nitrogen was used a s  a source of 
constant pressure fue l .  The f u e l  nozzle assembly chosen f o r  these t e s t s  w a s  the  
conventional a i r  a s s i s t  atomizing type used regular ly  with N o .  2 f u e l  i n  the  
combustion test passage. This type nozzle cons is t s  of an o r i f i c e  and a conical 
swirl element which produces a rapid ro t a t ion  of t h e  o i l  within the  conica l  s w i r l  
chamber. The a i r  t o  a s s i s t  i n  atomization i s  brought close t o  the o r i f i c e  by 
an a i r  swirler where it mixes with the  o i l  i n  a highly turbulent manner. The 
a i r  swir le r  i s  kept i n  place by a cap t h a t  goes over the  whole assembly. A 
second cap is  used t o  keep the  nozzle cool and t o  obtain an air  flow pa t te rn  
a t  the  head of the  combustor s i m i l a r  t o  t h a t  i n  a f u l l  sca le  combustor. 

Studies were conducted t o  determine whether the  regular f u e l  nozzle 
assembly designed f o r  flow r a t e s  of t en  t o  t h i r t y  gallons per hour would give 
good atomization i n  the  one t o  two ga l lons  per hour range if smaller fue l  nozzles 
were employed. The small s ca l e  f u e l  nozzles were mounted i n  a su i t ab le  enclosure 
i n  t h e  laboratory and No. 2 f u e l  was pumped i n t o  the  nozzle a t  a pressure of 
100 Ps i .  The spray pa t t e rn  was observed v isua l ly  and photographs were taken. 
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It w a s  found t h a t  the  degree of atomization w a s  b e t t e r  than t h a t  
observed with the  la rger  nozzles. N o  individual drople t s  o r  drippings could be 
seen and when the  atomizing air w a s  turned on the  spray was e f f ec t ive ly  atomized. 
From t h i s  test, it was concluded t h a t  t he  hollow cone spray pa t te rn  produced by 
the  s m a l l  s ca l e  nozzle w a s  su i t ab le  f o r  t he  coa l  l i qu id  combustion s tudies .  

3.2b) Combustion and Emission Charac te r i s t ics  

The complete r e su l t s  of the  combustion tests on the  seven coa l  derived 
fue l s  are tabulated i n  T a b l e  3.  
petroleum fue l .  This f u e l  w a s  run p r io r  t o  the  combustion of each coal-derived 
l iqu id  and the  values reported i n  Table 3 represent an average f o r  a l l  base l i n e  
runs. 

This table a l s o  presents  da ta  fo r  t h e  base No.  2 

SRC Recycle Solvent: 

SRC recycle solvent (7 .4  w t  % H) w a s  t he  f i r s t  coal l iqu id  tes ted .  
The t r ans i t i on  from N o .  2 fue l  t o  the  SRC recycle so lvent  w a s  f a i r l y  smooth 
and steady-state conditions were eas i ly  es tab l i shed  i n  t h e  combustion test 
passage. 
emissions from the  base l i n e  fue l .  
became evident t h a t  t h e  combustor w a l l s  were not  maintaining a uniform temperature 
and were showing s igns  of e r r a t i c  temperature f luc tua t ions .  Based on these 
observations, it was speculated t h a t  coke deposit ion and burning was taking place 
on the combustor walls.  A small increase i n  smoke number a t  t h e  time of f u e l  
t r ans i t i on  was observed but it eventually declined t o  values l e s s  than those 
observed f o r  t he  No. 2 fue l .  Apart from the  d i f fe rence  c i t ed  above no o the r  
major observations w e r e  noted during the first one and one-half hours of t e s t i n g  
with the  recycle solvent.  However, a f t e r  about one and one-half hours of running 
it became evident t h a t  t he  combustor had burned out .  
the  combustor developed a d u l l  red hot  spot and t h e  t e s t  w a s  terminated after 
"4.6 hours of running. 
w a s  noted t h a t  a la rge  portion of t he  combustor dome and a sec t ion  of t he  
combustor wall had burned through. Coke deposits were. found both on the  
combustor w a l l  and a t  the  nozzle. The combustor can before and a f t e r  t h i s  t es t  
is shown i n  Figures 2A and 2B. 

The most s ign i f icant  change observed w a s  t he  sharp increase i n  N4( 
However, a f t e r  about an hour of t e s t ing  it 

The t e s t  passage housing 

On opening t h e  test passage and observing the  damage it 

The second fue l  tes ted  w a s  the  most severely hydrotreated recycle 
solvent (11.0 w t  % H) using a new combustor can i d e n t i c a l  t o  t h e  one t h a t  w a s  
destroyed. The base l i n e  test conducted with t h i s  combustor using No.  2 fue l  
produced higher N4( and UHC readings. However, such var ia t ions  i n  combustor 
emission cha rac t e r i s t i c s  are not unusual espec ia l ly  a f t e r  replacing combustors. 
The t r ans i t i on  from N o .  2 fue l  t o  the  coal l iqu id  was made smoothly and the  t e s t  
w a s  conducted with no problems. After t he  test, t he  combustor was opened and 
no evidence of any coke deposits were found. The combustor wal l  showed no hea t  
d i s t r e s s  e f f ec t s  and t h i s  test a l so  yielded f a i r l y  low smoke numbers. 

A moderately hydroprocessed recycle solvent (10.3 w t  % H )  w a s  the th i rd  
fue l  t e s t ed .  
l iqu id  w a s  not very successful. It was found s w n  a f t e r  t h e  t r ans i t i on  t h a t  the  
combustor wall temperature rose appreciably. This necessitated termination of 
the  experiment and disassembly of the passage to  check t h e  f u e l  nozzle assembly 
and combustor can fo r  coke formation. It w a s  found t h a t  the  nozzle was fouled 
by a small carbon deposit .  
spots where coke had deposited. Evidently, a d i s rupt ion  of the f u e l  spray pattern 
by the carbon deposited on the  nozzle w a s  responsible for the  increase i n  w a l l  
temperature observed. 

The i n i t i a l  attempt t o  switch from N o .  2 f u e l  t o  t h i s  hydroprocessed 

The can was r e l a t ive ly  clean except f o r  two small 
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After cleaning the nozzle and can ,  a second attempt w a s  made using 
t h i s  fue l .  This time t h e  t r a n s i t i o n  from No.  2 fue l  to t h e  moderately hydro- 
processed recycle so lvent  (10.3 w t  % H) w a s  successful and the  run was made 
without any d i f f i c u l t y .  The wall temperatures as w e l l  a s  the  N& emissions 
were subs tan t ia l ly  higher with t h i s  coa l  l i qu id  compared t o  N o .  2 fue l .  On the  
o ther  hand, smoke w a s  sa t i s fac tory .  Af te r  the  run, the test passage w a s  opened 
and examined for  deposits.  A 
l a rge  piece of coke was found on the  last s t ep  of t he  can and another attached 
t o  t h e  dome. 
passage. I n  addition, the  nozzle had moderate coke deposition. 

Evidence of coking on the can w a l l  was noticed. 

Other carbon depos i t s  were a l s o  found on the  wall of the t e s t  

The cleaned nozzle and can w e r e  pu t  back i n  the  t e s t  passage and the  
four th  fue l ,  a mildly hydrotreated recyc le  solvent,  (8.9 W t  % H ) ,  was tes ted .  
The t r ans i t i on  from No.  2 f u e l  t o  the  c o a l  l iqu id  w a s  made and no major problems 
were encxrrter& dixing Lhis r”r. Uowever, it was found t h a t  during the  course 
of t he  run the  combustor wall temperature continually increased from an i n i t i a l  
l eve l  of 1265’F t o  1810‘F. Smoke l eve l s  as w e l l  as N% l eve l s  were higher than 
with No.  2 fue l .  On termination of the  run, t h e  test passage was  disassembled 
and a large coke piece w a s  found ly ing  i n  the passage. 
revealed tha t  it had been attached t o  t h e  nozzle and probably came off a t  the 
time the  fue l  w a s  turned o f f .  The coke p iece  remaining on the  nozzle i s  shown 
i n  Figure 3. 

Further examination 

H-Coal D i s t i l l a t e :  

The f i r s t  H-Coal fue l  t e s t ed  w a s  the  severely hydrotreated product 
(11.7 w t  % H1. The base l i n e  t e s t  da t a  using No.  2 f u e l  o i l  indicated the  
same order of emissions as  f o r  t h e  previous base l i n e  tests. The t r ans i t i on  
from No.  2 f ue l  t o  the  severely hydrotreated H-Coal d i s t i l l a t e  was r e l a t ive ly  
smooth and the  test was completed with no problems. After the run, t he  test  
passage was opened and the  combustor examined. N o  evidence of any coke 
deposits on e i t h e r  the  combustor can o r  on the  nozzle were found. The f a c t  t h a t  
t h i s  f u e l  was clean-burning i s  a l s o  evidenced by the  low smoke numbers measured 
(Table 3 ) .  The mildly hydrotreated H-Coal product (10.5 w t  % H I  w a s  t he  second 
H-Coal fue l  tested.  I n i t i a l l y ,  t h e  combustor w a s  f i r e d  with N o .  2 f ue l  and the  
base l i n e  operating cha rac t e r i s t i c s  obtained. The t r ans i t i on  t o  t h e  coal l iqu id  
w a s  r e l a t ive ly  smooth. It w a s  found on t r a n s i t i o n  t h a t  both t h e  combustor wall 
temperatures and Nq( emissions increased s l i g h t l y  and then gradually decreased 
over t he  run. Otherwise, no s ign i f i can t  changes were observed. After t he  run, 
t he  test  passage w a s  opened up and again examined. 
buildup e i the r  on t h e  combustor can o r  on the  nozzle w a s  found. 

N o  evidence of any coke 

The cleaned nozzle and t h e  can were pu t  back i n  the  test  passage and 
the  t h i r d  H-Coal fue l ,  raw H-Coal d i s t i l l a t e  (9.1 w t  % H ) ,  was tes ted .  The 
passage was s t a r t ed  on N o .  2 f u e l  and base l i n e  da t a  were taken. The changeover 
from No. 2 f u e l  t o  raw H - C o a l  d i s t i l l a t e  was made without any problems. However, 
it w a s  found that during the  i n i t i a l  p a r t  of the  test run the  combustor w a l l  
temperature was much higher than with N o .  2 fue l .  Therefore, i n  order t o  prevent 
the  l ikelihood of any damage t o  t h e  combustor can the  lat ter p a r t  of the  t es t  
run w a s  completed a t  a reduced exhaust gas  temperature. The measured Nq( l eve l s  
were higher i n  comparison t o  the  No. 2 f u e l .  On termination of the test, the  
test passage was disassembled and, through the combustor c a n  w a s  found t o  be 
f r ee  of coke deposits,  a buildup of coke around the  nozzle was observed. 
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Data Analysis: 

Raw coa l  l i qu id  fue ls  d i f f e r  from petroleum-derived fue l s  i n  t h a t  they 
a re  very aromatic and, as such, are hydrogen def ic ien t .  Hydrotreating of these  
fue l s  cons is t s  of ca t a ly t i ca l ly  adding chemical hydrogen t o  the  fue l .  
t i on  also decreases both the  heteroatom and aromatic content of the l iqu id .  
Hence, t he  hydrogen content of the coa l  l iqu ids  i s  an important parameter and 
it is used as an index of f u e l  qua l i t y  i n  the  presentation of m o s t  of the  emission 
and combustion r e s u l t s  presented below. 

Hydrogena- 

In Figure 4,  t h e  emissions of C02, CO, UHC, NOx and smoke a r e  shown 
p lo t ted  aga ins t  t he  weight percent hydrogen i n  the  f u e l .  
(Figure 4A) i n  the  exhaust do not show any appreciable trend with the  hydrogen 
content o f  the  fue l .  

The C02  emissions 

CO emissions, p lo t ted  i n  Figure 4B a s  a function of fue l  hydrogen 
content,  do not show any def in i te  trend. However, the  CO emissions a re  qu i t e  
low and acceptable i n  s p i t e  of t he  s m a l l  s i z e  of t he  combustor t e s t ed  and the  
s ign i f icant  quenching e f f ec t s  observed under these conditions. 

In Figure 4C, the  unburned hydrocarbons a r e  p lo t ted  a s  ppm of 
The emissions a r e  again low and equivalent CH4 i n  the  dry exhaust gas. 

acceptable. 
SRC derived fue l s  and not f o r  the H-Coal derived f u e l s  i s  probably due t o  the 
low boi l ing  poin t  cons t i tuents  present i n  t h e  former. These w i l l  tend t o  mix 
earlier and more rapidly with the can cooling a i r  and subsequently be quenched 
out.  The quenching e f f e c t  i s  increased due t o  the  combustor w a l l  temperature 
being lower with the  high hydrogen fue l s .  

In Figure 4D, the  N4( emissions a r e  shown p lo t ted  aga ins t  hydrogen i n  

The s l i g h t  increase of UHC with increasing hydrogen content fo r  t he  

the fue l .  These emissions decrease with increased hydrogen content of the  fue l .  
This i s  as would be expected, for  with increased hydrogenation of t h e  coa l  
l i q i d s ,  the  bound nitrogen content is  decreased leading t o  reduced N 4 (  i n  t he  
exhaust. A n  average value of N 4 (  emissions f o r  No. 2 fue l  fo r  a l l  the  base 
l i n e  t e s t s  i s  148 ppm as  shown by t h e  da ta  poin t  f o r  t h i s  fue l .  Thus, it is 
apparent t h a t  i n  order t o  meet the EPA proposed ru l e s  regarding N 4 (  emissions 
increased denitrogenation of coal l i qu ids  is des i rab le  from the  turb ine  
designers point of view. However, even fo r  N o .  2 f u e l  (0.008 w t  % Nitrogen) 
it is not easy t o  meet t h i s  EPA r u l e  and turb ine  designers a re  looking fo r  and 
working on a l t e rna t ive  combustion systems. For example, if t h e  premixed combustor 
concept is developed then other parameters, i . e . ,  evaporation t ime, ign i t ion  
delay, e tc .  w i l l  become of overriding importance ra ther  than N 4 (  emissions. 

The average smoke number measured i s  displayed i n  Figure 4E. Although 
low smoke numbers were indicated it is  speculated t h a t  they were not  r ea l ly  
t h a t  low fo r  a l l  of the  fue l s  tes ted .  The reason f o r  t h i s  thought is t h a t  
when the  raw SRC recycle solvent (7.4 w t  % H) w a s  t e s t ed  the  smoke increased 
immediately a f t e r  t he  t ransfer  t o  the  coal-derived l iqu id  and then s t a r t ed  t o  
decrease. Large carbon pa r t i c l e s  were found on the  passage walls,  e t c . ,  and 
the  l i n e  connecting the smoke meter t o  t h e  passage w a s  found heavily laden 
with soot.  The l i n e ,  therefore,  could be f i l t e r i n g  out  t he  smoke pa r t i c l e s .  A 
similar sudden increase i n  smoke and subsequent decrease w a s  a l so  observed on 
switching t o  the  mildly hydrotreated SRC recycle so lvent .  Thus, t h e  l ined  ou t  
readings l i s t e d  i n  Table 3 a re  suspect fo r  t h e  SRC recycle solvent fue ls .  
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For the H-Coal t es t  series, the  smoke sampling l i n e  was replaced 
with a shor t  l i n e  avoiding sharp bends ( to  avoid carbon o r  moisture separa t ion  
and subsequent carbon deposit ion) from t h e  passage to  t h e  smoke meter and a 
much higher flow r a t e  was used. I t  was observed during these  s e r i e s  of t e s t s  
t h a t  t h e  smoke numbers observed varied from 0 to  1 f o r  both t h e  H-Coal fue l s  
and N o .  2 fuel: as such the  maximum value of 1.0 was p lo t ted  on Figure 4E fo r  
H-Coal fue ls .  

The r e l a t i v e  N4( measured with coal-derived f u e l s  divided by t h e  base 
l i n e  NOx measured with N o .  2 f u e l  i s  p lo t t ed  i n  Figure 5 a s  a function of the  
nitrogen content of t he  fue l .  
f o r  t h e  severely hydrotreated SRC recycle solvent (11.0 w t  % H) and H-Coal 
d i s t i l l a t e s  (10.5 and 11.7 w t  % H )  are lower than or equivalent t o  N o .  2 fue l  
even though the  coal l i qu ids  have a s l i g h t l y  higher nitrogen content.  I n  these  
cases,  the contribution due t o  f u e l  bound nitrogen is more than compensated fo r  
by ths reduced theirn,al I:& proiluetion rzite. This is i n  agreement w i t h  t h e  
lower exhaust temperatures observed f o r  these  fue l s  (compared t o  N o .  2 f u e l ) .  
The average combustor wall  temperature w a s  always higher using the coal-derived 
fue l s  as compared t o  No. 2 fue l .  This is due t o  the higher thermal r ad ia t ion  
from these  fue ls .  A possible exception, as shown below, t o  t h e  previous comment 
on combustor w a l l  temperatures i s  the most severely hydroprocessed H-Coal f u e l  
(11 .7  w t  % H) . 

, It  should be noted t h a t  t h e  N4( values observed 

In Figure 6A, t h e  average combustor w a l l  temperature for  SRC derived 
fue l s  is  p lo t ted  from f i f t e e n  minutes before switchover t o  coa l  fue l s  t o  the 
time t h a t  e i t h e r  the w a l l  temperature was unacceptable or the fue l  w a s  exhausted. 
Curve A is for  t he  raw recycle solvent (7.4 w t  % H) and as can be seen the  w a l l  
temperature increased by almost lOOOF a f t e r  t r ans fe r  t o  t h e  coal l iqu id .  
t he  first pa r t  o f  the  t e s t  the wall  temperature increased by almost ZOOOF t o  
1680'F a s  compared with an average gas temperature of 1800°F. I t  is speculated 
t h a t  a t  t h i s  po in t  t h e  combustor was destroyed s ince  the  wall temperature began 
t o  behave i n  an erratic manner. F ina l ly ,  a f t e r  about ninety minutes of operation 
t h e  des t ruc t ion  of the combustor became obvious due t o  t h e  presence of a hot 
spot  on the  passage w a l l .  

Over 

Curve B i s  f o r  t h e  least severely hydrotreated recycle solvent 
(8.9 w t  % HI. On switchover from No.  2 o i l  a s imi la r  increase to  t h a t  observed 
f o r  the raw recycle solvent w a s  noted. 
coking. A sharp increase i n  w a l l  temperature a t  the termination of the  t e s t  
was a l s o  noted. 

This w a s  possibly due t o  the  onset of 

Curve C i n  Figure 6A is  the d a t a  poin t  observed with the  aborted test 
using the  moderately hydrotreated recycle solvent (10.3 w t  % H). The sudden 
increase  i n  wall  temperature i s  hard t o  explain except to  say t h a t  i n  the  f u e l  
t r ans fe r  process the  spray nozzle pa t te rn  w a s  disturbed. 
and mounting it back i n  t h e  passage a sa t i s f ac to ry  run (Curve D) was obtained. 
However, the  lined-out average combustor wall temperature for  t h i s  coa l  l i qu id  
w a s  about 250'F hot te r  than with the  base No. 2 fue l .  

On cleaning the  nozzle 

Curve E was obtained using the  severely hydrotreated recycle so lvent  
(11.0 w t  % H ) .  
bu t  a f t e r  f i f t e e n  minutes i n t o  the  run t h e  temperature increased by almost 200'F. 

It appeared t o  run s l i g h t l y  lower than N o .  2 f u e l  on t r ans fe r  
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I n  Figure 6B, average combustor w a l l  temperature data f o r  the  H-Coal 
fue ls  a re  presented i n  a manner s i m i l a r  t o  t h a t  u t i l i z e d  f o r  t he  SRC fue ls .  
Curve A i s  f o r  t he  severely hydrotreated H-Coal d i s t i l l a t e  (11.7 w t  % H ) .  This 
Curve ind ica tes  t h a t  no s ign i f i can t  change i n  the  can w a l l  temperature occurred 
when u t i l i z i n g  t h i s  fue l  as compared t o  the No. 2 fue l .  Curve B is for t h e  
mildly hydrotreated H-Coal d i s t i l l a t e  (10.5 w t  % H ) .  I t  w a s  found t h a t  a gradual 
increase in  wall temperature occurred subsequent t o  the  t r ans fe r  from No. 2 o i l .  
During the  course of the  experiment, the  average w a l l  temperature ran about ZOOOF 
hot te r .  Curve C is for  the  raw H-Coal d i s t i l l a t e  (9.1 w t  ?. H ) .  Subsequent t o  
t ransfer  from N o .  2 f ue l  t o  the  coa l  l iqu id  the average can temperature rose  
from approximately 1180'F t o  1675'F. 
can i f  operation was continued a t  t h i s  condition, t h e  fue l  flow was reduced 
u n t i l  the can temperature was in  the sa fe  operating regime. 

To avoid poss ib le  damage t o  the  combustor 

3 . 2 ~ )  Corrosion, Erosion and Deposition 

A test period of one-three hours i s  too shor t  t o  obtain quant i ta t ive  
information on the  long-term corrosion, erosion and deposit ion e f f e c t s  with 
these stocks. 
specimens (pins) of turbine a l loys  ( In  792 and %45) t o  the  combustion products 
from the raw SRC recycle solvent.  
t e s t  was terminated and the  pins w e r e  examined with a scanning e lec t ron  
microscope. Figures 7A and 7B show general scans ( 5 0 0 ~ )  of the surfaces with 
arrows indicating possible deposits.  Iron, s i l i c a ,  alumina, calcium, phosphorous, 
copper and chlorine were a l l  detected i n  these scans. Longer runs are needed 
t o  quantify the  ult imate e f f ec t s  of these deposits on tu rb ine  l i f e .  However, 
the analyses of the  raw coal l iqu ids  (Table 2)  and the  deposit ions observed on 
t he  t e s t  p ins  during the two hour t e s t  ind ica te  t h a t  t r ace  metals may be a 
problem i n  t h e  u t i l i z a t i o n  of coal l iqu ids .  
for  t he  hydroprocessed l i qu ids  i n  t h i s  study, t he  analyses ind ica te  a s ign i f icant  
decrease i n  the  l e v e l  of t r ace  contaminants a f t e r  hydroprocessing. This should 
contribute t o  a longer turb ine  l i f e .  

However, l imited information was obtained by exposing two test 

After running approximately two hours t h e  

Although no test p ins  were used 

4.0 CONCLUSION 

Combustion t e s t s  on raw d i s t i l l a t e  coal l i qu ids  from the  H-Coal and 
SRC processes resulted i n  s ign i f i can t ly  higher N 4 (  emissions and increased 
combustor w a l l  temperatures than with a comparable boiling range No. 2 petroleum 
fuel.  In addition, both of the  raw coal l i qu id  fue l s  were high i n  t r ace  metal 
contents which could lead t o  excessive corrosion, erosion, and deposit ion o f  
turbine blades i n  long-term service.  
producing fue l s  of lower f u e l  bound nitrogen content,  higher hydrogen 
(i.e.,  lower aromaticity),  and i n  eliminating most of t he  detrimental  t r ace  
metals. The r e su l t i ng  hydroprocessed coa l  l iqu id  fue l s  gave lower N4( emissions 
i n  the  turbine combustor. Combustor wall temperatures decreased w i t h  increasing 
hydrogen content (i.e.,  higher hydroprocessing seve r i ty ) .  The most severely 
hydroprocessed H-Coal l i qu id  showed no increase i n  N% nor increase i n  combustor 
wall temperature compared t o  a base No. 2 petroleum fue l .  However, the most 
severely hydroprocessed SRC recycle solvent,  requi r ing  the  addition of 2800 
SCF H2/Bbl, gave s l i g h t l y  higher N% and higher combustor w a l l  temperatures 
than the base petroleum fue l .  

Hydroprocessing was e f f ec t ive  in  
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Specific conclusions based on t h e  r e s u l t s  of t h i s  work are:  

0 H-Coal d i s t i l l a t e  and SRC recyc le  so lvent  can be readi ly  forwarded and 
atomized. 

0 I n  general ,  t he  combustion w a l l  temperature i s  higher when burning coa l  
l i qu ids  than f o r  a base No. 2 petroleum fue l .  Combustor w a l l  temperature 
decreases with increasing hydrogen content o f  hydroprocessed coal l iqu id .  
The most severely hydroprocessed H - C o a l  d i s t i l l a t e  showed no increase i n  
w a l l  temperature over t he  base petroleum f u e l .  
t h e  r a w  SRC recyc le  solvent (7.4 w t  % hydrogen) caused burn-out of t he  
combustor can in  less than two hours. 

On t h e  o ther  extreme, 

0 N 4 (  emissions were 30% higher f o r  t he  raw SRC recycle solvent (0.62 w t  % 
E.;& Bcund Eitrogca) c a p a r e d  t o  %!e 5ase petrcleun f u e l  !0.008 w t  % fue l  
bound nitrogen) . Increasing hydroprocessing sever i ty  decreased the fue l  
bound nitrogen content and produced f u e l s  with N 4 (  emissions equivalent t o  
the  petroleum fue l .  

0 Coke formation on the f u e l  nozzle used i n  the combustor is a major concern 
with r a w  and mildly hydroprocessed coa l  l iqu ids .  
massive for t h e  r a w  SRC recycle so lvent  t o  n i l  f o r  t he  most severely hydro- 
processed SRC and H-Coal l iqu ids .  The sever i ty  of depos i t s  i n  f u l l  sca le  
combustors may be l e s s  due to t h e i r  higher flow r a t e s .  

These deposits ranged from 

0 Unburned hydrocarbons emissions a re  acceptable,  increasing s l i g h t l y  with 
increasing f u e l  hydrogen. CO emissions a re  acceptable. 

0 Smoke mis s ions  were l o w  for  H-Coal l i qu ids .  R e l i a b l e  smoke numbers could 
not  be obtained for t h e  SRC recyc le  so lvent  due t o  possible soot and coke 
formation in  the sample l ine .  

0 Flame temperatures were not s i g n i f i c a n t l y  d i f f e ren t  f o r  any of the fue l s  
tested as determined by op t i ca l  pyrometry. 
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--___I. Heated Air  -----.- 6813 F 45 psig r I I  

Figure I.. Cmtustor  Test Passage 

Figi-re 3 .  Coke Ceposits on Fuel Hoazle Assembly A i t t r  
Test  of Mildly Hydrotreater2 ShC Recycle Solvent  
(8.9 w t  % Hydrogen) 
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Figure 2a. Inconel X-750 Combustor Can Used for Combustion Tests 

Figure 2b. Combustor Can (Side View) a f t e r  T e s t  
of Raw SRC Recycle Solvent 
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Figure 72. General Scan of I n  792 Surface (500x1 Shewing 
Surface Features and a Possible Degosit (Pxrow)  

Figure 7b. General Scan cf X45 Surface (50CX) Showing 
Possible Deposit (Arrow) 
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COMBUSTION PROPERTIES OF COAL LIQUIDS FROM THE EXXON DONOR 
SOLVENT PROCESS. C .  W. Q u i n l a n  and C. W .  Sigmund, Exxon 
Research and Eng inee r ing  C o . ,  P. 0. Box 4255, Baytown, Texas 77520 

The Exxon Donor S o l v e n t  (EDS) P r o c e s s  c o n v e r t s  b i tuminous ,  sub-bi tuminous 
and l i g n i t e  coals i n t o  l o w  s u l f u r  l i q u i d  p r o d u c t s .  A b r i e f  d e s c r i p t i o n  o f  
t h e  EDS p r o c e s s ,  t h e  r e s u l t i n g  l i q u i d  p r o d u c t s  and t h e  f l e x i b i l i t y  o f  t h e  
EDS p r o c e s s  t o  a l t e r  p r o d u c t  d i s t r i b u t i o n  w i l l  be  reviewed.  

EDS l i q u i d  p r o d u c t s  produced f r o m  I l l i n o i s  #6 b i tuminous  coal were burned 
i n  a s t a n d a r d  one ga l lon /hour  home h e a t i n g  o i l  b u r n e r  and a 50 HP 
i n d u s t r i a l  f u e l  o i l  b o i l e r .  P h y s i c a l  and chemica l  a n a l y s e s  and combust ion 
emiss ion  d a t a  f o r  bo th  r a w  and h y d r o t r e a t e d  coal l i q u i d s  w i l l  be compared 
to c o n v e n t i o n a l  pe t ro l eum p r o d u c t s .  
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Small Scale  Evaluat ion of t h e  Combustion 
and Emission C h a r a c t e r i s t i c s  of SRC Oi l*  

L. J. Muzio and J. K. Arand 

KVB, Inc. ,  17332 I r v i n e  Blvd., Tus t in ,  CA 92680 

INTRODUCTION 

A p o t e n t i a l  a l t e r n a t e  approach to  t h e  use of  petroleum-based f u e l s  in  conven- 
t i o n a l  combustion systems is l i q u i d  f u e l s  der ived from coal .  In  the  present  s tudy,  
t h e  combustion and emission c h a r a c t e r i s t i c s  of  SRC f u e l  o i l  (a s y n t h e t i c  l i q u i d  
f u e l  derived f r o m  coa l )  were evaluated in a labora tory  b o i l e r  a t  a s c a l e  of 3 m i l l i o n  
Btu/hr. The f a c i l i t y  was designed t o  s imulate  t h e  combustion condi t ions  found in  
l a r g e  u t i l i t y  b o i l e r s .  The s y n t h e t i c  l i q u i d  f u e l  was produced by t h e  so lvent  
refiiled coal process  (1)-** a t  t h e  Department of Energy funded, and Gulf operated 
Solvent Refined Coal P i l o t  Plant .  

The high ni t rogen content  (approximately 1% t o  1.5% by weight) of the so lvent  
re f ined  coal  o i l  (SRCO) is p o t e n t i a l l y  a cause of high ni t rogen oxides  (NOx) emis- 
s i o n s  from conventional combustion systems. It is known t h a t  i n  the  combustion of 
f u e l s  containing chemically bound n i t rogen ,  a f r a c t i o n  of t h i s  ni t rogen combines 
with oxygen i n  the  a i r  to form ni t rogen  oxides which a r e  emitted a s  p o l l u t a n t s  in 
t h e  f l u e  gases. One percent  by weight of n i t rogen  i n  a t y p i c a l  f u e l  o i l  has a 
p o t e n t i a l  of producing about 1,300 ppm (dry)  of  n i t rogen  oxides  i n  b o i l e r  f l u e  
gases  a t  3% excess oxygen i f  a l l  n i t rogen  i n  t h e  f u e l  i s  converted t o  ni t rogen 
oxides. For conventional combustion conf igura t ions ,  approximately 20% t o  50% of  
t h e  f u e l  ni t rogen i s  converted to NOx with t h e  percentage conversion decreasing 
a s  t h e  ni t rogen content  of the  f u e l  increases .  Other v a r i a b l e s  such a s  excess  a i r  
l e v e l  and temperature play a l e s s e r  r o l e  ( 2 , 3 ) .  However, combustion modif icat ions 
can be used to  l i m i t  the  conversion of f u e l  n i t rogen  t o  l e v e l s  considerably l e s s  
than t h e  normally encountered 20% to 50%. 
and repeatedly demonstrated on u t i l i t y  b o i l e r s .  Addit ional  n i t rogen  oxides  are 
formed in  high-temperature burner  flame zones by oxida t ion  of a small p o r t i o n  of  
the  ni t rogen i n  the  combustion a i r .  

These methods have been s a t i s f a c t o r i l y  

The object ive of t h i s  s tudy w a s  to  document t h e  combustion c h a r a c t e r i s t i c s  
and t h e  emissions of NOx, SOX, and p a r t i c u l a t e s  while  burning SRC f u e l  o i l  i n  a 
b o i l e r .  I n  p a r t i c u l a r ,  t h e  s e n s i t i v i t y  of the  emissions to  load and excess a i r  
v a r i a t i o n s  a s  w e l l  a s  a i r  p rehea t ,  s taged  combustion, and f l u e  gas  r e c i r c u l a t i o n  
were determined. These m a l l  s c a l e  t e s t  r e s u l t s  can then be used to a i d  i n  assess- 
ing t h e  performance of t h i s  f u e l  i n  a t y p i c a l  f u l l  s c a l e  u t i l i t y  b o i l e r .  

During t h e  inves t iga t ion ,  d i r e c t  comparisons of the  emission c h a r a c t e r i s t i c s  
of t h e  coal-derived f u e l  were made t o  those  from a t y p i c a l  low-sulfur #6 f u e l  o i l  
(0.24% ni t rogen by weight) and a #2 o i l  with a ni t rogen content  of 0.024% by weight. 
Selected c h a r a c t e r i s t i c s  of the  t h r e e  f u e l  o i l s  a r e  s h o h  i n  Table 1 along with t h e  
a n a l y s i s  of the  western Kentucky c o a l  from which t h e  SRC o i l  was der ived.  

I 

I' 
*Sponsored by Gulf Mineral Resources, Co., Denver, Colorado. 

**Numbers in  parentheses  correspond t o  re ferences  a t  the  end of t h e  paper. 
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No at tempt  was made to  explore  t h e  poss ib le  changes i n  s torage  and handling 
procedures which might be necessary to  f i r e  the  coal-derived o i l  i n  a b o i l e r  o r i g i -  
n a l l y  equipped t o  f i r e  r e s i d u a l ,  d i s t i l l a t e  o i l s  or o t h e r  f u e l s .  

TABLE 1. TYPICAL FUEL CHARACTERISTICS 

Western 
Kentucky 
Coal SRCO #6 O i l  #2 O i l  - 

c, wt % 72.2 
H ,  wt % 5.0 
N, w t  % 1.4 
s ,  wt % 3.6 
Ash, w t  % 10.5 
02, wt % (by d i f f e r e n c e )  7.3 
Gross Heat of 

Combustion, Btu/lb 13,150 
API Gravity, 60 OF -- 
Viscosi ty ,  SSU a t  

140 OF -- 

86.6 
8.38 
1.12 
0.26 
0.008 
3.63 

17,040 
8.3 

35.6 

86.61 86.82 
12.25 12.69 
0.24 0.024 
0.28 0.11 
0.016 0.003 
0.6 0.35 

19,150 19,190 
2.3 32.3 

324 (100'F) 34 

APPARATUS 

The b a s i s  of the  combustion f a c i l i t y  i s  a modified 80-HP f i r e t u b e  b o i l e r  which 
for these  t e s t s  w a s  f i r e d  a t  a r a t e  of 3 m i l l i o n  Btu/hr. The combustion modeling 
p r i n c i p l e s  used i n  designing t h i s  f a c i l i t y  t o  s imulate  combustion condi t ions  i n  f u l l  
s c a l e  u t i l i t y  b o i l e r s  a r e  discussed i n  Reference 4. The apparatus ,  shown in Figure 
1, can be divided i n t o  f i v e  groups of components: (1) f u e l  supply, (2) a i r  supply, 
(3) burner, (4) b o i l e r  furnace,  and (5) inst rumentat ion.  

The o i l s  were drawn from 55 gal lon  drums and de l ivered  to the  burner with a 
plunger type p o s i t i v e  displacement metering pump.' During t e s t s  with t h e  #6 o i l ,  
the  drums were heated t o  raise t h e  o i l  t o  i t s  pumping temperature  and e l e c t r i c a l l y  
heated to its f i r i n g  temperature j u s t  upstream of t h e  o i l  gun. 

A i r  from an i n d i r e c t - f i r e d  prehea ter  passed through an i n s u l a t e d  duc t  and a 
ventur i  meter t o  two va lves  which were then used t o  r e g u l a t e  t h e  flow s p l i t  between 
the  burner a i r  and second-stage a i r .  For t e s t s  involving two-stage combustion, t h e  
second-stage a i r  passed down a n  i n s u l a t e d  duc t ,  through another v e n t u r i  meter, then 
to a per fora ted  t o r u s  i n s i d e  t h e  combustion chamber. The secondary a i r  was i n j e c t e d  
from t h i s  to rus  r a d i a l l y  toward t h e  a x i s  of t h e  combustion chamber through 32 o r i -  
f i c e s  each 9/16" i n  diameter. Downstream of the  burner a i r  valve,  t h e  burner a i r  
flow was s p l i t  i n t o  twu ducts  which e n t e r  t h e  windbox from oppos i te  s ides .  Recir- 
cu la ted  f l u e  gas ,  when used, was added t o  t h e  combustion a i r  upstream of  t h e  a i r  
p rehea ter .  

The burner used in t h i s  s tudy w a s  a sca led  down vers ion  of a t y p i c a l  u t i l i t y  
b o i l e r  o i l  burner. The burner  u t i l i z e s  a s i n g l e  16-vane v a r i a b l e  vane-angle a i r  
r e g i s t e r  f o r  imparting s w i r l  t o  the  a i r  flow. During t h e s e  t e s t s ,  t h e  vanes were 
f ixed a t  20 deg. For t h e  t e s t  r e s u l t s  repor ted  i n  t h i s  paper, a 30 deg. hollow cone 
mechanical type atomizer w a s  used to d e l i v e r  t h e  o i l  to t h e  combustion chamber. 
A more complete d e s c r i p t i o n  of  t h e  burner can be found i n  Reference 5. 

The b o i l e r  s h e l l  was an 80-HP Scotch dry-back type.  A t  a f i r i n g  r a t e  of 3 
m i l l i o n  Btu/hr, t h e  b o i l e r ' s  volumetric f i r i n g  i n t e n s i t y  was 38,500 Btu/hr-ft3, 
which is t y p i c a l  of  o i l - f i r e d  u t i l i t y  b o i l e r s .  The steam produced by t h i s  b o i l e r  
i s  vented a t  one atmosphere. A l s o ,  t h e  labora tory  b o i l e r ' s  combustion chamher was 
f i t t e d  with a s t a i n l e s s  s t e e l  l i n e r  to give  wal l  temperatures  of about 800 OF, a l s o  
t y p i c a l  of u t i l i t y  b o i l e r s .  
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The f l u e  gas  concent ra t ions  of NO, 02, CO, and SO2 were analyzed cont inuously 
using a Thermo Electron corp. chemiluminescent n i t r i c  oxide analyzer ,  a Beckman 
Model 742 oxygen e l e c t r o l y t i c  analyzer ,  a n  Horiba Model PIR2000 nondispersive i n f r a -  
red carbon monoxide analyzer ,  and a Dupont 411  photometric analyzer  f o r  s u l f u r  dio-  
xide. Smoke l e v e l s  were determined using a Bacharach smoke t e s t e r  (ASTM D2156-65) 
and reported a s  Bacharach smoke s p o t  numbers, t h e  s c a l e  of which c o n s i s t s  of a s e r i e s  
Of ten  spots  from 0 to 9. T o t a l  p a r t i c u l a t e  loadings were determined using EPA 
Method 5. 

TEST RESULTS 

The combustion and emission c h a r a c t e r i s t i c s  of the  SRC o i l  were evaluated 
over a range of operat ing parameters t y p i c a l  of l a r g e  u t i l i t y  b o i l e r s .  With t h e  
except ion of t h e  var iab le  a i r  p rehea t  t e s t s ,  t h e  test r e s u l t s  reported were obta ined  
a t  a nominal condi t ion of 550 OF combustion a i r  temperature and a f i r i n g  r a t e  of  
3 m i l l i o n  Btu/hr. Resul t s  w i l l  be presented  f o r  the  following methods of c o n t r o l l i n g  
NO: 

reduced excess a i r  
staged combustion 
f l u e  gas r e c i r c u l a t i o n  
reduced a i r  preheat  

f u e l  blending 
ammonia i n j e c t i o n  
water i n j e c t i o n  f o r  smoke suppression 
f u e l  a d d i t i v e s  f o r  smoke suppression 

The methods l i s t e d  i n  the  lef t -hand column above were inves t iga ted  e a r l y  i n  the  
t e s t i n g .  It was found t h a t  while the combustion modif icat ions were e f f e c t i v e  i n  
c o n t r o l l i n g  n i t r i c  oxide, they were l i m i t e d  i n  t h e i r  degree of e f f e c t i v e n e s s  due 
to a tendency of the SRCO t o  smoke when t h e  cont ro l  methods were f u l l y  implemented. 
This g r e a t e r  tendency of t h e  SRC o i l  t o  smoke than t h e  o t h e r  f u e l s  t e s t e d  is thought 
t o  be due to  the  high aromatic content  of the  coal-der ived l i q u i d .  

The e f f e c t  of excess a i r  and s taged combustion on t h e  n i t r i c  oxide emissions 
f o r  t h e  SRCO along with t h e  #6 and # 2  o i l  a r e  shown i n  Figure 2. The open symbols 
a r e  s i n g l e  s tage combustion and t h e  closed symbols a r e  two-stage combustion t e s t s .  
During t h e  staged combustion t e s t s ,  the  o v e r a l l  excess a i r  l e v e l  was maintained 
a t  16% (3% o v e r a l l  excess 02) .  Figure 2 shows t h a t  f o r  s ing le-s tage  combustion 
of SRCO, the NO produced is very s e n s i t i v e  t o  t h e  excess  a i r  l e v e l  and s i g n i f i c a n t l y  
higher than t h e  NO emissions from t h e  #6 and #2 o i l .  For two-stage combustion, 
the  NO produced reached a minimum a t  about  80% AB (AB is t h e  t h e o r e t i c a l  a i r  a t  
t h e  burner  and A. is t h e  o v e r a l l  t h e o r e t i c a l  a i r ;  f o r  s i n g l e  s t a g e  combustion, AB 
= A o ) ,  with f u r t h e r  reduct ions  i n  burner air  flow r e s u l t i n g  i n  an increase  i n  t h e  
NO emissions. This e f f e c t  has been observed by other  i n v e s t i g a t o r s  (6-9) and is 
a t t r i b u t e d  to  NO formation during combustion i n  t h e  second s tage  region. 

When f l u e  gas  r e c i r c u l a t i o n ,  a t  r a t e s  up t o  20%*, was u t i l i z e d  i n  conjunct ion 
with s taged  combustion, no f u r t h e r  reduct ions  i n  the  n i t r i c  oxide emissions were 
observed. Gas r e c i r c u l a t i o n  could be expected t o  have g r e a t e r  e f f e c t  i n  b o i l e r s  i n  
which t h e  heat r e l e a s e  per  u n i t  a r e a  i s  very high. These u n i t s  would tend t o  have 
higher cont r ibu t ion  of thermal NOx, and t h e  use of r e c i r c u l a t i o n  would tend t o  
reduce t h e  thermal NO more not iceably.  

The e f f e c t  of t h e  combustion a i r  temperature  on the  NO emissions i s  shown 
i n  Figure 3 f o r  t h e  SRCO during s i n g l e  s t a g e  combustion. This da ta  shows t h e r e  
i s  a s t rong  e f f e c t  of the  combustion a i r  temperature on t h e  NO emissions (approxi- 
mately 9 ppm/25 OF, a t  120% excess  a i r )  and t h a t  t h e  s e n s i t i v i t y  of t h e  NO emissions 
to combustion air  temperature increases  wi th  an increase  i n  the  excess a i r  l e v e l .  

i' 

*Mass o f  r e c i r c u l a t e d  f l u e  gas/sum of combustion a i r  and f u e l  flow. 
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Fuel blending was a l s o  inves t iga ted  a s  a means of f i r i n g  the  SRCO while l i m i t -  
ing  the  NO and p a r t i c u l a t e  emissions. The NO emissions from blends of  SRCO and 
#6 o i l  are shown i n  Figure 4 f o r  both s i n g l e  and two s t a g e  combustion. 

The homogeneous gas  phase reduct ion of NO by ammonia i n j e c t i o n  i n t o  t h e  SRCO 
combustion products  was a l s o  inves t iga ted  during t h i s  study. The reduct ions i n  
NO which were achieved were i n  agreement with those obtained and reported with o t h e r  
f u e l s  ( l o ) .  

Ful ly  implementing the  n i t r i c  oxide cont ro l  techniques with the  SRC o i l ,  i n  
p a r t i c u l a r  s taged combustion, was l imited by the  tendency of t h e  o i l  t o  form high 
l e v e l s  of smoke and p a r t i c u l a t e s .  This e f f e c t  i s  i l l u s t r a t e d  i n  Figure 5 where 
t h e  Bacharach smoke numbers f o r  s i n g l e  s t a g e  and t w o  s t a g e  f i r i n g  of the SRCO and 
#6 o i l  are compared. During the two s tage  t e s t s  the  s t a c k  gas  oxygen concentrat ion 
was maintained a t  3% (dry b a s i s ) .  For s i n g l e  s tage  f i r i n g ,  t h e  da ta  i n  Figure 5 
show t h a t  t h e  SRCO tends to smoke more than the  #6, no te  t h a t  even a t  40% excess  
a i r  (AB = 140%),  a No. 2 smoke spot  i s  obtained.  Although f o r  excess  a i r  l e v e l s  
above about 10% to 15%, t h e  performance i s  acceptable  i n  t h i s  u n i t .  A s t r i k i n g  
d i f fe rence  i n  the  performance i n  the  two f u e l s  is seen f o r  t w o  s t a g e  combustion 
condi t ions.  The #6 o i l  produced a gradual  increase  i n  t h e  f l u e  gas  smoke l e v e l  
a s  the f i r s t  s t a g e  was operated more fue l - r ich .  With t h e  SRCO, l a r g e  increases  
i n  thg s tack  smoke l e v e l s  were obtained even a t  moderate s tag ing  condi t ions;  a smoke 
number of 9 was obtained when t h e  burner was operated a t  A - 102%. This smoking 
tendency is suspected t o  be a consequence of t h e  high aromatic content  of the  SRCO 
which i s  on t h e  order  of about 60% based on the carbon-to-hydrogen ratio. 

B T  

This t rade-off  i n  NO and p a r t i c u l a t e  emissions is f u r t h e r  i l l u s t r a t e d  i n  
Figure 6. These r e s u l t s  show t h a t  i n  t h i s  p a r t i c u l a r  system, s taged combustion 
cannot be used t o  reduce the  NO emissions below the  1974 EPA New Source Performance 
Standards (NSPS) without exceeding t h e  1974 NSPS p a r t i c u i a t e  s tandard.  A similar 
s i t u a t i o n  w i l l  l i k e l y  e x i s t  i n  a f u l l  s i z e  u n i t  a l though,  q u a n t i t a t i v e l y ,  t h e  t rade-  
o f f  may d i f f e r  from t h e  labora tory  sca le  r e s u l t s .  

A number of methods were t e s t e d  t o  l i m i t  t h e  smoke and p a r t i c u l a t e  formation 
while implementing staged combustion with the  SRCO. These included steam atomiza- 
t i o n  ins tead  of mechanical atomization, water i n j e c t i o n  i n t o  t h e  combustion air ,  
and the use of combustion improving f u e l  a d d i t i v e s  ( a l k a l i  and manganese based) .  

In  t h i s  u n i t  the  NO and smoke l e v e l s  were s i m i l a r  f o r  both steam atomizat ion 
and mechanical a tomizat ion.  U t i l i z i n g  water i n j e c t i o n  i n t o  t h e  combustion a i r  ( a t  
a r a t e  equal t o  7% of the  o i l  flow, volumetric basis) along wi th  s taged combustion, 
the  n i t r i c  oxide emissions could be reduced to about 260 ppm p r i o r  to the  onse t  
of  smoking. .This is about  40 ppm lower than t h e  l e v e l s  previously obtained with 
staged combustion alone. 

Fuel a d d i t i v e s  have been used with varying degrees  of e f f e c t i v e n e s s  to cont ro l  
smoke emissions from combustion systems. A recent  s tudy by B a t t e l l e  (11) has shown 
c e r t a i n  a d d i t i v e s  t o  be e f f e c t i v e  i n  reducing smoke with s i n g l e  s t a g e  f i r i n g  of 
#6 and #2 o i l  although t h e  a d d i t i v e s  may r e s u l t  i n  an increase  of  t o t a l  p a r t i c u l a t e  
loadings. 

During the  p r e s e n t  study, var ious a d d i t i v e s  were used with the SRCO while 
f i r i n g  i n  a s taged combustion mode. The a d d i t i v e s  chosen f o r  eva lua t ion  were: 
barium naphthenate, calcium naphthenate, and CI-2 (Ethyl  Corp. propr ie ta ry ,  manga- 
nese based) .  The naphthenates produced t h e  best r e s u l t s  in  t h e  B a t t e l l e  study (ll), 
with CI-2 being less e f f e c t i v e .  I n  t h e  present  t e s t s ,  t h e  a d d i t i v e  concentrat ions 
ranged from 50 t o  350 ppm of the  primary metal i n  the o i l .  
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~ l l  t h r e e  a d d i t i v e s  a l t e r e d  t h e  smoking c h a r a c t e r i s t i c s  of the  SRCO with b o t h  
s i n g l e  s tage  and two s t a g e  combustion. 
m o s t  e f f e c t i v e  in achieving l o w  NO emissions (e .g . ,  lower AB a t  the  burner ) .  I t  
was also found t h a t  the  naphthenates a l t e r e d  t h e  NO formation a s  wel l  a s  the  smoke 
formation. A s  a r e s u l t ,  the  NO emissions with s tag ing  were approximately 30 t o  
50 ppm higher than f o r  t h e  base condi t ion  without t h e  naphthenate addi t ive .  

However, the  manganese-based addi t ive  was 

P a r t i c u l a t e  loadings were determined while opera t ing  under staged combustion 
condi t ions with t h e  manganese-based a d d i t i v e  (CI-2). The r e s u l t s  of these tests 
a r e  presented in Table 2. 

TABLE 2. PARTICULATES AND NO EMISSIONS 
WITH SRCO AND CI-2 ADDITIVE 

Test No. 

Additive Concentration 
(ppm manganese) 

A0 Total  A i r ,  % Theor. 

AB Burner A i r ,  % Theor. 

Excess 02, % dry  

PPm dry 

NO, ppm dry ( c o r r  to 3% 0 ) 

Smoke Number 

P a r t i c u l a t e s ,  lb/M8tu 

2 

1 2 3 4 

0 

114.0 

114.0 

2.7 

35 

467 

0 

0.016 

0 0 

117.1 119.0 

103.0 83.0 

3.2 3.5 

35 135 

344 231 

3 < 9  

0.0168 0.344 

345 

112.9 

11.0 

2.5 

40 

226 

8.5 

0.068 

A s  seen in Table 2 ,  the  a d d i t i v e  was e f f e c t i v e  i n  l i m i t i n g  t h e  p a r t i c u l a t e  
emissions during s taged  combustion. Also, t h e  high p a r t i c u l a t e  emission during 
Tes t  No. 3 (s taged combustion without  t h e  f u e l  a d d i t i v e )  i s  due t o  carbon formation. 
Fur ther ,  t h e  amount of p a r t i c u l a t e  cont r ibu ted  by the  a d d i t i v e  during T e s t  N o .  4 
is apparent ly  small. Based on t h e  manganese content  i n  t h e  o i l ,  t h e  manganese would 
be expected to cont r ibu te  t o  t h e  p a r t i c u l a t e s  on t h e  order  of 0.014 lb/106 Btu. 
The ash  in  t h e  f u e l  c o n t r i b u t e s  a t  most 0.004 lb/MBtu to the f l u e  gas  p a r t i c u l a t e  
loading. It appears t h a t  t h e  snoke emissions of t h e  SRCO can be cont ro l led  on 
a l a r g e r  u n i t  wi th  a f u e l  a d d i t i v e  such a s  CI-2 when two s tage  or off -s to ich iometr ic  
f i r i n g  is used t o  reduce t h e  n i t r i c  oxide emissions. It should be pointed o u t  t h a t  
tests were n o t  conducted t o  determine the  minimum addi t ive  concentrat ion necessary 
to prevent smoke formation. 

I n  general ,  the  so lvent  r e f i n e d  coal  o i l  appears to  be a usefu l  b o i l e r  f u e l  
b u t  i t s  high n i t rogen  content  d i c t a t e s  t h e  need f o r  applying NO cont ro l  techniques 
to t h e  system. 

Since t h e  SRCO is a very good so lvent ,  compat ib i l i ty  of the  o i l  with t y p i c a l  
s e a l s ;  O-rings, e t c ,  used in boiler a p p l i c a t i o n s  needs to be inves t iga ted .  

The major problems encountered with the SRCO during t h i s  s tudy were t h e  high 
NOx emissions without  NOx c o n t r o l  methods coupled with t h e  smoking tendency upon 
implementation of combustion modi f ica t ions  f o r  NOX cont ro l .  However, these small 
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sca le  t e s t s  show t h a t  cont ro l  techniques a r e  e f f e c t i v e  i n  reducing t h e  NOx emissions. 
The carbon monoxide emissions were a l s o  found t o  be l o w  during t h e  t e s t s  and the  
SO2 emissions were within the  expected range based on t h e  low-sulfur content  Of 
the  SRCO. 

I n  t h e  labora tory  t e s t s ,  var iab les  such a s  the l o c a t i o n  of second s t a g e  a i r  
addi t ion,  a tomizer  design,  a i r  s w i r l  s e t t i n g ,  e t c .  were not  f u l l y  inves t iga ted .  
With a more extensive e f f o r t ,  lower NOX l e v e l s  than demonstrated i n  t h i s  study may 
be poss ib le  on many l a r g e  s c a l e  boi le rs .  I n  addi t ion ,  low NOx des igns  f o r  b o i l e r s  
and burners may be expected to f u r t h e r  a i d  i n  minimizing NO emissions from t h e  com- 
bust ion of t h e  SRC o i l .  

CONCLUSIONS 

The fol lowing s p e c i f i c  conclusions can be drawn from t h e  r e s u l t s  of these  
small s c a l e  tests: 

1. 

2. 

3. 

4. 

5 .  

The combustion performance of t h e  so lvent  re f ined  coal  o i l  i s  equivalent  t o  
t h a t  of  t y p i c a l  u t i l i t y  type f u e l  o i ls .  It  i s  v o l a t i l e  ( s i m i l a r  to #2 o i l )  
and does not  requi re  preheat ing t o  achieve an acceptab le  v i s c o s i t y  for pumping 
or atomization. 

P o t e n t i a l  problems with furnace s lagging and metal  wastage occasional ly  
encountered with coal  combustion should be n e g l i g i b l e  with SRCO because of 
its l o w  s u l f u r  and ash contents .  

N i t r i c  oxide emissions could be maintained a t  about  0.4 lb/lO Btu f o r  the  
SRCO u t i l i z i n g  combustion condi t ions  t y p i c a l  of many l a r g e  u t i l i t y  b o i l e r s .  
This was accomplished with two-stage combustion and 3% excess  oxygen i n  t h e  
flue gas. A t  t h i s  condi t ion,  l o w  s tack  gas  concent ra t ions  of carbon monoxide 
and p a r t i c u l a t e s  were maintained. 

N i t r i c  oxide emissions could be reduced below 0.3 lb/106 Btu f o r  the  SRCO by 

6 

(1) blending the SRCO with o ther  petroleum-based f u e l  o i l s  having much 

(2) using a f u e l  a d d i t i v e  containing manganese and then f i r i n g  with 
lower f u e l  n i t rogen  and then f i r i n g  wi th  t w o  s t a g e  combustion, or 

two s t a g e  combustion. 
Acceptably l o w  s tack  gas  concentrat ions of carbon monoxide, smoke, and 
p a r t i c u l a t e s  were obtained.  

A i r  preheat  has a s i g n i f i c a n t  e f f e c t  on t h e  NOx emissions while f i r i n g  SRCO. 
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C o r r e l a t i o n  of F u e l  Ni t rogen  Conversion 
t o  NOx During t h e  Combustion of  

S h a l e  O i l  Blends i n  a U t i l i t y  B o i l e r  

by 
x. 

M .  N .  Mansour:and Melvin Gersteir?" 

I n  an o i l  f i r e d  u t i l i t y  b o i l e r ,  n i t r i c  o x i d e s  a r e  formed 

by two b a s i c  mechanisms; t h e  thermal  f i x a t i o n  of  a tmospher ic  

n i t r o g e n  a t  e l e v a t e d  tempera ture  w i t h i n  t h e  f lame zone,  and 

t h e  convers ion  of  o r g a n i c a l l y  bound n i t r o g e n  i n  t h e  f u e l  t o  

NQx d u r i n g  t h e  combustion p r o c e s s .  NOx f o r m a t i o n  by thermal  

f i x a t i o n , ' n o r m a l l y  r e f e r r e d  t o  as thermal  NOx i s  e s s e n t i a l l y  

dependent  upon f lame tempera ture  and c o n c e n t r a t i o n  of  oxygen 

and atmospheric  n i t r o g e n  wi th in  t h e  f lame zone. The conver-  

s i o n  of  o r g a n i c a l l y  bound n i t r o g e n  t o  NOx, is d i r e c t l y  r e l a t e d  

however, t o  t h e  n i t r o g e n  c o n t e n t  of t h e  f u e l .  

Research on t h e  r e d u c t i o n  of  n i t r o g e n  o x i d e s  produced 

from t h e  r e a c t i o n  of  a tmospheric  oxygen and n i t r o g e n  h a s  been 

i n  p r o g r e s s  f o r  many y e a r s .  More r e c e n t l y ,  a t t e n t i o n  h a s  been 

given t o  t h e  format ion  of  n i t r o g e n  o x i d e s  from n i t r o g e n  compounds 

conta ined  w i t h i n  t h e  f u e l .  T h i s  s o u r c e  o f  n i t r o g e n  o x i d e s  becomes 

i n c r e a s i n g l y  impor tan t  a s  high n i t r o g e n  c o n t e n t  f u e l s  d e r i v e d  

from s h a l e  and c o a l  grow i n  use.  

Recent ly ,  combustion t e s t s  have been conducted by 

Southern C a l i f o r n i a  Edison Company t o  e v a l u a t e  NOx emiss ion  

c h a r a c t e r i s t i c s  of s h a l e  o i l  ( 0 . 7 %  s u l f u r  and 2 %  n i t r o g e n )  

when burned i n  a u t i l i t y  b o i l e r .  The t e s t s  were conducted 

i n  a 4 5  MW Combustion Engineer ing b o i l e r  equipped wi th  s i x  

* southern  C a l i f o r n i a  Edison Company, P.O. BOX 8 0 0 ,  Rosemead, 

* *  U n i v e r s i t y  of Southern C a l i f o r n i a ,  School of Engineer ing ,  

_______ - 
C a l i f o r n i a  91770 

Mechanical Engineer ing Department, L o s  Angeles ,  C a l i f o r n i a  
90007- 151 



f a c e  mounted o i l  b u r n e r s  each r a t e d  a t  85 m i l l i o n  Btu/hr .  To 

comply with A i r  Q u a l i t y  Management D i s t r i c t  f u e l  s u l f u r  c o n t e n t  

requi rements  s h a l e  o i l  was blended w i t h  l o w  s u l f u r  o i l  s o  t h a t  

t h e  average s u l f u r  c o n t e n t  of  t h e  f u e l  blend d i d  n o t  exceed 0.5%. 

Ni t rogen  c o n t e n t  o f  t h e  low s u l f u r  f u e l  ranged between 0.2-0.25%. 

The NOx emiss ion  was e v a l u a t e d  when burning s h a l e  o i l  b l e n d s  us ing  

both  convent iona l  and o f f - s t o i c h i o m e t r i c  modes of  combustion. 

The emission l e v e l s  were de te rmined  f o r  a developmental  low NOx burner  

( L N B )  a n d  a c o n v e n t i o n a l  mechanical  a tomiz ing  Peabody t y p e  b u r n e r .  

As one might e x p e c t ,  NOx emiss ion  l e v e l  i n c r e a s e d  as t h e  

q u a n t i t y  o f  s h a l e  d e r i v e d  o i l  i n  t h e  blend was i n c r e a s e d .  The 

incrementa l  i n c r e a s e  i n  NOx emiss ion  l e v e l  was p r o p o r t i o n a l  t o  t h e  

s h a l e  o i l  b lending  r a t i o  which s u g g e s t e d  t h a t  t h e  i n c r e a s e  i n  

emiss ions  was mainly caused by t h e  h igh  n i t r o g e n  c o n c e n t r a t i o n  w i t h i n  

t h e  f u e l .  I t  was s u p e r i s i n g  t o  n o t e ,  however, t h a t  t h e  convers ion  

e f f i c i e n c y  o f  f u e l  n i t r o g e n  i n t o  NOx decre,ased, as  shown i n  f i g u r e  

1, as t h e  f r a c t i o n  o f  s h a l e  o i l  (and f u e l  bound n i t r o g e n )  i n c r e a s e d .  

I t  was a l s o  found t h a t  changing burner  s t o i c h i o m e t r y  from f u e l  

l e a n  t o  r i c h  achieved a s u b s t a n t i a l  r e d u c t i o n  i n  f u e l  n i t r o g e n  

convers ion  ra te ,  p a r t i c u l a r l y  i n  t h e  case of t h e  Peabody b u r n e r .  

While a number o f  e x p l a n a t i o n s  can  be o f f e r e d  t o  such  r e s u l t ,  

it i s  f e l t  t h a t  t h e  r e d u c t i o n  i n  n i t r o g e n  convers ion  e f f i c i e n c y  ' 

i l l u s t r a t e d  i n  f i g u r e  1 a p p e a r s  t o  b e  t h e  r e s u l t  o f  two competing 

processes .  ( a )  The format ion  o f  NOx which i n c r e a s e s  a s  t h e  n i t r o g e n  
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c o n t a i n i n g  s h a l e  o i l  c o n t e n t  i n c r e a s e s ,  and ( b )  t h e  r e d u c t i o n  of  

NOx by i ts  r e a c t i o n  w i t h  h igh  b o i l i n g  hydrocarbons in t roduced  w i t h  

t h e  s h a l e  o i l  and which is l a t e r  r e l e a s e d  i n  t h e  combustion process .  

The proposed model s y g g e s t s  t h a t  NOx i s  reduced a f t e r  i t  i s  formed - 
a technique  q u i t e  d i f f e r e n t  from t h e  c l a s s i c a l  approaches of  slowing 

down NOx product ion  by reducing  t h e  r e a c t i o n  tempera ture .  The model 

assumes t h a t  t h e  f i r s t  p r o c e s s  i s  a f i r s t  Order r e a c t i o n  w i t h  r e s p e c t  

t o  f u e l  bound n i t r o g e n  and hence t o  t h e  c o n c e n t r a t i o n  of  s h a l e  o i l .  

The r e d u c t i o n  p r o c e s s ,  however, is a second o r d e r  r e a c t i o n  depending 

upon both NOx and t h e  s h a l e  o i l  c o n c e n t r a t i o n ,  where t h e  l a t e r  

term de termines  t h e  r e s i d u a l  hydrocarbon r e l e a s e d  l a t e  i n  t h e  p r o c e s s .  

On t h i s  b a s i s ,  t h e  r e l a t i v e  r a t e  of  NOx p 

1 d(N0x) = k l  ( s h a l e  o i l  
N O x d t  

or d(N0x) [ k l  - k 2  (NOX 
NOx(sha1e o i l )  

oduct ion  w 

- k 2  (NOX 

1 d t  

uld be g i v e n  by: 

( s h a l e  o i l )  

A p l o t  of  ( NOx ) 
( NOx) ( s h a l e  o i l  ) v s .  (NOx) should  be l i n e a r  

f o r  e q u a l  r e s i d e n c e  times t. Such a p l o t  is i l l u s t r a t e d  i n  

f i g u r e  2 where a good c o r r e l a t i o n  r e s u l t s .  

The mechanism sugges ted  h e r e  can  l e a d  t o  a g e n e r a l  t echnique  

f o r  reducing NOx format ion  by proper  f u e l  b lending .  Burner d e s i g n  

parameters  could  be a l s o  s e l e c t e d  t o  enhance t h i s  de layed  f u e l  

v a p o r i z a t i o n  whi le  m a i n t a i n i n g  good burner  f lame s t a b i l i t y .  The 
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delayed  v a p o r i z a t i o n  o f  f u e l ,  ach ieved  through t h e  use of h igh  

b o i l i n g  tempera ture  hydrocarbons or through o p t i m i z a t i o n  of burner  

d e s i g n  w i l l  then  reduce NOx g e n e r a t e d  d u r i n g  t h e  e a r l y  phase of  

t h e  combustion p r o c e s s .  The concept  is q u i t e  c o n s i s t e n t  with t h e  

g e n e r a l  concept  o f  s t a g e d  combustion e x c e p t  t h a t  s t a g i n g  is 

accomplished by t h e  n a t u r a l  s e p a r a t i o n  p r o c e s s e s  occur ing  d u r i n g  

f u e l  e v a p o r a t i o n .  

* Southern C a l i f o r n i a  Edison Company 
P. 0. Box 800 ,  Rosemead, C a l i f o r n i a  91770 

** U n i v e r s i t y  of Southern C a l i f o r n i a ,  
School of Engineer ing ,  Mechanical Engineer ing 
Department, Los  Angeles ,  C a l i f o r n i a  90007 
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R & D ON COMBUSTION OF SULVENT REFINED COAL. W. Downs, C. L .  Wagoner, 
and R. C. Carr. Electric Power Research Institute, 3412 Hillview Ave., 
Palo Alto, Calif. 94305 

The technical research for transportation, preparation, and combustion 
of solvent refined coal that was performed by the Babcock and Wilcox Co., 
and Combustion Engineering to permit this new fuel to be utilized in a 
utility boiler will be presented. 
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BURNING SOLVENT REFINED COAL. Richard D. McRanie, Southern Company Serv ices ,  Inc. 
Birmingham, Alabama 35202 

Three thousand t o n s  of so lvent  r e f i n e d  coa l  ( S R C ) ,  manufactured a t  a P i t t s b u r g  & Midway 
p l a n t  i n  Tacoma, Washington, were s u c c e s s f u l l y  shipped t o  and burned i n  a Georgia Power 
Company 22.5 MW c o a l - f i r e d  u t i l i t y  b o i l e r .  The t e s t  demonstrated t h a t  SRC can be 
shipped i n  s tandard,  open c o a l  c a r s  when t r e a t e d  with a commercially a v a i l a b l e  coa t ing  
spray t o  minimize blowing l o s s e s .  Dust c r e a t e d  i n  t h e  conveyor system while  loading 
and unloading the  SRC can be cont ro l led  with a wet t ing  agent  spray. SRC was s t o r e d ,  
pu lver ized ,  and burned with only m i n o r  modi f ica t ions  t o  e x i s t i n g  power p l a n t  
equipment. No modi f ica t ions  were necessary t o  the  c o a l  conveying equipment o r  t h e  c o a l  
s torage  bunkers. The p u l v e r i z e r s  were modified only t o  t h e  e x t e n t  t h a t  co ld  primary 
a i r  was used and b a l l  spr ing  pressure  was reduced. The only b o i l e r  modif icat ion was 
t h e  i n s t a l l a t i o n  of water-cooled, d u a l  r e g i s t e r  burners .  Emissions t e s t s  were per-  
formed while  burning SRC and demonstrated t h a t  SRC i s  an acceptab le  f u l e  f o r  meeting 
c u r r e n t  EPA New Source Performance Standards f o r  SO2 and NOX. 
emissions were g r e a t e r  than a n t i c i p a t e d  due largely: t o  unburned carbon, a common 
problem wi th  b o i l e r s  of t h i s  vintage (1946) .  
wi th  a modern p r e c i p i t a t o r .  
e f f i c i e n c y  when burning SRC i s  e s s e n t i a l l y  t h e  same a s  when burning coa l .  SRC w a s  
shown t o  be an except iona l  b o i l e r  f u e l  from a n  opera t ing  s tandpoin t .  Soot-blowers, 
which normally have t o  be used 6-12 t imes a day,  were not  used a t  a l l  dur ing t h e  18-day 
t e s t  burn. The amount of f lyash  and bottom ash  i s  s i g n i f i c a n t l y  reduced. This  w i l l  
reduce ash  system opera t ing  time and maintenance. The f a c t  t h a t  SRC is  b r i t t l e  a n d  easy 
t o  p u l v e r i z e  should reduce pulver izer  maintenance. 

The p a r t i c u l a t e  

The p a r t i c u l a t e  problem can be handled 
Boi le r  e f f i c i e n c y  t e s t s  were performed and i n d i c a t e  t h a t  
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ELECTRICITY INDUSTRY ASSESSMENT OF WWBTU 

GAS FOR POWER GENERATION 

M. J. Gluckman and G. Quentin 

E l e c t r i c  Power Research I n s t i t u t e  

Prepared f o r  presenta t ion  a t  the  175th National Meeting of  the  American 

Chemical Society, Division of  Fuel Chemistry, Anaheim, Cal i fornia ,  March 

1978. 

Introduct ion 

Gasif icat ion of coa l  with a i r  o r  oxygen t o  produce low Btu (80-180 
Btu/SCF) or  intermediate  Btu (200-350 Btu/SCF) g a s  represents  a technology 
that i s  being given close scru t iny  by the  e l e c t r i c  power u t i l i t y  industry.  
Recent l e g i s l a t i o n  has  precluded the  use of  n a t u r a l  gas  a s  f u e l  for  base- 
load power generation. Fuel o i l  i s  following c l o s e l y  on the  hee ls  of  na tura l  
gas  and w i l l  not  be ava i lab le  to t h e  e l e c t r i c  u t i l i t y  indus t ry  f o r  baseload 
appl icat ions i n  t h e  near  future .  Coal, therefore ,  represents  the  last re- 
maining f o s s i l  op t ion  avai lable  to  the  u t i l i t y  indus t ry  f o r  baseload power 
generation i n  the  l a s t  decade of t h e  twent ie th  century and on, i n t o  the  
twenty f i r s t  century. 

Coincident with the  f u e l  crunch, t h e  u t i l i t y  indus t ry  i s  being confronted by 
an equally ser ious  and d i f f i c u l t  t o  handle environmental crunch. C o a l  gasi- 
f i c a t i o n  o f f e r s  t h e  p o t e n t i a l  f o r  cont ro l l ing  SO , NO and p a r t i c u l a t e  emis- 
s ions i n  a f a r  more e f f i c i e n t  and less cos t ly  magner khan can be achieved 
i n  pulver ized coal  bo i le rs .  

There a re  a v a r i e t y  of d i f f e r e n t  ways i n  which t h e  u t i l i t y  industry can em- 
ploy t h e  concept of coa l  q a s i f i c a t i o n  f o r  e l e c t r i c  power generation. Some 
of the mre obvious opt ions a r e  shown i n  Table 1. I t  is  important t o  rea- 
l i z e  t h a t  m o s t  of t h e  c o s t  and performance f i g u r e s  presented i n  Table l re- 
present  es t imates  generated by t h e  authors .  Spec i f ic  engineer ing s t u d i e s  
addressing each opt ion i n  d e t a i l  a r e  cur ren t ly  underway o r  a r e  i n  the  pro- 
cess  o f  being i n i t i a t e d .  It must be pointed out ,  however, t h a t  the  E l e c t r i c  
Power Research I n s t i t u t e  (EPRI) has been funding engineer ing and economic 
s tudies  of  g a s i f i c a t i o n  and combined cycle  systems wi th  F luor  Engineers and 
Constructors, Inc., Stone and Webster Engineering Corporation, R. M. Parsons, 
the  Bechtel Corporation and C. F. Braun f o r  many years .  Therefore, t h e  es- 
t imates  presented i n  Table 1 a r e  based on a s u b s t a n t i a l  body of c o s t  and per- 
formance information (1) (2) (3)  (4 )  (5) (6) (7) .  

A cursory glance a t  Table 1 indica tes  t h a t  op t ion  7 (methanol production) 
is too expensive to  be considered f o r  baseload f u e l  production. Consider- 
ing t h e  o t h e r  s ix  a l t e r n a t i v e s  presented i n  T a b l e  1, EPRI has  i d e n t i f i e d  
opt ions 5 and 6 ( in tegra ted  gasification-combined cycle  p l a n t s  and in tegra ted  
gasif icat ion-gas turb ine  power systems) a s  the  m o s t  a t t r a c t i v e  opt ions for 
baseload p o w e r  generation. Table 2 presents  c o s t  and performance est imates  
f o r  a var ie ty  of gasification-combined cycle power p l a n t s ( 3 ) .  It can be 
seen from t h i s  t a b l e  t h a t ,  i n  general ,  in tegra ted  g a s i f i c a t i o n  based power 
systems have the p o t e n t i a l  f o r  m r e  e f f i c i e n t  operat ion and lower c o s t  of 
e l e c t r i c i t y  than conventional c o a l  f i r e d  power p l a n t s  with f l u e  gas desul- 
fur iza t ion .  Keeping i n  mind t h e  f a c t  t h a t  in tegra ted  g a s i f i c a t i o n  based 
power p l a n t s  have t h e  p o t e n t i a l  to meet more s t r i n g e n t  environmental control  
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requirements as  wel l  a s  consuming s u b s t a n t i a l l y  l e s s  water than conventional 
p l a n t s ,  it is evident  why such systems represent  a mst a t t r a c t i v e  opt ion  
f o r  intermediate term baseload power generation. 

I t  should be noted t h a t  gasification-combined cycle  power systems have not 
y e t  been developed t o  t h e  poin t  where a u t i l i t y  company can order  and in- 
s t a l l  one with confidence. Such systems need to  be demonstrated a t  s u f f i -  
c i e n t l y  large scale (100MW - ZOOMW) such t h a t  t h e  u t i l i t y  industry w i l l  
have confidence t h a t  these p l a n t s  can generate e l e c t r i c i t y  re l iab ly  a t  the 
costs projected by the engineering s tudies .  

Table 1 indica tes  t h a t  in tegra ted  baseload gasification-combined cycle power 
p l a n t s  w i l l  only be ava i lab le  f o r  u t i l i t y  use i n  the  1990's. A major ques- 
t i o n  t h a t  m u s t  be addressed is: "Can coa l  gas i f ica t ion  technology be u t i l i z e d  
to a l l e v i a t e  u t i l i t y  needs f o r  c lean f u e l  p r i o r  t o  the 199O's?" The answer 
to t h i s  question has to be supplied i n  two p a r t s  i . e .  a) an inves t iga t ion  
of  the  development s t a t u s  of  near  term coa l  g a s i f i c a t i o n  technology and, 
b )  i d e n t i f i c a t i o n  of t h e  technica l  p o s s i b i l i t i e s  and c o s t  p o t e n t i a l  f o r  
rapid introduct ion of g a s i f i c a t i o n  systems f o r  u t i l i t y  power generation. 

S ta tus  of Near Term Gas i f ie rs  

Table 3 presents  a summary of the development s t a t u s  o f  near term coal  gasi-  
f i c a t i o n  options. It can be seen from t h i s  t a b l e  t h a t  the s u i t a b i l i t y  of 
the  three commercially ava i lab le  g a s i f i e r s  for  combined cycle power genera- 
t i o n  i s  not  good. Reasons f o r  the lack of s u i t a b i l i t y  range from low pres- 
sure  operation to excessive by-product production - a l l  of which r e s u l t  i n  
an  unacceptably high c o s t  of e l e c t r i c i t y .  It is  the  judgement of  these 
authors  t h a t  the  g a s i f i e r s  of fe r ing  t h e  g r e a t e s t  near term potent ia l  for  
combined cycle power generat ion a t  t h i s  t i m e  a r e  the Texaco and Shell/Koppers 
p a r t i a l  oxidation u n i t s .  This judgement is based on the  extensive ex- 
perience of the p a r t i c u l a r  organizat ions i n  p a r t i a l  oxidation of o i l ,  the 
s impl ic i ty  of t h e  g a s i f i e r s ,  t h e i r  feedstock f l e x i b i l i t y  ( a b i l i t y  t o  handle 
any coal as wel l  a s  o i l ) ,  absence of  byproducts in  the make gas ,  capabi l i ty  
f o r  high pressure operat ion,  and the  r e s u l t s  of extensive engineering and 
economic s tudies .  Information concerning t h e  Shell/Koppers device i s  sparce. 
Texaco claims t h a t  based on successfu l  operat ion of the  150 ton/day g a s i f i e r  
t o  be operated i n  Germany i n  1978, they could scale-up t o  1,000 tons coal/day 
capaci ty  with confidence. Therefore, it appears t h a t  the Texaco gas i f ica t ion  
opt ion  could be avai lable  f o r  u t i l i t y  use i n  t h e  e a r l y  1980's. 

Technical P o s s i b i l i t i e s  f o r  Near Term Introduct ion 

I t  has  already been mentioned t h a t  in tegra ted  gasification-combined cycle  
systems have not  y e t  been demonstrated to  the  p o i n t  where they would repre- 
s e n t  viable  commercial options f o r  t h e  e l e c t r i c  u t i l i t y  industry.  Although 
a l l  o f  the subsystems (i.e. g a s i f i e r s ,  gas clean-up modules, and combined 
cycles)  have been operated a t  l a r g e  s c a l e  independently, they have never 
been operated i n  an in tegra ted  mode f o r  power production. 
ing the a b i l i t y  t o  cont ro l  such in tegra ted  systems i n  a power p l a n t  environ- 
ment can only be s a t i s f a c t o r i l y  answered by bui lding and operat ing an in te -  
gra ted  t e s t  f a c i l i t y .  
posed by in tegra t ing  the  rap id ly  responding gas turbine and steam system 
w i t h  the more sluggish f u e l  production p lan t .  

Questions concern- 

One of t h e  major cont ro l  problems f o r  these systems is 
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The influence of control  problems on the o p e r a b i l i t y  of  t h e  system can be 
deemphasized by decoupling the fue l  p l a n t  from the power equipment i . e .  
the  gas i f ica t ion  p l a n t  would operate  independently of  the power p l a n t  and 
would simply produce "over the fence" fue l  gas t o  be consumed by the  
power system. The major penal ty  t o  be pa id  due t o  system decoupling is  a 
s ign i f icant  decrease i n  power p l a n t  e f f ic iency  with a r e s u l t a n t  increase 
i n  the cost of e l e c t r i c i t y  (compare the  hea t  r a t e s  of options 1 and 4 as 
wel l  as opt ions 2 and 5 from T a b l e  1). The main advantage t o  be derived 
from decoupling the system i s  the  f a c t  t h a t  engineering for the  f i r s t  of 
such power p l a n t s  could be s t a r t e d  i n  1978. 

Non-integrated g a s i f i c a t i o n  based power systems of the type discussed above 
could m o s t  r ead i ly  be achieved by r e t r o f i t t i n g  e x i s t i n g  power p l a n t s  which 
i n  the near future  w i l l  have d i f f i c u l t y  securing adequate fuel  suppl ies  i . e .  
gas and o i l  f i r e d  b o i l e r s  as wel l  as conventional combined cycle power p l a n t s .  
Such r e t r o f i t t i n g  can be acccomplished i n  one of two d i f f e r e n t  ways. Cen- 
t r a l i z e d  gas i f ica t ion  p lan ts  can be constructed t o  produce intermediate Btu 
f u e l  gas f o r  l imited dis tance p i p e l i n e  d i s t r i b u t i o n  t o  one or more power p l a n t s .  
Alternat ively,  on-si te  r e t r o f i t t i n g  of  individual  power p lan ts  can be affected.  
The remainder of  this paper w i l l  address t h e  above two r e t r o f i t  opt ions and 
w i l l  attempt t o  h ighl ight  the advantages and disadvantages of each. 

Centralized Gasif icat ion P lan ts  

Large (10,000 tons/day coa l  - 30,000 tons/day coal)  cen t ra l ized  g a s i f i c a t i o n  
p lan ts  could be constructed t o  produce intermediate Btu gas f o r  transmission 
t o  a number of power p lan ts .  Such g a s i f i c a t i o n  p l a n t s  would have t o  produce 
250 Btu/SCF t o  300 Btu/SCF gas f o r  two major reasons. F i r s t ,  the  c o s t  of 
pipel ine d i s t r i b u t i o n  f o r  low Btu gas  is excessively high. A l s o ,  it has 
been shown by both Babcock and Wilcox (8) and Combustion Engineering (9) tha t  
r e t r o f i t t i n g  gas and o i l  f i r e d  b o i l e r s  with f u e l  gas having a heat ing value 
much below 250 Btu/SCF w i l l  resul t  i n  a ra ther  se r ious  derat ing of the 
ex is t ing  boi le rs .  

Some of t h e  major advantages and disadvantages o f  la rge  cent ra l ized  gas i f ica-  
t i o n  plants  are  shown i n  Table 4.  
t h e  p o l i t i c a l  and environmental problems associated w i t h  intermediate Btu gas 
transmission shown i n  Table 4 ,  t h e  opt ion of  la rge  cent ra l ized  g a s i f i c a t i o n  
p l a n t s  does not  appear t o  o f f e r  s u f f i c i e n t  economic incent ive t o  be 'g iven  
major consideration by the e l e c t r i c  u t i l i t y  industry a t  t h i s  t i m e .  

Based on the  high c o s t  of fue l  gas and 

Gasif icat ion Plants For On-Site Ret rof i t t ing  

There is an e n t i r e  category o f  gener ic  quest ions associated with on-si te  re- 
t r o f i t t i n g  of conventional steam e l e c t r i c  power p l a n t s  a s  w e l l  a s  combined 
cycle  f a c i l i t i e s  with g a s i f i c a t i o n  systems that are s i t e  s p e c i f i c  i .e.  space 
a v a i l a b i l i t y ,  r a i l  access, coal  supply, environmental requirements (non de- 
gradation s tandards) ,  e t c .  t h a t  need t o  be closely examined before any re- 
t r o f i t  decis ion can be made. The purpose of t h i s  paper i s  t o  poin t  o u t  
some of t h e  technical  oppor tuni t ies  and cons t ra in ts  associated with on-s i te  
r e t r o f i t t i n g  assuming t h a t  t h e  answers t o  the above mentioned generic  ques- 
t i o n s  a re  a l l  pos i t ive .  
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A. Retrof i t t ing  Exis t ing G a s  and O i l  Fi red Boilers  

In  order to  f i r e  coal  derived f u e l  gas i n  an  e x i s t i n g  b o i l e r  designed f o r  
natural  gas or o i l  f i r i n g ,  Combustion Engineering (9) and Babcock and 
Wilcox ( 8 )  both claim that the heat ing value of the  gas should be above 
250 Btu/SCF i n  order  no t  t o  dera te  the  steaming capaci ty  of the b o i l e r .  
Summary r e s u l t s  of the Combustion Engineering (9) study are  shown i n  
Table 5. The heat ing value requirement of the gas employed f o r  t h i s  
s i t u a t i o n  d i c t a t e s  t h a t  the  g a s i f i e r  be oxygen blown. As f u e l  gas f o r  t h i s  
appl icat ion i s  not  needed a t  high pressure,  an atmospheric pressure g a s i f i e r  
could be u t i l i z e d .  Therefore, f o r  b o i l e r  r e t r o f i t t i n g ,  e i t h e r  an oxygen 
blown Texaco g a s i f i e r  or an oxygen blown Combustion Engineering g a s i f i e r  
could be employed. EPRI has  re ta ined  the  Bechtel Power Corporation t o  
study t h e  cos t  of e l e c t r i c i t y  from t h i s  type of  r e t r o f i t .  

I t  i s  the opinion of these authors t h a t  t h e  e l e c t r i c i t y  generated by t h i s  
technique w i l l  be expensive due pr imari ly  t o  the  excessively high hea t  
r a t e s  an t ic ipa ted  f o r  such systems (see Table 1, opt ion 1). Such hea t  r a t e s  
a re  unavoidable f o r  decoupled systems as the e f f ic iency  of the conversion of 
coal  to intermediate Btu gas ranges from 65% t o  75%. These g a s i f i c a t i o n  
e f f i c i e n c i e s  a r e  somewhat lower than the much quoted cold gas e f f i c i e n c i e s  
as  theyinclude the f i r i n g  of up t o  10% o f  the clean f u e l  gas produced to 
supplement superheated steam requirements f o r  the  a i r  separat ion p l a n t  or 
t o  superheat steam generated i n  t h e  gas  coolers  following the g a s i f i e r .  
Dividing the  e x i s t i n g  steam p l a n t  hea t  rates (ranging from 9,500 Btq/kWh t o  
11,000 Btu/kWh) by the f u e l  production e f f i c i e n c i e s  (65% t o  75%) r e s u l t s  i n  
overal l  system heat  r a t e s  i n  the range 13,000 Btu/kWh t o  17,000 Btu/kWh. 
Not only a r e  these high hea t  rates c o s t l y  from a f u e l  consumption poin t  of 
view, they w i l l  a l s o  require  excessively high c a p i t a l  expenditures as the  
gas i f ica t ion  p l a n t  needed to produce 1000 MW a t  a heat  r a t e  of  17,000 Btu/ 
kWh w i l l  be twice the s i z e  of t h e  same capaci ty  system having a hea t  r a t e  of 
8,500 Btu/kwh ( i . e .  an in tegra ted  gasification-combined cycle  power p l a n t ) .  

Notwithstanding the  promise of s u b s t a n t i a l  t ax  incent ives  by the  cur ren t  
adminis t ra t ion f o r  t h i s  type of r e t r o f i t ,  the  f u e l  and c a p i t a l  u t i l i z a t i o n  
e f f i c i e n c i e s  a r e  s u f f i c i e n t l y  poor to  render t h i s  opt ion of low long term 
i n t e r e s t  t o  t h e  bulk of the e l e c t r i c  u t i l i t y  industry.  

8. Retrof i t t ing  Exis t ing O i l  Fired Combined Cycles 

Nost of the s ta tements  made concerning the r e t r o f i t  of e x i s t i n g  steam e l e c t r i c  
power p l a n t s  apply t o  lthe decoupled r e t r o f i t t i n g  of o i l  f i r e d  combined cycle  
equipment with three  d i f fe rences :  

(i) For t h i s  appl ica t ion ,  a pressurized g a s i f i e r  such as t h e  Texaco u n i t  
would be preferred as  fue l  gas  must be del ivered to the gas turbine 
combustor i n l e t  system a t  pressures  ranging from 230 p s i a  t o  280 ps ia .  

(ii) Air or oxygen blowing of the  g a s i f i e r  would be acceptable a s  gas turb ine  
combustors can be modified t o  f i r e  e i t h e r  low Btu gas o r  intermediate 
Btu gas. This statement must be t rea ted  with extreme caution. I f ,  f o r  
example, the g a s i f i e r  i s  a i r  blown and the a i r  i s  not  ex t rac ted  from t h e  
gas turbine a i r  compressor, the turbine would s u f f e r  a major dera t ing  
due t o  the  mismatch between compressor and expansion turb ine  sect ions 
r e s u l t i n g  from the high mass flow r a t e  of  low Btu f u e l  gas. Modification 
of an e x i s t i n g  gas turbine f o r  a i r  ex t rac t ion  i s  not simple and could 
r e s u l t  i n  a high c a p i t a l  c o s t .  
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( i i i ) T h e  overa l l  system hea t  r a t e  would be approximately 10% b e t t e r  than 
t h a t  f o r  the steam e l e c t r i c  power p l a n t  due t o  the higher e f f ic iency  
of the  combined cycle system (see  T a b l e  1, Option 2 ) .  

Although the  decoupled r e t r o f i t  o f  e x i s t i n g  combined cycle systems appears 
t o  be somewhat more a t t r a c t i v e  from a c o s t  and hea t  ra te  point  of view than 
t h e  r e t r o f i t  of e x i s t i n g  steam e l e c t r i c  power p l a n t s ,  the heat r a t e s  and 
c a p i t a l  requirement es t imates  shown i n  Table 1 a r e  s t i l l  too high t o  make 
t h i s  a high p r i o r i t y  opt ion f o r  the  e l e c t r i c  u t i l i t y  industry.  

To t h i s  point ,  the  e n t i r e  r e t r o f i t t i n g  discussion.has been based on the  pre- 
mise tha t  t h e  power production p l a n t  ( i . e .  the steam b o i l e r  o r  the combined 
cycle  system) has a l ready been constructed and operated a t  a s p e c i f i c  si te.  
Based on t h e  preceding discussions,  none of the r e t r o f i t  scenarios involving 
total decoupling of the g a s i f i c a t i o n  p l a n t  and the power system appears to 
o f f e r  an a t t r a c t i v e  baseload opt ion t o  the  e l e c t r i c  u t i l i t y  industry.  

There are ,  however, a t  l e a s t  two addi t iona l  p o s s i b i l i t i e s  for  r e t r o f i t t i n g  
combined cycle power p l a n t s  with g a s i f i c a t i o n  systems t h a t  o f f e r  the poten- 
t i a l  for  lower hea t  r a t e s  and lower c o s t s  than the  decoupled r e t r o f i t  d is-  
cussed previously. These new s i t u a t i o n s  w i l l  be termed in tegra ted  r e t r o f i t s .  

Poten t ia l  f o r  Integrated R e t r o f i t s  

Two types of in tegra ted  r e t r o f i t  p o s s i b i l i t i e s  w i l l  be discussed i . e .  
1) Constructing the g a s i f i c a t i o n  p l a n t  f i r s t  and f i r i n g  the clean f u e l  

gas i n  an e x i s t i n g  b o i l e r .  When the g a s i f i c a t i o n  p l a n t  has been demon- 
s t r a t e d  t o  operate  r e l i a b l y  and e f f i c i e n t l y ,  it can be r e t r o f i t  and in-  
tegrated w i t h  a combined cycle power p lan t .  
Constructing an o i l  f i r e d  combined cycle power p lan t  i n i t i a l l y  t o  be 
r e t r o f i t  and in tegra ted  with a g a s i f i c a t i o n  p l a n t  a t  some later date .  

2)  

A) Integrated R e t r o f i t  - Gasi f ica t ion  Plant  I n i t i a l l y  

The major a t t r a c t i o n  of t h i s  opt ion i s  t h a t  it provides f o r  the e a r l i e s t  
possible introduct ion of coa l  g a s i f i c a t i o n  as  a source of  clean fue l  for  the 
u t i l i t y  industry without the disadvantage of having t o  suf fer  major thermal 
inef f ic ienc ies  f o r  t h e  e n t i r e  l i f e  of  the g a s i f i c a t i o n  p l a n t .  

This could be achieved technica l ly  a t  an ear ly  t i m e  by construct ing a s e l f  
s u f f i c i e n t  oxygen blown Texaco g a s i f i c a t i o n  p l a n t  a t  a u t i l i t y  s i t e  having 
t h e  necessary space requirements a s  wel l  as an o i l  or gas f i r e d  steam elec-  
t r i c  power p lan t .  For the  i n i t i a l  design, steam t o  power the a i r  separat ion 
p l a n t  as w e l l  a s  the oxygen compressors would be generated i n  the g a s i f i e r  
gas coolers and could then be superheated i n  a furnace f i r e d  with clean fue l  
gas .  
e x i s t i n g  b o i l e r  f o r  power production ( a t  an o v e r a l l  system heat r a t e  of 
13,000 Btu/kWh t o  17,000 Btu/kWh). The purpose of t h i s  phase o f  the p r o j e c t  
would be t o  demonstrate the  o p e r a b i l i t y  of the g a s i f i c a t i o n  - gas clean-up 
system under u t i l i t y  operat ing condi t ions.  

The clean intermediate  Btu f u e l  gas produced could be f i r e d  i n  the 

The second phase of  the p r o j e c t  would involve r e t r o f i t t i n g  and in tegra t ing  
t h e  gas i f ica t ion  p l a n t  with a combined cycle system. Major in tegra t ion  
fea tures  would include : 

0 superheating steam produced i n  the  gas i f ica t ion  gas coolers  i n  the 
new heat  recovery steam generator  (HRSG) f o r  introduct ion i n t o  the  
new steam turbine.  
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0 ext rac t ion  of steam from the  new steam turbine o r  HRSG t o  power the  
air separat ion p l a n t ,  oxygen compressors and gas clean-up system. 

0 possibly reheating clean f u e l  gas i n  the new HRSG 

0 supplying hot  b o i l e r  feed water from the  new HRSG to  the  g a s i f i e r  
gas coolers .  

The major purpose of  t h i s  phase of the p r o j e c t  would be t o  demonstrate the  
operabi l i ty  of an in tegra ted  gasification-combined cycle  power p l a n t  ( the  
major incent ive f o r  coa l  gas i f ica t ion)  under u t i l i t y  operat ing condi t ions.  

Some of the advantages and disadvantages assoc ia ted  with t h i s  opt ion a re  shown 
i n  Table 6. In  summary, t h i s  form of r e t r o f i t  provides f o r  t h e  e a r l i e s t  low 
r i s k  introduct ion of  coa l  gas i f ica t ion  f o r  environmentally acceptable  e l e c t r i c  
power generation. The penal t ies  t o  be paid a r e  high cos t ,  l imi ted  capaci ty  
and a r e l a t i v e l y  shor t  p l a n t  l i f e .  

B. Integrated Ret rof i t  - Combined Cycle P lan t  F i r s t  

The major a t t r a c t i o n  of t h i s  opt ion is  t h a t  i t  provides f o r  extremely rapid 
introduct ion of new o i l  f i r e d  baseload capaci ty  without any i n i t i a l  r i s k  
being taken concerning the  i n t e g r a b i l i t y  and o p e r a b i l i t y  of  gas i f ica t ion-  
combined cycle power p lan ts .  

I n i t i a l l y ,  conventional o i l  f i r e d  combined cycle equipment would be i n s t a l l e d .  
Salable e l e c t r i c i t y  could be produced approximately three  years  a f t e r  i n i -  
t i a t i o n  of  p r o j e c t  engineering. A t  some l a t e r  da te ,  a f t e r  demonstration 
of the v i a b i l i t y  of in tegra ted  gasification-combined cycle  power p l a n t s ,  the  
ex is t ing  combined cycle f a c i l i t y  could be r e t r o f i t  and in tegra ted  with a coa l  
gas i f ica t ion  p lan t .  
on the f a c t  t h a t  knowing t h a t  the in tegra ted  r e t r o f i t  i s  t o  take  p lace  
some t i m e  i n  the fu ture ,  t h e  i n i t i a l l y  i n s t a l l e d  combined cycle p l a n t  could 
be designed t o  minimize the  cos t  o f  the  fu ture  r e t r o f i t .  Some key technica l  
quest ions concerning t h i s  type of r e t r o f i t  are:  

One of the major advantages of  t h i s  scenario is based 

0 can the  gas turbine combustor cans be designed f o r  dual  f u e l  
capabi l i ty  i . e .  f o r  f i r i n g  o i l  i n i t i a l l y  and switching t o  low 
Btu or intermediate  Btu gas a t  some l a t e r  time? Such combustors 
a r e  cur ren t ly  being designed by General E l e c t r i c .  

0 I f  the g a s i f i c a t i o n  p l a n t  i s  to be a i r  blown, can the  gas turbine 
wrapper be designed t o  accommodate a i r  e x t r a c t i o n  a t  some l a t e r  da te?  
I f  no t ,  what would be the  c o s t  of changing t h e  wrapper a t  the  time 
of  the r e t r o f i t ?  

0 I f  the g a s i f i c a t i o n  p lan t  i s  t o  be oxygen blown, w i l l  t h e  compressor/ 
turbine mismatch a f t e r  r e t r o f i t t i n g  r e s u l t  i n  a s i g n i f i c a n t  dera t ing  
of the  gas turbine? 

A conventional combined cycle HRSG is  balanced with respec t  to  
steam generation. 
ca t ion  p lan t ,  much interchange of b o i l e r  feed  water and steam must 
take place between the g a s i f i c a t i o n  p l a n t  and the  HRSG. Can the 
HRSG be designed i n i t i a l l y  t o  accommodate the  r e t r o f i t ?  I f  no t ,  
what type of modifications w i l l  have t o  be made t o  the  e x i s t i n g  
HRSG? W i l l  it be cheaper t o  modify the  e x i s t i n g  HRSG than t o  scrap 
i t  and cons t ruc t  a new HRSG? 

0 

For the  in tegra ted  r e t r o f i t  with a Texaco gas i f i -  
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what is the incremental cos t  of  i n i t i a l l y  s i z i n g  power p l a n t  
a u x i l i a r i e s  (i.e. deaerator ,  water treatment, cooling towers, e t c . )  
such t h a t  a t  the  time of the r e t r o f i t  only minor modifications 
would be required? 

Answers t o  these and o ther  technical  questions should be developed as  soon 
as possible  i f  t h i s  form of  r e t r o f i t t i n g  i s  t o  be given ser ious considera- 
t i o n  by the e l e c t r i c  u t i l i t y  industry.  

Some of the advantages and disadvantages of t h i s  type of r e t r o f i t  a re  shown 
i n  Table 7. In  summary, t h i s  opt ion provides the opportunity f o r  rapid in-  
s t a l l a t i o n  of  new o i l  f i r e d  baseload capaci ty  while awaiting the  demonstra- 
t ion  of the gasification-combined cycle power p l a n t  concept. The penal t ies  
t o  be paid a r e  higher than normal c o s t s  associated with the o r i g i n a l  combined 
cycle equipment (which might be more than o f f s e t  by the f a c t  t h a t  the p l a n t  
i s  being constructed a t  an ear ly  date ,  thereby el iminat ing i n f l a t i o n  and 
esca la t ion  cos ts  t h a t  would have been incurred i f  the e n t i r e  p l a n t  had been 
constructed a t  some l a t e r  date) a s  well as  the p o s s i b i l i t y  of owning a p lan t  
f o r  which a guaranteed fue l  supply cannot be assured i f  gasification-combined 
cycle power p l a n t s  do not emerge as  an economic opt ion f o r  e l e c t r i c  power 
generation ,- 

I n  conclusion, it can be s t a t e d  t h a t  the  information presented i n  Tables 6 
and 7 ind ica tes  t h a t  t h e  t w o  forms of in tegra ted  r e t r o f i t t i n g  discussed i n  
this paper have the p o t e n t i a l  f o r  providing a t t r a c t i v e  opt ions f o r  the  e l e c t r i c  
u t i l i t y  industry t o  replace o i l  and gas f i r i n g  with coal  gas i f ica t ion  i n  a 
low r i s k  and timely manner. A number of  unanswered technical  and economic 
questions have t o  be resolved before  these options can be given ser ious  con- 
s idera t ion .  During 1978, E P R I ,  i n  conjunction w i t h  a number o f  member u t i l i -  
t i e s ,  w i l l  attempt t o  f ind  answers t o  most of t h e  major unresolved i ssues .  
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Evaluation of  Coal-Fired F lu id  Bed Combined Cycle Power Plant  

A. J. Giramonti*, J.  W. Smith**, R .  M. Costello***, 
D .  A Huber***, and J. J. Horgan' 

ABSTRACT 

Recent s tud ies  and research ind ica te  t h a t  fluidized-bed combustion systems, 
operat ing a t  atmospheric o r  e levated pressure i n  a combined cycle  power p l a n t ,  o f f e r  
t h e  poten t ia l  f o r  producing e l e c t r i c a l  energy from coal  within present  environmental 
r e s t r a i n t s  f o r  c lean  f l u e  gas emissions and a t  a cos t  l e s s  than  f o r  conventional 
steam power p l a n t s  u t i l i z i n g  low-sulfur c o a l  o r  f l u e  gas cleanup equioment. The 
team of Burns and Roe I n d u s t r i a l  Services Corporation, United Technologies Corpora- 
t i o n ,  and Babcock & Wilcox Company i s  under cont rac t  t o  t h e  Department of Energy t o  
prepare a conceptual design f o r  such a p l a n t .  The major ob jec t ives  of t h i s  program 
a r e  t o  ident i fy  the  technology required t o  develop a coal-f i red pressurized f l u i d  
bed combustor t o  dr ive  an i n d u s t r i a l  gas t u r b i n e  and t o  def ine t h e  technica l  and 
economic c h a r a c t e r i s t i c s  of a nominal 600 Mw base- o r  intermediate-load combined 
cycle  power p l a n t .  

Several cycle configurat ions with var ia t ions  of cycle  parameters were inves t i -  
gated during t h e  course of t h i s  study. These include t h e  considerat ion of d i f f e r -  
en t  pressure ratios, t h e  use of an unf i red  and f i r e d  steam bottoming cycle ,  and 
reheat ing the  gas  stream before t h e  power turb ine .  Eff ic iency est imates  f o r  these  
v a r i a t i o n s  range from about 38 percent  f o r  t h e  unfired waste hea t  system t o  over 43 
percent  for  t h e  reheat system. A s  a r e s u l t  of various trade-off s t u d i e s ,  a commer- 
c i a l  p l a n t  cyc le  arrangement has been se lec ted  which incorporates  a coal-f i red pres- 
sur ized f l u i d  bed combustor, operat ing a t  10 atm and 1650 F, and supplementary 
f i r i n g  of t h e  gas  t u r b i n e  exhaust i n  a coal-f i red atmospheric pressure f l u i d  bed 
b o i l e r  which produces 2400 psig/lOOO F/1000 F steam. 
p i l e  t o  bus bar eff ic iency f o r  t h e  se lec ted  system a r e  around 41 percent  (gross ,  

Preliminary est imates  f o r  coa l  

HHV). 

*United Technologies Corporation 
**gabcock & Wilcox Company 
***Burns and Roe Indus t r ia l  Services  Corporation 
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INTRODUCTION 

Over the years, coal has become a major source of energy for power generation 
by electric utilities. However, it has become apparent that the use of coal 
requires control of the products of combustion to be compatible with the environ- 
ment. This fact, coupled with the increased emphasis on coal usage has created an 
incentive to develop alternate methods of extracting energy from coal in an 
environmentally and economically acceptable way. In addition, it is highly 
desirable that these alternate methods result in more efficient coal utilization. 
Recent studies (1) indicate that the use of gas turbines in conjunction with flu- 
idized bed combustion systems in a combined cycle power plant offer potential for 
satisfying these needs. 

The feasibility of burning coal directly in an open cycle gas turbine was 
investigated by Bituminous Coal Research Inc., as early as 1944 when a coal-fired 
competitor to the diesel engine for railroad applications was being sought. 
intervening years, a number of organizations have attemFted to design and test 
direct coal-fired gas turbines. However, problems with corrosion, erosion, and 
deposition on turbine blading due to the amount and nature of the ash passed through 
the high-temperature combustion zone have prevented the development of a commer- 
cially viable product. 
tion should alleviate the problems. 
(Contract EX-76-c-01-2371) the Burns and Roe Industrial Services Corporation, 
United Technologies Corporation, and the Babcock & Wilcox Company have formed a 
team to investigate the feasibility of a combined cycle plant utilizing a gas tur- 
bine with a pressurized fluid bed combustor. The purpose of this paper is to pre- 
sent important preliminary findings from the first year of effort on the DOE pro- 
gram. Because of the exploratory nature of this effort, some desired technical 
information is not yet available; indeed, more questions might be raised than are 
answered by this discussion, Nevertheless, it is deemed appropriate to present the 
preliminary findings to stimulate early discussion of this promising concept. 

In the 

The low temperatures associated with fluidized bed combus- 
Under Department of Energy (DOE) sponsorship 

AIR-COOLED PRESSURIZED FLUID BEE 

Fluid bed combustion as currently discussed involves the combustion of coal in 
a fluid bed containing a crushed sulfur acceptor such as limestone o r  dolomite. 
Pressurized fluid bed (PFB) combustion is similar to atmospheric fluid bed (AFB) 
combustion except that the process takes place under a pressure of several atmo- 
spheres such as would exist at the exhaust of the compressor of a gas turbine 
unit. 
bine combustor (Figure 1). 
studied by several investigators (2  through 7 ) .  
operated with a PFB combustor burning coal (8). 

PFB combustion, therefore, offers the potential of serving as the gas tur- 
This use of a PFB as a gas turbine combustor has been 

Indeed, a 1-MW gas turbine has 

The temperature of the combustion process would be controlled by heat extrac- 
tion from the bed and/or by controlling the fuel-air ratio in the bed. 
necessary to maintain the PFB temperature at about 1650 F to minimize the release of 

It would be 
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v o l a t i l e  a lka l ine  metal compounds which would otherwise cause severe corrosion i n  
t h e  gas turbine and t o  assure  an operat ing margin below t h e  coa l  ash sof tening tem- 
pera ture  t o  prevent agglomeration within t h e  bed. The low combustion temperature 
a l s o  would r e s u l t  i n  NO emissions t h a t  a r e  lower than t h e  Federal EPA l i m i t s  f o r  
coa l  f u e l .  

X 

Higher PFB operating temperature would be benef ic ia l  t o  cycle performance and 
carbon u t i l i z a t i o n .  
t o r i l y  operated up t o  1750 F without incurr ing problems w i t h  su l fur  re ten t ion  or  
ash s in te r ing ,  bu t  deposi ts  of e l u t r i a t e d  mater ia l  on  t h e  w a l l s  of t h e  primary 
cyclone and i n  t h e  turb ine  could be excessive. 
i n  t h e  l i t e r a t u r e  ( 9 ) ,  a bed operat ing temperature of 1650 F was se lec ted  f o r  
t h e  cycle  analysis  and PFB combustor design.  

It appears ( 9  through 13 )  t h a t  f l u i d  beds could be s a t i s f a c -  

Considering t h e  experience reported 

A s  t h e  mechanical design of t h e  PFB combustor developed it w a s  determined t h a t  
temperatures grea te r  than 1650 F would not  be p r a c t i c a l .  The heat  exchange surface 
within t h e  PFB must be designed f o r  the  bed temperature plus  a margin for  operat ing 
var ia t ions .  
t u r e  was used f o r  the  bed i n t e r n a l s .  At t h i s  temperature l e v e l  the  ava i lab le  mate- 
rials exhibi t  l i t t l e  s t rength.  The lower allowable s t r e s s  leve ls  t h a t  would r e s u l t  
from using higher bed temperature would make such a design impract ical ,  i f  not 
impossible. Also,  while corrosion of t h e  in-bed surface has not  been quant i f ied,  
it would be expected t o  be more severe at higher operating temperatures. 

Consequently, f o r  t h e  1650 F bed temperature a 1700 F design tempera- 

With the PFB process it should be poss ib le  t o  capture  suf f ic ien t  su l fur  prod- 
uc ts  t o  permit use  of high-sulfur coals and s t i l l  meet the  current  EPA l i m i t  of 
1 . 2  l b  S02/106 Btu input .  For a t y p i c a l  3.4 percent  s u l f u r ,  12,000 Btu/lb HHV 
coal  t h e  required su l fur  removal e f f ic iency  i s  about 80 percent. Dolomite appears 
t o  be an e f fec t ive  su l fur  acceptor ,  and ava i lab le  da ta  ( 9 ,  10) ind ica te  t h a t  a 
calcium/sulfur r a t i o  near 1 . 0  should be adequate t o  achieve t h e  desired 80 percent 
s u l f u r  re ten t ion  a t  t h e  se lec ted  bed operat ing condi t ions.  

A low f lu id iz ing  ( s u p e r f i c i a l )  gas ve loc i ty  is desirable  t o  reduce e l u t r i a -  
t i o n  from t h e  bed, thereby reducing both t h e  carbon l o s s  and t h e  required par t ic -  
u l a t e  cleanup duty. It should be noted t h a t  t h e  s i z e  of both t h e  coa l  and 
dolomite feed must be properly r e l a t e d  t o  t h e  f l u i d i z i n g  ve loc i ty ,  w i t h  increased 
ve loc i ty  implying increased s i z e s .  Low ve loc i ty  a l s o  implies a la rger  bed area  
r e s u l t i n g  i n  a shallower bed and, hence, lower bed pressure loss .  A f lu id iz ing  
ve loc i ty  of 2.5 - 3.0 fps  w a s  se lec ted  f o r  the  PFB design r e f l e c t i n g  previous 
work ( 9  through 11). 

Even with low f l u i d i z i n g  ve loc i ty ,  a highly e f f i c i e n t  p a r t i c u l a t e  removal 
system would be required t o  prevent excessive turb ine  blade erosion.  
cos t  of t h e  p a r t i c u l a t e  removal system i s  s t rongly influenced by t h e  volume of gas 
passing through it, one method of reducing the  system cost  would be t o  l i m i t  t h e  
combustion a i r  flow (and hence t h e  d i r t y  gas flow) t o  only as much as  required f o r  
coal  combustion within the  PFB. This could be accomplished by s p l i t t i n g  t h e  com- 
pressor  discharge flow with approximately 25 percent  of t h e  a i r  being routed t o  
t h e  PFB combustion zone and t h e  remainder of t h e  a i r  being routed through t h e  bed 
cooling system cons is t ing  of  tubes immersed within t h e  f l u i d  bed. 
re leased during t h e  combustion process would be t ransfer red  t o  t h e  cooling a i r  

Since t h e  

The heat  
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l e s s  than one-quarter of  t h e  oxygen avai lable  i n  t h e  air ,  the turbine exhaust gas '  
could support considerable f i r i n g  of addi t iona l  coal .  
generator was considered as t h e  means f o r  capturing the  SO2 re leased during the  
f i n a l  combustion process. 
a i r  cooled e i ther  by varying excess a i r  t o  the  bed o r  by using a sp l i t - f low arrange- 
ment  similar t o  t h a t  described f o r  the  PFB i n  Figure 1. 
approach, heat would be recovered from t h e  a i r  and combustion gases i n  a waste heat  
steam generator. 

For t h i s  study, an AFB steam 

The AFB could be steam cooled, as noted i n  Figure 4, or 

With e i t h e r  air-cooled 

The performances of  these various combined cycle configurations and of the  
simple cycle gas turb ine  a r e  compared i n  Figure 5. Selected component e f f ic iency ,  
pressure loss ,  and temperature assumptions used i n  t h e  ca lcu la t ions  a r e  summarized 
i n  Table I. 
eff ic iency (about 38 percent ,  HHV) b u t ,  s ince it requires  combustion at  only one 
point  i n  t h e  cycle, it i s  a less complex configuration than the  o ther  cycles and has 
been u t i l i z e d  as a reference point  i n  the  economic ana lys i s .  The reheat  system 
o f f e r s  the highest p o t e n t i a l  e f f ic iency  (43 percent ,  HHV) but increases  t h e  complex- 
i t y  of the  gas turbine design and requires  a reheat  f l u i d  bed combustor with an 
associated par t icu la te  removal system. The FFB gas turb ine  topping of  t h e  AFB steam 
cycle has a n  a t t r a c t i v e  eff ic iency (approaching 4 1  percent ,  HHV) and shows promise 
f o r  minimum equipment cos t  because of i t s  r e l a t i v e l y  high spec i f ic  work. 

A s  expected, the  waste heat recovery system displays t h e  lowest 

ECOMONIC ANALYSIS 

The se lec t ion  of t h e  commercial p lan t  configuration cannot be made on t h e  bas i s  
of performance alone. The most important se lec t ion  c r i t e r i o n  is overa l l  cost  of 
e l e c t r i c i t y ;  therefore ,  an order of magnitude analysis  w a s  made t o  estimate t h e  
r e l a t i v e  c a p i t a l  and operating costs  of  t h e  a l t e r n a t i v e  configurat ions.  
ing cost  differences due t o  f u e l  consumption were expressed i n  terms of equivalent 
cap i ta l ized  costs  where a one point difference i n  e f f ic iency  would give an equivalent 
f u e l  savings of $10/kW. 

The operat- 

The r e s u l t s  of t h i s  economic screening analysis  a r e  given i n  Table 11. A l l  
costs  a re  given as incremental costs  r e l a t i v e  t o  t h e  unfired waste heat  recovery 
system which was taken as  t h e  base. 
tu rb ine  pressure r a t i o  of 1 0  and t h e  gas turb ine  system with reheat before  t h e  power 
turb ine  have the  lowest evaluated net  r e l a t i v e  cos ts .  The cos t  d i f f e r e n t i a l  between 
these two systems i s  not s t a t i s t i c a l l y  s i g n i f i c a n t .  The power turb ine  reheat  cycle 
requires  a more complex gas turbine design and addi t iona l  hot p a r t i c u l a t e  removal 
equipment. 
the  2.5 atm pressure ex is t ing  at  t h e  reheat  point .  Therefore, it was f e l t  t h a t  t h e  
FFB cycle with an exhaust-fired steam-cooled AFB would o f f e r  less technica l  r i s k .  

The exhaust-fired, steam-cooled AFB with a gas 

In addi t ion,  l i t t l e  data is  ava i lab le  f o r  design of a FFB combustor at 

Capital costs  were not estimated f o r  all major pieces  of equipment o f  systems 
required i n  the p lan t .  
s idered.  Obviously, some major systems (such as t h e  coa l  and sorbent feed systems 
t o  t h e  AFB and t h e  low-pressure reheat PFB combustors) were omitted which would tend 
t o  decrease the advantage o f  t h e  reheat  and exhaust-fired cycles. However, it w a s  

Table I11 contains a l i s t  of those items which were con- 
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f e l t  t h a t  the differences i n  t h e  cos ts  of these  systems would not be l a r g e  enough 
t o  o f f s e t  the differences shown on Table 11. Therefore, there  i s  a s t rong  probabil- 
i t y  t h a t  the t rends shown i n  t h i s  study could be confirmed by more d e t a i l e d  design 
and cos t  estimates of t h e  a l t e r n a t i v e s .  

I t  should be recognized t h a t  t h e  cos t  es t imates  d id  not consider some of the  
mater ia l ,  equipment, and other  balance of  p l a n t  costs  normally associated with the  
items indicated on Table 111. I n  addi t ion ,  l i t t l e  more than conceptual o u t l i n e  
drawings were  avai lable  f o r  many items t h a t  were considered. The bas ic  i n t e n t  of 
the  e f f o r t  w a s  t o  provide a systematic approach f o r  summarizing t h e  r e l a t i v e  pros 
and cons of each cycle on t h e  b a s i s  of t h e  preliminary design def in i t ion  t h a t  w a s  
ava i lab le .  While each pro and con w a s ,  i n  e f f e c t ,  weighted on a cos t  b a s i s ,  it 
would be misleading t o  consider t h e  numbers shown as anything more than rough order  
of magnitude. 

COMMERCIAL PLANT CONFIGURATION 

On the b a s i s  of  t h e  preceeding screening ana lys i s ,  t h e  PFB/AF'B combined cycle 
power plant  was se lec ted  f o r  t h e  commercial plant  conceptual design study. During 
the course of  t h e  design s tudy,  f u r t h e r  optimization of t h e  selected configuration 
l e d  t o  incorporation of th ree  s tages  of regenerat ive feedwater heating and an adjust-  
ment i n  the r e l a t i v e  power s p l i t  between t h e  gas and steam turbines .  
system, i l l u s t r a t e d  i n  Figure 6,  u t i l i z e s  two 63.5 MW gas turbines  with two PFB ' 

combustors per  gas turbine.  The gas turbines  would exhaust in to  a s i n g l e  exhaust- 
f i r e d  AFB steam generator and carbon burnup bed (CBB) which would generate steam a t  
2400 ps ig  1000 F/1000 F t o ' d r i v e  a s i n g l e  461.4 MW steam turbine.  
gross plant output would be 588.4 MW. 
summarized i n  the  l a s t  column of  Table 11. 

The r e s u l t i n g  

The r e s u l t i n g  
Selected performance and cos t  da ta  a re  

The gas turbine assumed f o r  t h i s  study is  a base load design which represents  
a modification of UTC's FT50 gas turb ine  o r  an engine of s i m i l a r  performance and 
physical  charac te r i s t ics .  
temperature and have a l l  necessary ducting t o  allow discharge of compressor air t o  
the PFB combustor and r e t u r n  of hot gases t o  t h e  turb ine .  

It would opera te  at 1O:l pressure ratio with 1600 F i n l e t  

The PFB combustors, depicted i n  Figure 7 ,  would heat  t h e  compressor discharge 

The combustion air would flow 
air from approximately 600 F t o  1600 F. 
the  bottom o f  t h e  re f rac tory  l i n e d  pressure vesse l .  
through bubble caps i n  the  d i s t r i b u t o r  p l a t e  and i n t o  the f lu id ized  bed. The cooling 
air would flow through supply pipes at t h e  d i s t r i b u t o r  p l a t e  t o  t h e  i n l e t  headers of 
the  cooling c i r c u i t s ,  through the  tubes ,  and f i n a l l y  would be co l lec ted  at t h e  hot 
air o u t l e t  manifold. The flow s p l i t  between cooling air and combustion air would 
be control led by b ias ing  valves i n  t h e  hot  air o u t l e t  piping and t h e  hot gas o u t l e t  
piping. 
surface area and a l a r g e  bed volume. The des i re  t o  maintain a low bed super f ic ia l  
ve loc i ty  (of t h e  order of 3 f t / s e c )  i s  compatible with t h i s  la rge  volume and would 
r e s u l t  i n  an expanded bed height  of approximately 22 f t  t o  submerge t h e  cooling 
system within the  bed. 

The compressor discharge air  would en ter  

The heat t r a n s f e r  from t h e  bed t o  t h e  cooling a i r  would requi re  a l a rge  
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Incoloy 800 a l l o y  was se lec ted  f o r  a l l  mater ia l  exposed t o  the  f l u i d  bed. This  
mater ia l  has had grea te r  usage than t h e  other  ava i lab le  high temperature a l l o y s ,  and i t s  
physical propert ies  (forming, welding, e t c . )  a r e  b e t t e r  es tabl ished.  
ava i lab le  corrosion, creep, fa t igue ,  and other  data  ind ica te  t h a t  t h i s  a l loy  should 
give su i tab le  l i f e  f o r  the  cooling system. However, u l t imate  mater ia l  se lec t ion  
must eventually be based on t h e  outcome of  o ther  more r igorous invest igat ions of 
mater ia l  charac te r i s t ics  within a PFB environment. 

Also, cur ren t ly  

Operation at the  elevated temperature of t h e  PFB presents  s ign i f icant  challenges 
i n  designing t o  accommodate t h e  expected thermal expansion. 
cooling system would undergo near ly  1000 F temperature change from t h e  i n l e t  t o  t h e  
o u t l e t  i n  a t o t a l  tube length o f  l e s s  than 26 f t .  In  addi t ion ,  the  cooling system 
from the  d is t r ibu tor  p l a t e  t o  the  o u t l e t  header must be supported by t h e  pressure 
vesse l  which operates a t  a temperature of 250 F. The design philosophy has been t o  
support the o u t l e t  manifold and i n l e t  and o u t l e t  headers of t h e  cooling system from 
the  same elevat ion on t h e  vesse l  wall and t o  use U-shaped cooling tubes between t h e  
i n l e t  and o u t l e t  headers. 

f l e x i b i l i t y  t o  accommodate t h e  d i f f e r e n t i a l  temperature along t h e  length of the  
tube. 

The a i r  i n  t h e  bed 

These U-shaped tubes would be designed with s u f f i c i e n t  

A s  previously noted, a p a r t i c u l a t e  removal system would be required t o  l i m i t  
the  s o l i d  loading enter ing t h e  turbine.  
experience with PFB exhaust gases i n  gas turb ines ,  f u r t h e r ' t e s t i n g  i s  required t o  
determine the  acceptable l e v e l  of p a r t i c u l a t e  concentration i n  t h e  gas enter ing t h e  
turbine.  On the  bas i s  oT l imi ted  data  (141, an est imate  of  allowable gas turb ine  
par t icu la te  loading w a s  made showing t h a t  p a r t i c l e s  grea te r  than 1 0  microns i n  s i z e  
would give unsat isfactory turb ine  l i f e ,  p a r t i c l e s  l e s s  than 2 microns i n  s i z e  would 
have negl igible  e f f e c t ,  and t h a t  some l imi ted  amount of par t icu la te  i n  the  2-10 mic- 
ron s i z e  could be to le ra ted  within t h e  gas turb ine .  These estimates a r e  compared i n  
t h e  top two l i n e s  of Table IV t o  t h e  estimated p a r t i c u l a t e  loading i n  the  gas ex i t ing  
from the  PFB combustor. 

Because of  lack  o f  a c t u a l  operat ing 

Since the design requirements and charac te r i s t ics  of p a r t i c u l a t e  removal systems 
a r e  not f u l l y  known a t  t h i s  time, two d i f fe ren t  technologies were invest igated i n  
developing the  o v e r a l l  p lan t  design. 
flow cyclone and a granular bed f i l t e r ,  both of which a r e  i n  t h e  developmental s tage 
at t h e  temperature, pressure,  and s i z e  required for  t h e  PFB combustion process. 
a theore t ica l  s tandpoint ,  both types o f  p a r t i c u l a t e  co l lec tors  should meet the  
requirements of a commercial p lan t .  The estimated effect iveness  of t h e  p a r t i c l e  
co l lec tors  i s  indicated i n  Table I V  where t h e  c o l l e c t o r  e f f luent  i s  seen t o  s a t i s f y  
t h e  gas turbine requirement. F ina l  d i l u t i o n  of t h e  co l lec tor  e f f luent  with cooling 
air which bypassed t h e  PFB combustion zone should reduce t h e  p a r t i c l e  concentration 
well below t h a t  required f o r  t h e  gas turbine.  
conditions w i l l  ensure t h e  s u i t a b i l i t y  of these co l lec tors .  

The two concepts a r e  a high-efficiency ro ta ry  

From 

Only t e s t i n g  under ac tua l  operating 

The exhaust gases from t h e  two gas turb ines  would be routed t o  t h e  AFB steam 
generator system consis t ing of four AFB main beds i n  one s t r u c t u r e  (Figure 8) and a 
separate  CBB. 
as combustion a i r .  Unburned char e l u t r i a t e d  from t h e  AFB main beds would be 
captured and combusted i n  the  CBB. 
t h e  steam cooling system would be i n  p a r a l l e l  with t h a t  f o r  t h e  m a i n  beds. 

The main beds would combust coal  using t h e  exhaust of t h e  gas turbines  

The CBB would be i n  a separate  enclosure, but 
Most of 
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t h e  superheater surface would be i n  t h r e e  of the  four beds, with t h e  four th  contain- 
ing  only evaporator surface.  The four  main beds would each exhaust hot  gas upward 
i n t o  a common convection sec t ion  of t h e  AFB steam generator .  A l l  of t h e  rehea ter  
tubes and a port ion of t h e  primary superheater  would be i n  t h e  convection sect ion.  
Gas from the  convection sec t ion  would flow i n t o  t h e  economizer sect ion.  The CBB 
would consis t  of t h r e e  beds, each with two compartments for load t u r n  down cont ro l .  
A l l  b o i l e r  surface would be above t h e  beds i n  t h e  convection zone. 

The f l u e  gas from t h e  AFB b o i l e r ,  a f t e r  passing through high ef f ic iency  m u l t i -  
c lones,  go through a high temperature 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 .  
p rec ip i ta tor  would be designed f o r  a maximum temperature of 750 F. 
of f l u e  gas t o  be handled by t h e  p r e c i p i t a t o r  i s  3.2 x l o 6  ACFM. 
would have four  e l e c t r i c  f i e l d s  i n  s e r i e s .  The t o t a l  p a r t i c u l a t e s  emission would 
be l e s s  than 0 .1  l b  per  mi l l ion  Btu of  hea t  input .  The gas stream from t h e  prec ip i -  
t a t o r  would pass through t h e  low l e v e l  economizer t o  t h e  induced d r a f t  fans  and 
s tack.  

The e l e c t r o s t a t i c  
The t o t a l  Volume 

The p r e c i p i t a t o r  

The hypothet ical  Middletom, USA s i t e  w a s  se lec ted  f o r  loca t ion  of  t h e  PFB 
combined cycle power p lan t .  
shown i n  Figure 9. 
switchyard t o  the  e a s t ,  c o a l  and sorbent s torage areas  t o  t h e  south, and wastewater 
t reatment  p lan t  t o  t h e  west. 

An a r e a  s i te  plan f o r  the  prospect ive power p l a n t  i s  
The p l a n t  i s l a n d  i s  c e n t r a l l y  loca ted  with t h e  cool ing tower and 

CONCLUDING REMARKS 

The air-cooled PFB offers  t h e  p o t e n t i a l  of using coal-f i red gas turbines  t o  top 
a more conventional coal-f i red steam plan t .  
p l a n t  has t h e  capabi l i ty  of more e f f i c i e n t  conversion of coa l  t o  e l e c t r i c i t y  wi th  
t h e  p o t e n t i a l  of y ie ld ing  an o v e r a l l  lower cos t  of e l e c t r i c i t y  than can be obtained 
with current  technology. 
hot  p a r t i c u l a t e  removal systems and demonstration of mater ia l  s u i t a b i l i t y .  However, 
t h e  technological challenges facing t h i s  type of system a r e  l e s s  demanding than those 
f o r  o ther  advanced coal-f i red conversion systems present ly  under study because of 
t h e  lower temperatures and reduced degree of coa l  conversion and processing required.  
I n  c losing,  t h e  prospective performance, economic, and environmental advantages of 
combined cycle power p lan ts  using PFB combustors suggest t h a t  development of t h i s  
promising concept be energe t ica l ly  pursued. 

The r e s u l t i n g  combined cycle  power 

The PFB system requires  development of high eff ic iency 
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TABLE I 

SYSTEM ASSUMPTIONS FOR PERFORMANCE ANALYSIS 

Combustion E f f i c i e n c y ,  % 
PFB, main and r e h e a t  
AFB 

Pressure Loss, % o f  l o c a l  gas pressure  

PFB, main and r e h e a t  
Bed 

10 .0  
AFB 9.2 

Temperature, OF 

PFB, r a i n  
PFB, reheat  
AFB 

Bed 

1550 
1 6 5 0  

1550 

Component E f f i c i e n c y ,  % 
E l e c t r i c  genera tor  (steam t u r b i n e )  
E l e c t r i c  genera tor  (gas t u r b i n e )  
E l e c t r i c  motors 
B o i l e r  feed pump 
B o i l e r  feed pump d r i v e  t u r b i n e  
Condensate pump 
ID f an  

i ao  

99 .o 
98.5 

Coo l ing  Tubes 
10.0 ( a i r )  

- (steam) 

Coo l ing  Tubes 
1575 ( a i r )  
1475 ( a i r )  

- (steam) 

98.4 
98.7 
95 .o 
82 .O 
75.0 
82 .O 
70.0 
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TABLE I 1 1  

MAJOR EQUIPMENT INCLUDED IN COST SUMMARY 

S ize  Range 

Gas Turbine L i m i t  

PFB E f f l u e n t  

C o l l e c t o r  E f f l u e n t  

E n t e r i n g  Turb ine 

. Main PFB Coal /Sorbent  Feed System 

. Gas Turb ines/Generators  

. PFB Main Combustors 

. PFB Reheat Combustors 

. AFB Combustors 
(Exc lud ing:  Flues, Duct, Cyclones, 
Fans, Coal/Limestone Feed System) 

, E l e c t r i c a l  Equipment 

. Steam Turb ine/Generators  

. Waste Heat B o i l e r s  

. 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 s  

TASLE I V  

PARTICLE S I Z E  DISTRIBUTION AND LOADINGS 

Pred ic ted  P a r t i c l e  Concentrat ion,  g r / s c f  
Under 2~ 2-1 %I Over 1% 

u n l  i m i  t e d  0.01 n i  1 

0 .3  2.0 6 . 4  

0.06 0.01 0.00 

0.02 0.003 0.000 

1' 
1 
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Fig. 1 

PFB Combustor for Gas Turbine 

Coal + 
sorbent 

1 Ash + spent 
material 

Fig. 2 

Unfired Waste Heat Recovery Cycle 

Comp Turb 
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Air -*- 

1580 F 
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Fig. 3 

Power Turbine Reheat Cycle 

Compr 
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1580 F 

coal 
and sorbent 
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Coal 
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Fig. 4 

Exhaust-Fired Steam-Cooled AFB Cycle 

Cornp Steam to turb 
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Air -*- 

Coal 
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1500 F 
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Fig. 5 

PFB Cycle Performance Comparison 
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Fig. 7 

Pressurized Fluid Bed Combustor 

inlet Air 1 
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Fig. 9 
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for  Coal-Fired U t i l i t y  Boi le rs*  
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KVB, Inc. ,  Tust in ,  C a l i f o r n i a  92680 

and 

D r .  H. Huang 
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INTRODUCTION 

NOX is the remaining major or c r i t e r i a  p o l l u t a n t  t h a t  has  not been e f f e c t i v e l y  
reduced to emission l e v e l s  approaching 10% or l e s s  of those from an uncontrol led 
s t a t i o n a r y  combustion source.  This  i s  p a r t i c u l a r l y  t r u e  a t  the  present  i n  coa l - f i red  
u t i l i t y  b o i l e r s  because of the conversion of  fuel-bound n i t rogen  i n  t h e  c o a l  t o  NO 
during t h e  combustion process .  However, c o a l  i s  o u r  l a r g e s t  n a t u r a l  f o s s i l  f u e l  
resource and DOE is respons ib le  f o r  developing methods of  u t i l i z i n g  c o a l  i n  an 
environmentally acceptable  manner. An important  f a c t o r  i n  meeting f u t u r e  energy 
needs and achieving n a t i o n a l  energy independence is our a b i l i t y  to expand t h e  use of 
c o a l  i n  e l e c t r i c a l  power generat ion.  Cons is ten t  wi th  i t s  r e s p o n s i b i l i t i e s ,  EPA has  
e s t a b l i s h e d  research goals  f o r  NOx emissions with coa l  of 200 ppm by 1980 and 100 ppm 
by 1985. I f  it i s  eventua l ly  shown t h a t  comparable l e v e l s  a r e  necessary t o  maintain 
air  q u a l i t y  s tandards and c o s t - e f f e c t i v e  methods e x i s t ,  then t h e  l ike l ihood of  more 
s t r i n g e n t  new source performance s tandards  (NSPS) i n  t h e  mid-1980's e x i s t s  f o r  coal- 
f i r e d  u t i l i t y  boilers. 

For t h e  reasons o u t l i n e d  above, a need e x i s t e d  to  conduct a comprehensive s t a t e -  
of - the-ar t  review of  a l l  p o t e n t i a l  combustion modif icat ion methods f o r  NOx c o n t r o l  on 
c o a l - f i r e d  uni t s .  Combustion modif icat ion has  i n  t h e  p a s t  been t h e  m o s t  cos t -e f fec t ive  
approach t o  l imi t ing  NOx formation and emissions. With the emergence of s e l e c t i v e  
gas-phase NOx decomposition methods, it was d e s i r a b l e  to a l s o  conduct a review of the  
m o s t  r e c e n t  developments i n  t h a t  f i e l d .  

NOX FORMATION 

Control  of NOx formation during coa l  combustion is p a r t i c u l a r l y  d i f f i c u l t  because 
nitrogen-bearing compounds i n  t h e  c o a l  are oxidized in  t h e  i n i t i a l  s t a g e s  of the  flame 
zone t o  produce " fue l  n i t rogen  NOx". Important  parameters i n  t h i s  process  a r e  l o c a l  
s toichiometry,  temperature, and the res idence  time a t  t h e s e  condi t ions p l u s  t h e  mixing 
condi t ions  f o r  supplemental a i r  addi t ion  and carbon burnout. 

Combustion modif icat ions a l s o  inf luence  t h e  formation of "thermal NOx" a t  high 
combustion temperatures due t o  the  thermal f i x a t i o n  of ni t rogen and oxygen i n  the 
combustion a i r .  
oxygen a v a i l a b i l i t y ,  f u e l - a i r  mixing p a t t e r n s ,  the  presence of h e a t  absorbing i n e r t  
combustion products, combustion a i r  p rehea t ,  l o c a l  hea t  t r a n s f e r  to  ad jacent  cooled 
sur faces ,  e t c .  
NOx emissions s ince  they inf luence both thermal  and fue l - re la ted  NOx. 

Important parameters  t h a t  a f f e c t  peak flame temperature a r e  l o c a l  

Both burner and furnace des ign  a r e  very important f a c t o r s  i n  t o t a l  

*This s tudy w a s  conducted f o r  Argonne Nat ional  Laboratory under Contract  31-109-38-3726 
as p a r t  of an ongoing program, Environmental Control  Implicat ions of Coal U t i l i z a t i o n  
f o r  Power Generation, being conducted i n  t u r n  f o r  DOE. 
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NOx CONTROL METHODS 

One of t h e  purposes of the  s tudy w a s  to  not  only summarize the  technica l  perfor-  
mance of var ious NOX c o n t r o l  methods, b u t  a l s o  t o  p o i n t  ou t  and quant i fy  some of the  
more important opera t iona l  c o n s t r a i n t s  assoc ia ted  w i t h , t h e s e  methods. The s tudy was 
pr imar i ly  concerned with t h e  following cont ro l  methods and opera t iona l  concerns. 

Methods ( o r  Factors)  Concerns 

Low excess a i r  
Staged combust ion  
Flue gas  r e c i r c u l a t i o n  
Corbina t i o n  met hods 
Coal type - bituminous/ 

subbituminous 
Boiler  design - wall  f i r e d ,  

t a n g e n t i a l ,  cyclone 
Burner design - convent ional ,  

low-NOx, advanced concepts 

C o s t  of combustion modif icat ions 
Furnace wal l  cor ros ion  
Tube wal l  e ros ion  
Carbon carryover  
Combust ion s t a b i l i t y  
Load r e s t r i c t i o n s  
Secondary p o l l u t a n t s  
Energy p e n a l t i e s  
R e t r o f i t  a p p l i c a t i o n s  
Impact on a u x i l i a r y  equipment 
operat ion and maintenance 

Available NOx emissions t e s t  program da ta  was examined for  t h e  most preva len t  
b o i l e r  designs and t h e  e f f e c t i v e n e s s  of var ious combustion c o n t r o l  measures is 
summarized i n  Table 1. The cont ro l  method having the  l a r g e s t  NOX reduct ion p o t e n t i a l  
( s h o r t  of reburnering with new low-NOx burners)  w a s  s taged  combustion, accomplished 
e i t h e r  by removing burners  from s e r v i c e  o r  by t h e  u s e  of o v e r f i r e  a i r  (dr iv ing  t h e  
remaining in-service burners  f u e l - r i c h ) .  I n  the  NOx Assessment F ina l  Report (1) 
for  Argonne National Laboratory, NOx reduct ion p o t e n t i a l  summary graphs were prepared 
for  each of the  var ious  cont ro l  methods. Although space l i m i t a t i o n s  preclude showing 
a l l  of t h i s  support ing d a t a  used i n  t h e  prepara t ion  of Table 1, some examples f o r  
burner-out-of-service opera t ion  a r e  shown i n  Figures  1, 2 ,  and 3. 

I t  should be emphasized t h a t  there  a r e  l a r g e  uni t - to-uni t  v a r i a t i o n s  i n  coal-  
f i r e d  u t i l i t y  b o i l e r  NOx emissions, even within the same b o i l e r  design type. This 
i s  due t o  var ied  b o i l e r  geometry with s i z e ,  age, and coal  type. Boi ler  operat ing 
p r a c t i c e ,  maintenance, pu lver izer  s e t t i n g s ,  and coal  c h a r a c t e r i s t i c s  of ten  vary from 
p l a n t  t o  p l a n t  even within t h e  same u t i l i t y .  Frequent ly  a p l a n t  i n  t h e  northeastern 
U.S .  may obta in  coa l  simultaneously from t w o  or t h r e e  sources .  Therefore, it is  not  
unusual to  see  base l ine  NOx emissions vary by a s  much a s  500 ppm f o r  a given b o i l e r  
type (e.g., hor izonta l ly  opposed f i r e d ) .  Because of t h i s  wide v a r i a t i o n  i n  base l ine  
emissions, it f requent ly  i s  more convenient t o  express  t h e  e f f e c t i v e n e s s  of a given 
NOx control  i n  terms of a p o t e n t i a l  percentage NOx reduct ion a s  i n  Table 1 and 
Figures 1 through 3 .  However, it is a l s o  recognized t h a t  many u t i l i t y . a n d  government 
groups a r e  i n t e r e s t e d  i n  t h e  lowest a t t a i n a b l e  "s ta te -of - the-ar t "  NOx emission l e v e l s  
a s  summarized i n  the  t a b l e  below. 

STATUS OF COAL-FIRED UTILITY BOILER NOx CONTROL TECHNOLOGY 
FOR NEW UNITS AND RETROFIT APPLICATIONS 

Lowest At ta inable  NOx Emission Levels 
N e w  Units  R e t r o f i t  

ppm a t  3% O2 lb/MBtu ppm a t  3% o2 l b / m t u  

Wall-Fired 
Single  Face F i red  300-350 0.45 400-500 0.6 
Horizontal ly  Opposed 300-350 0.45 400-600 0.6 

Tangent ia l  250-300 0.45 250-350 0.4 
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For new units, these  emission l e v e l s  a r e  based on t h e  m o s t  r e c e n t  low-NOx burner  
designs (e.g., dual  r e g i s t e r  conf igura t ions  or o v e r f i r e  a i r  on t a n g e n t i a l  u n i t s )  f r e -  
quent ly  employed i n  combination with a compartmentalized windbox and l i b e r a l  furnace 
volumes. R e t r o f i t  emission l e v e l s  shown can be reached by reburnering o r  i n  some 
cases  by c a r e f u l l y  appl ied s taged combustion f i r i n g  modes. Although it is c u r r e n t l y  
p o s s i b l e  to a t t a i n  these NOX l e v e l s  wi th  some consis tency,  t h i s  does =mean t h a t  
- a l l  e x i s t i n g  u n i t s  can be modified to these  l e v e l s  r e g a r d l e s s  of b o i l e r  age, design,  
coa l  type,  e tc .  

OPERATIONAL CONSIDERATIONS 

Previous assessment s t u d i e s  have not  proper ly  evaluated t h e  numerous opera t iona l  
f a c t o r s  t h a t  a r e  of major importance t o  t h e  user  i n  s e l e c t i n g  and implementing a 
combustion modif icat ion technique. Five major t o p i c  a r e a s  were examined a s  p a r t  of  
t h e  c u r r e n t  study: 

1. Problems in design,  i n s t a l l a t i o n ,  opera t ion  and maintenance of a NOx 

2 .  Appl icabi l i ty  of a given technique for  r e t r o f i t  
3. Impact of l o w  NOx modes on o ther  p o l l u t a n t s  
4. E f f e c t  of NOx cont ro l  techniques on the  performance of a u x i l i a r y  equipment 
5. Poss ib le  energy p e n a l t i e s  a s s o c i a t e d  wi th  implementation of a given method 

cont ro l  technique 

Some of  the  more important conclusions a r e  o u t l i n e d  below by cont ro l  method. 

A. Operat ional  Fac tors  - Low Excess A i r  and Staged Combustion-- 

. Low excess a i r  opera t ion  is poss ib le  wi th  NOx reduct ions  of  up to  15% and a 
b o i l e r  e f f i c i e n c y  improvement i f  c a r e f u l  a t t e n t i o n  is pa id  t o  combustion 
uniformity i n  t h e  burner region. Reductions of 35% a r e  poss ib le  with s taged 
combus t ion .  

equipment maintenance is e s s e n t i a l  to t h e  success  of both methods. 

ment and p o t e n t i a l  tube wal l  corrosion must be avoided. 

accommodate l o w  NOx modes. Conservative windbox, furnace and convect ive 
s e c t i o n  designs a r e  recommended. 

. Carbon carryover and p a r t i c u l a t e  loadings a r e  no g r e a t e r  than normal opera t ion  
- i f  t h e  excess a i r  is proper ly  e s t a b l i s h e d  and maintained (as requi red)  f o r  a l l  
loads,  f u e l  types ,  and b o i l e r  condi t ions .  

has been noted b u t  more d a t a  is  needed. 

. Close cont ro l  of l o c a l  and o v e r a l l  a i r / f u e l  r a t i o  and r igorous  combustion 

. Overf i re  air p o r t  conf igura t ions  or burner  p a t t e r n s  r e s u l t i n g  i n  flame impinge- 

. New designs should incorpora te  adequate pulver izer  and fan capac i ty  t o  

. N o  s i g n i f i c a n t  increase  i n  secondary p o l l u t a n t s  o r  impact on a u x i l i a r y  equipment 

B. Operat ional  Fac tors  - Flue Gas Recirculat ion--  

Flue gas  r e c i r c u l a t i o n  w a s  found to be a r e l a t i v e l y  u n a t t r a c t i v e  NOx cont ro l  
method f o r  some of t h e  reasons l i s t e d  b e l o w  ( 2 )  : 

. NOx reduct ions of 15% o r  l e s s  do not  compare favorably wi th  reduct ions  of 25% 

. A measurable e f f i c i e n c y  penal ty  occurs  (approximately 0.5%) wi th  f l u e  gas  

. P o t e n t i a l  problem a r e a s  include tube e ros ion ,  flame s t a b i l i t y ,  fan  v i b r a t i o n ,  

to  35% with s taged  combustion (20% of t h e  burners  o u t  of  s e r v i c e ) .  

r e c i r c u l a t i o n  due t o  the  a u x i l i a r y  load of t h e  fans. 

and increased maintenance. 

190 



C. Operational Factors  - Corrosion, Slagging and Fouling-- 

Staged combustion and low excess  a i r  opera t ion  a r e  t h e  most a t t r a c t i v e  techniques 
f o r  NOx cont ro l  bu t  the  major unresolved i s s u e  concerns whether these Operating modes 
with fue l - r ich  burner  combustion zones tend to  a c c e l e r a t e  b o i l e r  tube wall corrosion. 
Because of the  importance of t h i s  p o s s i b l e  d e t e r r e n t ,  a major subsect ion of t h e  f i n a l  
repor t  was devoted t o  t h i s  top ic .  

Since the  more widespread appl ica t ion  of low NOX operat ing modes tends to hinge 
on t h i s  i s sue ,  t h e  " f a c t s "  concerning corrosion tend t o  be i n  a s t a t e  of d i spute  but  
some of t h e  more important observat ions and recent  f ind ings  a r e  out l ined  below: 

. High temperature f i r e - s i d e  cor ros ion  of water w a l l s  i n  the  r a d i a n t  s e c t i o n  of 
pulver ized coa l - f i red  b o i l e r s  i s  genera l ly  confined t o  a reas  of flame impinge- 
ment and/or s l a g  buildup. . The s lag  depos i t  on a r e l a t i v e l y  co ld  tube wal l  i s  usua l ly  coupled t o  a l o c a l l y  
reducing atmosphere caused by flame impingement. . TWO types of cor ros ive  a t t a c k  have been i d e n t i f i e d  i n  boilers f i r i n g  c o a l s  with 
appreciable  s u l f u r  content ;  a l k a l i  i r o n  b i s u l f a t e  and i r o n  s u l f i d e  modes of  
a t t a c k .  The su l fa te - type  a t t a c k  predominates over  t h e  s u l f i d e  type. . Deposits found on corroded tubes  o f t e n  possess  high a l k a l i  content ,  high SO 
content ,  and high water s o l u b i l i t y .  
with a glossy "enamel" appearance. 

p a s t  with maintenance or adjustments  t o  t h e  p u l v e r i z e r ,  coa l  d i s t r i b u t i o n  pipes ,  
and enforced replacement schedules  f o r  t h e  burner impel lers .  

. Numerous corrosion measurements i n  low NOX opera t ing  modes have been made in  the 
p a s t  wi th  ai r -cooled corrosion probes. These s h o r t  term tests r a i s e  many ques- 
t i o n s  concerning the  v a l i d i t y  of t h i s  technique. More extensive long-term tube- 
panel t e s t s  a r e  necessary t o  reso lve  cor ros ion  concerns. 

Deposi ts  f requent ly  a r e  p a l e ,  b lu ish  w h t e  

. Slaqqing, fou l ing ,  and corrosion problems have f requent ly  been solved i n  t h e  

COST OF COMBUSTION MODIFICATIONS 

One of the  most important f a c t o r s  i n  addi t ion  t o  NOx reduct ion e f f e c t i v e n e s s  and 
opera t iona l  l i m i t a t i o n s  from t h e  u t i l i t y  o p e r a t o r ' s  s tandpoin t  is t h e  c o s t  of combustion 
modifications. Numerous c o s t  analyses  have been conducted under EPA sponsorship f o r  
new u n i t s  and r e t r o f i t  a p p l i c a t i o n s  including those by Combustion Engineering ( 3 )  
and A. D. L i t t l e  ( 4 ) .  Total  c o s t s  have been broken down by annual c a p i t a l ,  opera- 
t i o n a l ,  and f u e l  cos ts .  The r e l a t i v e  c o s t  e f f e c t i v e n e s s  of NOx emissions cont ro l  
on a 600 MW coa l - f i red  u n i t  i s  shown i n  Figure 4. With c u r r e n t  technology, the  cost  
e f fec t iveness  rap id ly  becomes u n a t t r a c t i v e  a t  emission levels approaching 0.4 lb/MBtu. 

ADVANCED NOx CONTROL CONCEPTS 

The t w o  most promising advanced NOx cont ro l  concepts  now undergoing research  
and development a r e  t h e  s e l e c t i v e  gas-phase NOx reduct ion  f l u e  gas  t reatment  systems 
and new advanced burner/boi ler  designs.  

s t u d i e s  by Exxon and KVB have demonstrated NOx reduct ions  up t o  90% when ammonia 
i s  in jec ted  i n t o  f l u e  gas  streams i n  the  v i c i n i t y  of 1750 OF. Laboratory-scale feas i -  
b i l i t y  t e s t s  with ammonia i n j e c t i o n  f o r  c o a l  a p p l i c a t i o n s  has shown t h a t  50% to 80% 
NOX reduct ions a r e  poss ib le  f o r  t h e  c o a l s  t e s t e d .  F u l l  s c a l e  commercialization 
.tudies are cur ren t ly  underway and t h e  p o s s i b i l i t y  of a f u l l  s c a l e  u t i l i t y  boiler 
demonstration t e s t  i n  the  next t w o  or t h r e e  years  is very l i k e l y .  

Advanced burner/boi ler  design concepts have concentrated on combustion methods 
t h a t  w i l l  minimize t h e  conversion of fuel-bound n i t rogen  t o  NOx. Based on recent  
l&oratory and subscale  t e s t s  a t  EPA and EPRI c o n t r a c t o r ' s  f a c i l i t i e s ,  t h e  a t t a i n -  
ment of EPA's research goa ls  of 200 ppm by 1980 and 100 ppm by 1985 a r e  very l i k e l y .  
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 his does not  mean t h a t  a l l  opera t iona l  problems w i l l  be solved and product ion u n i t s  
w i l l  be avai lab le  by t h a t  time. However, r e c e n t  research  programs a t  B&W, KVB, 
Aerotherm, and EER a r e  e s t a b l i s h i n g  t h e  proper  s toichiometry,  temperature, and resi- 
dence times necessary t o  l i m i t  NOx formation t o  l e s s  than 200 ppm i n  these i n i t i a l  
s tages  of d i r e c t  coal  combustion. Research i s  cont inuing i n t o  more complex problems 
of secondary a i r  addi t ion ,  carbon burnout, and containment of fue l - r ich  combustion 
condi t ions  without ex tens ive  m a t e r i a l s  cor ros ion  problems. 

I n  conclusion, continued progress  i s  being made t o  reduce NOx emissions from 
d i r e c t  coal  combustion through low NOx burner  designs,  c u r r e n t l y  capable of l i m i t i n g  
emissions t o  0.6 lb/MEtu and research  des igns  expected t o  meet approximately 0.25 
lb/MBtu emission goa ls  by 1980. 
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MECHANISMS FOR TRACE. ELEMENT ENRICHMENT 
IN FLY ASH D U R I N G  COAL COMBUSTLON 
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INTRODUCTION 

I t  i s  now well established that  t h e  smaller flyash par t ic les  formed d u r i n g  
coal combustion show a significant enrichment o f  several vo la t i le  t race  elements. 
The most widely accepted model fo r  trace element enrichment i n  flyash formation 
involves the volati l ization of these elements d u r i n g  combustion, followed by conden- 
sation o r  adsorption over the available m a t r i x  material (composed primarily of the 
nonvolatile oxides of A l ,  Mg, and Si)  (1).  The larger surface-to-volume ra t io  o f  the 
smaller ar t ic les  leads to  a trace element concentration i n  the free molecule 
regime(2y which is inversely related t o  the par t ic le  diameter. 
faces have been found t o  be enriched i n  several of the same trace elements showing 
enrichment i n  the smaller particles,  supporting this mechanism(3-5). The smaller 
particles,  which show the highest concentrations of several t race  metals, are not  
e f f ic ien t ly  collected by pollution control devices. These par t ic les ,  enriched in 
potentially toxic trace metal, a l so  have the highest atmospheric mobilities and a r e  
deposited preferentially i n  the pulmonary and bronchial regions o f  the respiratory 
system(1). A proper understanding of the  trace element enrichment mechanism i s  a 
necessary prerequisite for  the prediction of the environmental impact of coal-fired 
plants, as  well as fo r  improving the efficiency of pollution control devices. 

Our goal is t o  determine the mechanism fo r  flyash formation, the enrichment of 
certain elements in the smaller flyash par t ic les ,  and the identity of the trace 
inorganic and organic products of coal combustion. In  the i n i t i a l  phase of t h i s  
study, our investigations have centered on the areas described below. 

Indeed, flyash sur- 

A. Surface Studies and Flyash Characterization 

Studies of f l y  ash and flyash surfaces have been undertaken using photoelectron 
spectroscopy, proton induced X-ray emission, secondary ion mass spectrometry, 
Rutherford backscattering, and scanning electron microscopy. Several of these tech- 
niques were used i n  conjunction with sputtering to  obtain concentration vs. sputter- 
ing depth profiles. 
flyash particles as a function o f  par t ic le  s ize  and o ther  charac te r i s t ics .  
studies have provided qua l i ta t ive  and semi-quantitative evidence showing the enrich- 
ment of several vo la t i le  trace elements on flyash surfaces. 

Extensive studies have a l so  examined the various types o f  
These 

B. Flyash Volatilization 

On the assumption that  species volati l ized during combustion and condensed on 
flyash surfaces may be readily volati l ized on heating, two experiments were de- 
signed t o  identify the vola t i le  species. 
heated t o  temperatures up to 1400°C and the vola t i le  components collected for  
neutron activation analysis, 
tained for  several elements including Se, Hg, Br, I and As. 
were heated up to 2000°C i n  a Knudsen c e l l  and the volati le species analyzed by 
modulated molecular beam mass spectrometry; hence, obtaining information on the 
actual molecular species volati l ized. 

First, flyash samples were activated,  and 

Volati l ization v s .  temperature prof i les  have been ob- 
Second, flyash samples 
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C.  Extractions of Organic Matter 

The organic fraction of the collected f l y  ash has been extracted from sized 
flyash fractions by b o t h  solvent extractions and a vacuum extraction of f l y  ash 
heated slowly t o  40OoC. 
techniques. 

These fractions have been analyzed by GC and GC/MS 

0. Analysis of Sized Flyash Fractions 

Flyash samples coliected from the precipitators of two western coal-fired steam 
plants were separated into size fraction u s i n g  a Bahco Microparticle Classifier.  
Separate aliquots of each s ize  fraction were analyzed for  43 major, minor and trace 
elements by X-ray fluorescence CXRF) ,  atomic absorption (AA),  and instrumental neu- 
t ron  activation (INAA), to establish the concentration-particle s ize  dependence fo r  
each element. Replicate analyzes o f  two separate s i ze  fractions have allowed us t o  
assess the heterogeneity of the f l y  ash and sampling e r rors .  Analytical resu l t s  for  
the "best method" a re  collected i n  Tables 1 and 2;  analytical resu l t s  for  the second 
coal-fired plant for  a wider range of particle sizes ( < 0 . 2 ~  to  >150~)  have also been 
obtained. 
flyash particles.  

These resu l t s  provide information on trace Flement eririchment in submicron 

RESULTS AND DISCUSSION 

The analysis of well-defined flyash s ize  fractions offers the most promising 
method for determining the control1 ing mechanisms i n  the volati l  ization-ccndensation 
processes. Surface-depth profiles from sputtering a re  semi-quantitative ( a t  bes t ) ,  
are not usually sensit ive to  trace elements, and  are often dependent on the simul- 
taneous examination of a "f ie ld"  of par t ic les  (or o f  individual par t ic les ,  with 
added problems result ing from low sens i t iv i ty  and the heterogenous nature of f l y  
ash).  These studies also carry the implicit  assumption tha t  diffusion will. not 
significantly d i s t u r b  the surface-depth profile a f t e r  condensation. The observation 
of crystal growth on flyash particles(6) makes th i s  assumption dubious. On the 
other hand, the major requirements fo r  concentration vs. par t ic le  size measurements 
are much more readily fu l f i l l ed ;  the major assumption being that  a f t e r  condensation 
in te rpar t ic le  diffusion i s  negligible. 

Elemental analyses of f l y  ash have often shown an inverse concentration depen- 
dence upon par t ic le  s ize  for  many trace elements. 
rationalized in terms of a Volatilization-Condensation Model (VCM)(l). According t o  
th i s  model, trace elements volati l ized d u r i n g  the combustion process condense upon 
the (mostly) spherical particles of unvolatilized material in the cooler post- 
combustion region. The larger surface-to-mass rat io  of smaller par t ic les  resu l t s  in 
an enrichment of the volati l ized trace elements, having an inverse or an inverse 
squared dependence upon par t ic le  diameter, depending upon the flow regime [i .e. ,  
f ree  molecule or continuum]( 1,2). 

dence of the total  concentration ( C )  upon particle diameter, 

This relationship has been 

The VCM, as proposed by Natusch and coworkers(l,7), predicts an inverse depen- 

where C, i s  the concentration in the matrix upon which the vola t i les  condense, C, is 
the surface concentration, P i s  the density, and D i s  the  par t ic le  diameter. Flagan 
and Friedlander, however, have recently suggested that  a d i rec t  dependence of C on 
D-' should ex is t  only i n  the f ree  molecule regime where the Knudsen number, Kn, i s  
greater than i ( 2 ) .  
that  the totai  concentration will be proportional to 0-'. 

A t  lower values o f  Kn, i n  the continuum regime, they suggest 
This corresponds to a 
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surface layer  thickness which i s  g rea ter  f o r  smal ler  p a r t i c l e s  (p ropor t iona l  t o  D-' ) 
and p red ic t s  a much grea ter  increase i n  the  concentrat ion o f  v o l a t i l i z e d  elements 
fo r  t he  smaller p a r t i c l e  s izes.  

To compare models we have obtained l e a s t  squares f i t s  o f  our experimental r e -  
s u l t s  t o  the models o f  Natusch and coworkers(1) and Flagan and Fr iedlander(2).  
model o f  Natusch and coworkers(l), w i t h  on l y  a few exceptions, provides a s i g n i f i -  
can t l y  be t te r  f i t  than the Flagan and Fr iedlander model(2) t o  the data. 
the fo l low ing  discussion we i m p l i c i t l y  assume a concentrat ion dependence s i m i l a r  t o  
the VCM of  Natusch and coworkers. 

In order t o  increase the f l e x i b i l i t y  o f  the VCM i t  i s  advantageous t o  general- 
i z e  the  model by assuming a d i sc re te  surface l aye r  o f  thickness L t o  be deposi ted 
over a l l  pa r t i c l es .  
cen t ra t ion  i n  the ma t r i x  (Cm), and the  concentrat ion i n  the surface l aye r  (CS) of 
thickness L i s :  

The 

In 

The re la t i onsh ip  between the bu lk  concentrat ion (C), the  con- 

\ ,  

Cmd (D - 2L )3  + CsdSD3 - CsdS(D - 2 L ) j  
e =  

d,(D - 2L) + dSD3 - ds(D - 2L) 2)  

where 

D = p a r t i c l e  diameter 

d, = dens i ty  o f  ma t r i x  mater ia l  

ds = dens i ty  o f  surface l aye r  

Results o f  analyses o f  f l y  ash as a func t ion  o f  p a r t i c l e  s ize  i nd i ca te  t h a t  the 
elements, Mn, Ba, V, C r ,  Co, N i ,  Cu, Ga, Nd, As, Sb, Sn, B r ,  Zn, Se, Pb, Hg and S, 
are most ly v o i a t i l i z e d  i n  the  combustion process (Table 1 ) .  The elements, T i ,  A l ,  
Mg, Na, K, Mo, Ce, Rb, Cs and Nb, appear t o  have a smal ler  f r a c t i o n  v o l a t i l i z e d  
dur ing coal combustion. The remaining elements, S i ,  Fe, Ca, S r ,  La, Sm, Eu, Tb, Dy, 
Yb, Y ,  Sc, Z r ,  Ta, Na, Th, Ag and I n ,  are  e i t h e r  no t  v o l a t i l i z e d  o r  show trends 
which are  not r e a d i l y  ra t i ona l i zed  i n  terms o f  the  simple VCM (Table 2 ) .  

and Mn, which are  t y p i c a l  o f  elements having behavior which may be a t t r i b u t e d  t o  
v o l a t i l i z a t i o n  dur ing  combustion. These data have been f i t t e d  t o  the  VCM using 
Equation 2 ,  i nd i ca ted  by the l i n e s  i n  Figure 1 .  

smal ler  pa r t i c l es  o r  unusual concentrat ion p r o f i l e s .  
a d e f i n i t e  d i r e c t  dependence upon p a r t i c l e  size, making i t  unique i n  t h i s  study 
(Figure 2). 
i ng  L = 0.111, C 
l i n e  i n  Figure I .  

The most i n t e r e s t i n g  t rends w i t h  p a r t i c l e  s ize  are  observed f o r  a group o f  
elements (Ca, S r ,  La, Sm, Eu, Tb, Dy, Yb, Y, Sc and Th) which e x h i b i t  
maxima i n  concentrat ion a t  an intermediate p a r t i c l e  s ize  ( 4 - 8 ~ ) .  These trends are 
most s t r i k i n g  f o r  Ca snd S r  (Figure 3 ) ,  where maxima a t  -4p are observed, confirmed 
by ana lys is  of d i f f e r e n t  samples by AA, XRF and INAA. The s i m i l a r i t y  o f  Ca, Sc, S r  
and Y ,  and the  r a r e  ea r th  elements i s  no t  surpr is ing;  these elements are known t o  
be chemically s i m i l a r .  
but  i t s  lower oxide b o i l i n a  po in t  apparent ly r e s u l t s  i n  s u f f i c i e n t  v o l a t i l i t y  t o  
obscure these trends. Concentration p r o f i l e s  f o r  several o f  t he  r a r e  ea r th  elements 

Figure 1 shows the concentrat ion vs. p a r t i c l e  s ize  data p l o t t e d  f o r  As, Zn, Rb 

The elements l i s t e d  i n  Table 2 show e i t h e r  very l i t t l e  enrichment i n  the  
The concentrat ion o f  S i  shows 

The VCM can be used t o  q u a l i t a t i v e l y  r a t i o n a l i z e  the S i  data; by assum- 
= 35.5%, and Cs = 0 (and dm = dS), one obtains the  f i t  given by the 

d i s t i n c t  

Barium might a l s o  be expected t o  behave i n  a s i m i l a r  fashion, 
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a re  shown i n  Figure 5. 
abundances normalized t o  chondritic values. The REE pattern observed for  f l y  ash is  
similar t o  t h a t  observed i n  apat i te ,  a mineral containing high concentrations of the 
rare earth elements and present as  an  accessory mineral i n  rocks and so i l s .  (Similar 
REE patterns a re  also commonly observed for coal, plant and soil  samples.) 
two plausible explanations for  the observation of a maximum a t  -5p, one involving 
geochemical fractionation, and the second, a combined geochemical-volatil ization 
mechanism. T h e  f i r s t  involves a n  introduction of a geochemical fractionation 
mechanism t o  explain a maximum i n  the Concentration vs. par t ic le  s ize  profile a t  
-411. The second couples a more reasonable geochemical fractionation process with the 
VCM. By assuming a decreasing value of Cm w i t h  par t ic le  s i ze ,  se t t ing  Cs = 0 and 
choosins a f i n i t e  surface layer thickness ( L ) ,  one can obtain maxima in the 
concentration profiles;  a condensed layer 0 . 1 ~  thick can rationalize a maximum 3t 
-511. Since the concentration profile result ing from any geochemical fracrionation 
mechanism i s  unknown, a.precise estimate of L i s  impossible. However, values of 
L 2 0.0511 would be required t o  explain the resul ts .  
importance of possible geochemical fractionation mechanisms, samples of the mineral 
matter obtained by solvent cleaning and low temperature ashing of coal have been 
sized and subjected t o  chemical analysis. 

I n  Figure 6 we have plotted the ra re  ea r th  element CREE) 

There are 

To decermine the re la t ive  

Analysis of the resul ts  i n  Table 1 (and Figure 1 )  shows t h a t  many elements a r e  
only par t ia l ly  volati l ized during combustion, whereas others w e  essent ia l ly  
completely volati l ized. 
terms of siixple parameters, such as the boiling points o r  melting points of the e le -  
ments, their  oxides, or sulfides are only pa r t i a l ly  successful, the best being the 
correlation w i t h  oxide boiling points. This i s  reasonable since oxides a re  known t o  
account for the bulk o f  the f ly  ash and the "inorganic" elements i n  coal often ex i s t  
as  ,oxides, or form the oxide upon heating. While a rough correlation with oxide 
boiling points does ex i s t ,  there are several elements w i t h  oxide b o i l i n g  points above 
160OOC which show appreciable enrichment i n  f l y  ash, including CU, B, T 1 ,  Z n ,  Ba, 
Ga, Cr, Mn, U and Be. A similar lack of correlation i s  observed f c r  elements with 
oxide boiling points of less t h a n  15OO0C, w i t h  several elements showing only limited 
vo la t i l i t y  ( e .g . ,  Cs, L i ,  Rb and Na). 

The reasons for the enhanced vo la t i l i t y  of specific elements may be e i ther  
physical or chemical. The amount of trace element volati l ization which will occur 
d u r i n g  coal combustion will be dependent upon a number of physical parameters, the 
most important being the residence time in the furnace and the concentrations and 
temperature vs. time profiles for  b o t h  the gas and particulate phases. 

The "inorganic" elements (defified here as a l l  elements other t h a n  C ,  H ,  S and  
N)  usually account f o r  between 2% and 40% of the coal by weight, with a range of 5% 
t o  15% being most common. While inclusions of mineral matter account for  the bulk 
of the inorganic elements in coal,  specific trace elements may be primarily asso- 
ciated with the organic fraction of coal. 

The trace elements associated with the organic fraction of coal will be espe- 
c i a l ly  important in determining the gaseous and particulate emissions from coal 
combustion. During combustion, trace elements which are trapped in an  organic 
matrix, or bonded in organic compounds (organometallic spec ies ) ,  may be vola t i l i zed ,  
or form an aerosol of minute par t ic les .  
babil i t y  of being transferred t o  the vapor s t a t e  t h a n  a similar compound associated 
withthemineral fraction. I t  should be noted, however, that  a volati l ization of the 
organically associated elements i s  unnecessary for trace element enrichment; a 

Attempts t o  rationalize the vo la t i l i t y  of elements in 

These elements may have a much higher Dro- 
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f ina l ly  form the f l y  ash. 
ized (or atomized) will be agglomerated with the mineral inclusions as the coal 
particles shrink d u r i n g  the pyrolysis and combustion processes. 
centration vs. particle size dependence predicted by this  model depends on the 
relationship between the i n i t i a l  coal par t ic le  s ize  and the size of the mineral 
i ncl us ion .  

Since insuf f ic ien t  information i s  available to  determine a reasonable model , 
and the fraction of organically associated elements volati l ized [ o r  existing in the  
gas phase as fine par t ic les ,  which will heterogeneously condense on  larger p a r t i -  
cles (2) ]  i s  unknown,  we cannot predict the precise concentration dependence of 
organically associated elements. 
ciated elements will be inversely deDendent U D O n  Darticle s i ze ,  and may be quali ta- 

Organically associated elements which are not volati l-  

The precise con- 

However, the concentration of organically assc-. 

t ively described by the VCM. This, ihe organicaliy associated elements (which ac- 
count for  more than  50% of several elements) must play an extremely important ro le  
in the trace element enrichment oDserved in  emitted flyash a r t i c l e s .  i o  examine 
this theory we have begun sink-float separations of coal *determine the 
organic a f f in i ty  o f  various elements in the feed coal a t  a coal-fired plant. 
These results will be compared w i t h  fiyash enrichment d a t a  i n  our presentation. 

The relationship between the percent of ash volati l ized during coal combustion 
and the surface layer thickness in  the VCM may be explored i f  the particle size 
distribution i s  known. As an approximation we have used the s i ze  distribution d a t a  
obtained by Schulz e t  a l . ( g ) ,  and f i t  t he i r  resul ts  t o  a log-normal distribution 
(Figure 4 ) .  
can integrate over the size distribution and determine t h a t  5% and 282, respective- 
l y ,  o f  the total  ash was volati l ized during combustion. 

In Figure 4 we have also plotted the cumulative volume of the surface layer 
( V s )  over the total  volume o f  al l  par t ic les  (Vt), as a function of particle size 
for a surface layer thickness of 100A. 
Pletely volati l ized (assuming ds = d m ) ,  half of t h e i r  total  mass will be i n  par t i -  
cles of  0 . 3 3 ~  or smaller, and t h a t  more than 50% will be in particles bgtween 0 . 1 ~  
and 1 . 0 ~  in diameter. 
in the collection efficiencies of most emjssion control devices in the same size 
regime. 

pears t o  predict the concentration vs. particle s ize  dependence remarkably we1 1.  
While the agreement may be fortuitous,  as a resu l t  of the complex gas-particle and 
particle-particle interactions during combustion which are only partially under- 
stood(2), the VCM does provide a good empirical f i t  t o  the data,  using parameters 
which may be rationalized in terms of the chemical nature of coal. Our analysis 
has shown the organically associated e l ewnt s ,  which are a major fraction o f  many 
trace elements in coal, play an important role i n  the enrichment of the smaller 
size particles and,  hence, the emissions from coal-fired plants. 

Assuming surface layer thicknesses of 0 . 0 1 ~  and 0 . 1 ~  (and d, = d,): me 

This analysis shows tha t  for  elements 

This resu l t  i s  especially important since there i s  a minimum 

In general, and despite i t s  simplicity and crude approximations, t h e  VCM ap- 
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TABLE 2 

Concentrations as a Function o f  Part ic le  Size fo r  Elements 
Not Showing Enrichment i n  the Smal lev Size Fractionsa 

Element 
Diameterb Sic(%) Fee(%) Ca d (W) Sre Lae Sme E u e  Tbe 

0.5 21.9 3.47 5.14 1600 70.3 8.68 1.95 1.15 
2 23.5 3.20 6.16 2080 73.7 10.9 2.14 1.5 
4 3.22 6.71 2360 76.7 10.5 2.29 1.6 
5 24.3 2.89 6.53 1720 72.8 10.1 2.17 1.4 
8.5 26.7 2.66 5.99 1650 69.6 9.43 1.97 1.3 

12.5 29.4 2.10 3.33 i270 53.4 5.92 1.49 1.1 
15.5 29.4 2.20 3.16 1520 55.7 7.23 1.56 1 . 2  
25 34.3 3.02 2.26 800 41.9 6.00 1.16 0.86 
50 35.8 2.01 (600Id 

I 

I 

I 

Diameterb 0ye Y be Yd SCe Zr i a e  The 

0.5 
2 
4 
5 
8.5 

12.5 
15.5 
25 

7.3 4.26 48 
8.7 4.69 54 
9.6 4.79 61 
a.s 4.96 55 
7.8 5.00 49 
6.6 3.47 37 
7.1 3.49 36 
4.7 3.33 32 

24.6 280 3.2 32.6 
26.8 290 3.0 35.2 
28.7 306 2.9 37.6 
26.9 330 2.7 58.2 
24.7 320 2.8 2 . 8  
17.7 350 2.1 25.6 
18.5 440 2.1 28.4 
13.7 624 1.8 22.8 

--- 50 28 374 

d .  Concentrations i n  PPM cnless otherwise noted. 
b .  Mass median diameter (microns). 
c .  By AA. 
d. By XRF. 
e. By INAA. 
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C r i t e r i a  for S e l e c t i o n  o f  Coal  Addi t ives  

Bruce L .  L i b u t t i  and Rosanna L.  P a l l  

D r e w  Chemical C o r p o r a t i o n  
One Drew Chemical P l a z a  

Boonton, New Jersey 07005 

INTRODUCTION 

Ash d e p o s i t s  are  a major concern  f o r  c o a l  u s e r s .  They can  r e d u c e  
b o i l e r  a v a i l a b i l i t y ,  r e l i a b i l i t y ,  performance and e f f i c i e n c y ,  

The  problems w i l l  become more a c u t e  i n  t h e  n e a r  f u t u r e .  
The energy c r i s i s  demands i n c r e a s e d  use o f  c o a l ,  and problems may be 
expec ted  t o  grow a t  a fas te r  ra te  t h a n  t h a t  of c o a l  u s e .  This i s  
because  d i s r u p t i o n  o f  normal c o a l  s u p p l i e s  may b e  expec ted  as i n c r e a s -  
ed demand p u t s  a s t r a i n  on the supply  and t r a n s p o r t a t i o n  sys tems.  
Ash c o n c e n t r a t i o n  w i l l  become less  p r e d i c t a b l e .  Cooperat ion w i l l  be  
needed among b o i l e r  m a n u f a c t u r e r s ,  c o a l  u s e r s  and c o a l  s u p p l i e r s .  

Chemical t r e a t m e n t  o f f e r s  a means o f  a l l e v i a t i n g  t h e  problems 
caused by c o a l  ash d e p o s i t s .  Treatment  o f  o i l  h a s  been a c c e p t e d  f o r  
a number o f  y e a r s ( l ) ,  b u t  only o c c a s i o n a l  s u c c e s s e s  have been r e p o r t e d  
f o r  c o a l  ( 2 - 6 ) .  

This  paper  p r e s e n t s  a r a t i o n a l  approach t o  t h e  choice  of chemi- 
c a l s  f o r  t r e a t m e n t  of  a s h  from d i r e c t  combustion of c o a l .  It  i s  
hoped t h a t  a p p l i c a t i o n  of t h e  r e s u l t s  o f  t h i s  s t u d y  w i l l  advance t h e  
a r t ,  t o  t h e  b e n e f i t  of  b o i l e r  owners and o p e r a t o r s ,  

D E P O S I T  PROBLEMS 

There a r e  two b a s i c  t y p e s  o f  d e p o s i t  problems,  f u r n a c e  s l a g  and 
f o u l i n g  o f  convec t ion  s e c t i o n s  and s u p e r h e a t e r s .  Corros ion  o f  super -  
h e a t e r s  and s u p p o r t s  i s  a s s o c i a t e d  wi th  t h e  l a t t e r  t y p e  of  d e p o s i t s .  
T h i s  s tudy  i s  a d d r e s s e d  t o  a l l e v i a t i o n  of t h e  f o u l i n g  and c o r r o s i o n  
of  s u p e r h e a t e r s .  , 

The key components i n  s u p e r h e a t e r  c o r r o s i o n  by c o a l  a s h  are khe 
a l k a l i  i r o n  s u l f a t e s .  They are mol ten  at  s u p e r h e a t e r  metal tempera- 
t u r e s  and p a r t i c i p a t e  i n  c o r r o s i v e  r e a c t i o n s ,  d e s t r o y i n g  t h e  p r o t e c -  
t i v e  metal  ox ide  c o a t i n g  and c a u s i n g  r a p i d  c o r r o s i o n .  These compounds 
and t h e i r  m e l t i n g  p o i n t s  a r e  shown i n  T a b l e  1. 

TABLE 1. A l k a l i  i r o n  s u l f a t e s  

M e l t i n g  p o i n t s  O F  

1155 

1274 

1145 

1281 

I n  a d d i t i o n  t o  c o r r o s i o n ,  t h e  a l k a l i  i r o n  s u l f a t e s  may c o n t r i b u t e  
s - i g n i f i c a n t l y  t o  t h e  f o u l i n g  of  s u p e r h e a t e r s  and  t h e  h o t t e r  p a r t s  o f  

I 

I, 

I 

I 

I1 I 

I 

I 
I 

I 

Il 
I 
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convect ion  s e c t i o n s .  The molten s u l f a t e s  can t r a p  o t h e r  a s h  p a r t i c l e s  
and bond them. 

CHEMICAL TREATMENT 

There are two common mechanisms i n  d i r e c t  chemical  t r e a t m e n t  o f  
a s h  d e p o s i t s .  One i s  chemical  r e a c t i o n  o f  t h e  a d d i t i v e  w i t h  t h e  i n j u -  
r i o u s  d e p o s i t  components o r  t h e i r  p r e c u r s o r s  t o  form l e s s  harmful  pro-  
d u c t s .  I n  t h e  c a s e  o f  o i l  a s h ,  f o r  example, magnesium o x i d e  r e a c t s  
w i t h  vanadium p e n t o x i d e  o r  sodium vanadyl  vanadates  t o  form magnesium 
vanadate ,  3MgO*V205, which m e l t s  a t  2179'F. 

and by Rahmel ( 8 ) .  Treatment  w i t h  a l k a l i n e  e a r t h  meta l  compounds w a s  
proposed t o  form compounds such as K2Ca2(SOq)3 and K2Mg2(S04)3 a t  t h e  
expense of t h e  a l k a l i  i r o n  s u l f a t e s .  

The second mechanism i s  p h y s i c a l .  D i l u t i o n ,  format ion  of  a b a r -  
r i e r  l a y e r ,  o r  a b s o r p t i o n  o f  melts can prevent  molten d e p o s i t s  from 
c o n t a c t i n g  t u b e  s u r f a c e s ,  and hence prevent  c o r r o s i o n .  A l l  o f  t h e s e  
phenomena can  a l s o  reduce  t h e  f o r m a t i o n  of  bonded d e p o s i t s .  C e r t a i n  
types  of  s u c c e s s f u l  o i l  a d d i t i v e s  a r e  thought  t o  work i n  t h i s  manner 

Treatment by chemical  r e a c t i o n  h a s  been s u g g e s t e d  b y  B o r i o  ( 7 )  

(1). 

It appears  from e x p e r i e n c e  t h a t  t h e  b e s t  method of  a p p l i c a t i o n  i s  
t o  feed  a d d i t i v e s  i n t e r m i t t e n t l y  and t o  c o o r d i n a t e  f e e d  w i t h  t h e  s o o t -  
blower c y c l e .  The t r e a t m e n t  i s  f e d  immediately a f t e r  t h e  sootb lowers  
have swept t h e  t a r g e t  a r e a ,  s o  as  t o  a l l o w  maximum c o n t a c t  w i t h  i n n e r  
d e p o s i t  l a y e r s .  Great  c a r e  must be e x e r c i s e d  i n  choosing t h e  p o i n t s  
and methods of  a d d i t i o n  t o  a s s u r e  t h a t  t h e  maximum amount o f  a d d i t i v e  
reaches  t h e  t a r g e t  s u r f a c e s .  Success  has been r e p o r t e d  f o r  i n t e r m i t -  
t e n t  f e e d  ( 3 ,  6 ) .  To prevent  c o r r o s i o n  and bonding,  t h e  a l k a l i  i r o n  
s u l f a t e s  i n  t h e  i n n e r  d e p o s i t  l a y e r s  must be a f f e c t e d .  A t t a c k i n g  
t h e s e  compounds w i t h  a d d i t i v e s  i s  f e a s i b l e ,  s i n c e  t h e y  c o n s t i t u t e  a 
r e l a t i v e l y  small  f r a c t i o n  of  t h e  t o t a l  a s h .  Even w i t h  i n t e r m i t t e n t ,  
d i r e c t e d  f e e d ,  however, t he  major barr ier  t o  s u c c e s s f u l  t r e a t m e n t  i s  
d i l u t i o n  o r  b l o c k i n g  o f  t h e  a d d i t i v e  by t h e  b u l k  of  t h e  d e p o s i t s .  It 
i s  t h i s  e f f e c t  o f  t h e  m a t r i x  which c h i e f l y  d i s t i n g u i s h e s  c o a l  t r e a t -  
ment from o i l  t r e a t m e n t .  

S u c c e s s f u l  t r e a t m e n t  w i t h  a d d i t i v e s  f e d  w i t h  t h e  f u e l  i s  u n l i k e l y  
due t o  d i l u t i o n  by t h e  b u l k  of  t h e  b o a 1  a s h .  

PRESENT INVESTIGATION 

This  paper  r e p o r t s  a l a b o r a t o r y  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  
a d d i t i v e s  on s y n t h e t i c  s u p e r h e a t e r  d e p o s i t s  which t a k e s  i n t o  account  
t h e  e f f e c t  of  t h e  m a t r i x .  The e f f e c t  o f  a d d i t i v e s  on a l k a l i  i r o n  s u l -  
f a t e s  was f i r s t  de te rmined .  The experiments  were t h a n  r e p e a t e d  w i t h  
t h e  a d d i t i o n  o f  a t h i r d  component: a m a t r i x  o f  b u l k  c o a l  ash. 

The c r i t e r i a  f o r  s u c c e s s  were t h e  f o r m a t i o n  o f  s o l i d ,  f r i a b l e  re- 
a c t i o n  products  w i t h  t h e  a l k a l i  i r o n  t r i a u l f a t e s  a t  llOOOF and mainte-  
nance of a s o l i d ,  f r i a b l e  product  w i t h  t h e  a d d i t i o n  o f  t h e  a s h  m a t r i x  
up t o  18000F, a r e p r e s e n t a t i v e  gas  t e m p e r a t u r e  a t  s u p e r h e a t e r  banks .  

F r i a b i l i t y  o f  t h e  m i x t u r e  a t  t h e  h i g h e r  tempera ture  was r e q u i r e d  
s i n c e  r e a c t i o n  of t h e  a d d i t i v e s  w i t h  i n n e r ,  s u l f a t e - r i c h  d e p o s i t  l a y -  
ers  w i l l  r e q u i r e  p e r i o d i c  removal  of  o u t e r  l a y e r s  by sootb lowers .  I n  
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p r a c t i c e ,  i f  t h e  a d d i t i v e  and t h e  o u t e r  parts o f  t h e  d e p o s i t  do n o t  
form f r i a b l e  p r o d u c t s ,  a t t e m p t s  a t  t r e a t m e n t  w i l l  s imply powder t h e  
t o p  of growing d e p o s i t s .  

EXPERIMENTAL 

Addi t ives  were h e a t e d  f o r  two hours  w i t h  a l k a l i  i r o n  s u l f a t e s  
under  a h i g h - s u l f u r  t r i o x i d e  atmosphere t o  promote t h e  s t a b i l i t y  of  
t h e  s u l f a t e s .  They were examined a f t e r  h e a t i n g  a t  llOO°F and 1 8 0 0 ~ ~ .  
Appearance w a s  noted v i s u a l l y  and f r i a b i l i t y  was t e s t e d  w i t h  a s p a t u l a  
It was noted whether  t h e  h e a t e d  m a t e r i a l s  had wet t h e  c o n t a i n e r s .  
S e l e c t e d  products  were c h a r a c t e r i z e d  by X-ray d i f f r a c t i o n .  The i n v e s -  
t i g a t i o n s  were r e p e a t e d  w i t h  t h e  a d d i t i o n  of  t h e  a s h  m a t r i x  m a t e r i a l s .  

The equipment i s  shown i n  F i g u r e  1. A commercial S02-a i r  m i x t u r e  
was c a t a l y t i c a l l y  o x i d i z e d  t o  S O 3  over  a V205 c a t a l y s t .  

ADDITIVES AND SYNTHETIC DEPOSITS 

The a l k a l i  i r o n  s u l f a t e s  were prepared  by t h e  w e t  method o f  Corey 
and Sidhu ( 9 ) .  The s y n t h e s i s  and t h e  s t a b i l i t y  of t h e  materials a t  
llOO°F under t h e  e x p e r i m e n t a l  a tmosphere were checked by X-ray d i f f r a c -  
t i o n .  One s i m u l a t e d  a s h  m a t r i x  had a n  e l e m e n t a l  composi t ion  t y p i c a l  
of E a s t e r n  c o a l s .  It was t h e  f o l l o w i n g  m i x t u r e :  S i 0 2  ( 4 0 . 1  weight  % ) ,  
A120 (16.7), Fe20 ( 2 2 . 4 ) ,  C a O  ( 7 . 7 ) ,  MgO ( 0 . 8 ) ,  Na2S04(6.6), and K2- 

?:$ weight  % I ,  A1203 ( l l ) ,  Fe203 ( g ) ,  C a O  ( 2 3 ) ,  MgO ( 8 )  and Na2SO4 ( 2 5 ) .  

t h e  mixture  mel ted  gelow ql800F.  
Higher  tempera tures  would have  i n c r e a s e d  t h e  i n s t a b i l i t y  o f  t h e  s u l f a t e s  
and made t h e  atmosphere more c r i t i c a l .  

f 5 . 9 )  The o t a e r  s i m u l a t e d  Western c o a l  a s h  and conta ined  S i 0 2  

A m i x t u r e  of K Fe(S0 ) and N a  Fe(S04) by weight  was used because  
T z i s  a l l o a e d  s t u d i e s  a t  1100'F. 

The a d d i t i v e s  i n  Table  2 a re  a v a i l a b l e  i n  commercial g r a d e s .  The 
r a re  e a r t h  o x i d e  m i x t u r e  c o n t a i n e d  48% CeO2 and 34% La 0 
t i v e s  were a p p l i e d  a t  a r a t i o  o f  1:l by weight  t o  t h e  &&li i r o n  s u l -  
f a t e  m i x t u r e .  M a t r i x  m a t e r i a l  was added as 1 p a r t  by w e i g h t  t o  1 p a r t  
ddui  ~~ve-tu-~-~~~i-bUl-~d'i;es. 

The addi -  

~. l..L... 

RESULTS AND DISCUSSION 

Without M a t r i x  

Table  2 shows t h a t  e f f e c t i v e  d e p o s i t  c o n d i t i o n i n g  was achieved  
w i t h  a wide r a n g e  of materials i n c l u d i n g  b o t h  a c i d i c  and b a s i c  o x i d e s .  
Mixtures  conta ined  t h e  w e i g h t  r a t i o s  shown. 

TABLE 2.  A d d i t i v e  e v a l u a t i o n ,  no m a t r i x  

Addi t ive  Product  a t  l lOO°F 1800°F 

Cont ro l  mel t  mel t  

MgO powder melt  

C a O  f u s i o n ,  s t i c k i n g  - 
Rare e a r t h  o x i d e  powder melt  
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TABLE 2. Addit ive e v a l u a t i o n ,  no m a t r i x  

A d d i t i v e  Product  a t  llOO°F 

T i 0 2  powder 

MnO f u s i o n ,  no s t i c k i n g  

c uo melt  

Z nO me1 t 

A1203 powder 

s i 0 2  powder 

MgO 66.7/A1203 33.3 powder 

MgO 28.3/A1203 71 .7  powder 

MgO 50.O/siO2 50.0 powder 

CaSi03 s l i g h t  f u s i o n  

1 8 0 0 ' ~  

melt 

f u s i o n ,  m e l t  

f u s i o n ,  s l i g h t  
m e l t  

m e l t  

m e l t  

s l i g h t  f u s i o n  

m e l t  

m e l t  

O f  t h e  t r a n s i t i o n  and p o s t - t r a n s i t i o n  metals only  t i t a n i a ,  t h e  r r e  
ear h oxidealland perhaps manganous o x i d e  were s a t i s f a c t o r y .  T i t t ,  
Lat% and Ce g i v e  a formal  o c t e t  a t  t h e  metal, as d o  t h e  f o r m a l  oxi -  
d a t i o n  s t a t e s  i n  magnesia, alumina, and s i l i c a .  The n o b l e  e l e c t r o n i c  
c o n f i g u r a t i o n  appears  t o  b e  a f a v o r a b l e  f a c t o r .  

It  i s  noteworthy t h a t  calcium and magnesium were n o t  e q u i v a l e n t .  
A r e c e n t  c o r r e l a t i o n  of  c o a l  ash  composi t ion  w i t h  m e l t i n g  b e h a v i o r  ( 1 0 )  
d i s t i n g u i s h e d  elements  o n  t h e  b a s i s  of i o n i c  r a d i i  and i o n i c  p o t e n t i a l .  
Magnesium f e l l  w i t h  S i ,  T i ,  and A l ,  w h i l e  C a  f e l l  w i t h  N a  and K .  The 
same t r e n d  appears  t o  hold  f o r  r e a c t i o n  w i t h  a l k a l i  i r o n  s u l f a t e s .  

Another t r e n d  i s  tha t  w i t h  t h e  s t a b i l i t y  of t h e  s u l f a t e  o f  t h e  
a d d i t i v e .  S a t i s f a c t o r y  a d d i t i v e s  w i t h  s u l f a t e s  u n s t a b l e  a t  l l O O ° F  were 
T i 0  S i 0  and A 1 2 0  . Poor per formers  w i t h  s t a b l e  s u l f a t e s  a t  llOO°F 
i n c s i d e d  ZuO, ZnO, $a0 and MnO. 
Genera l ly  materials w i t h  u n s t a b l e  sul!ates were more e f f e c t i v e .  

MgSO i s  s t a b l e ,  b u t  l e s s  s o  t h a n  CaS04. 

S i n c e  some of t h e  h e a v i e r  e lements  performed p o o r l y ,  a s tudy  was 
conducted t o  assure t h a t  t h e  r e s u l t s  i n  Table  2. were not  b i a s e d  by 
unequal  a d d i t i v e :  s u l f a t e  mole r a t i o s .  It was determined t h a t  one 
mole o f  MgO p e r  0 .23 moles of  t r i s u l f a t e s  was needed f o r  a s a t i s f a c -  
t o r y  product .  A l l  of  t h e  o t h e r  ox ides  were t h e n  r e a c t e d  w i t h  t h e  s u l -  
f a t e s  a t  t h a t  mole r a t i o  and t h e i r  performance r e l a t i v e  t o  MgO was n o t  
changed from t h a t  shown i n  Table  2. 

The a d d i t i o n  of a second component i n c r e a s e d  e f f e c t i v e n e s s  i n  
some c a s e s .  Calcium s i l i c a t e  performed b e t t e r  t h a n  C a O ,  and one MgO- 
A120 
may Zave been due t o  s p i n e l  format ion  a s  shown i n  Table  3 .  

mix ture  was s u p e r i o r  t o  magnesia or alumina a l o n e .  The l a t t e r  
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TABLE 3 .  C r y s t a l l i n e  Reac t ion  Products  

Addi t ives  Temperature  Products  

M go llOO°F MgSO4, K2Mg2(SO4)3,(Ky Na)3 Fe(S04)3* 

MgO 1 8 0 0 ~ ~  MgO, K2Mg2(S04)3, MgFe204* 

A120 3 l lOO°F  A l 2 O 3 ,  ( K ,  N a I 3  Fe(SO4I3 

1800°F A1203, U n i d e n t i f i e d *  A1203 

A 1  03  7 1 . 7  
Mg6 28.3 

l l O O ° F  K2Mg2(S04)3, A1203, U n i d e n t i f i e d *  

1800°F MgA1204, K2Mg2(SO4) 3, U n i d e n t i f i e d *  

* Minor 

The i d e n t i f i c a t i o n  of  t h e  r e a c t i o n  p r o d u c t s  showed t h a t  magnesia 
r e a c t e d  t o  form K Mg (Sob) . 
I t s  b e n e f i c i a l  ef?ecEs werz due t o  d i l u t i o n  and a b s o r p t i o n .  A t  1800°F 
magnesia and alumina r e a c t e d  t o  form t h e  s p i n e l  MgA1204. 
been  shown t o  b e  a n  e f f e c t i v e  a d j u n c t  t o  magnesia f o r  c o n d i t i o n i n g  o i l  
a s h  d e p o s i t s  (ll), and s p i n e l  h a s  been i d e n t i f i e d  i n  t h o s e  d e p o s i t s .  
The same b e n e f i c i a l  e f f e c t  i s  a p p a r e n t  h e r e .  

N o  r e a c t i o n  was a p p a r e n t  f o r  alumina.  

Alumina h a s  

With Matr ix  

The r e s u l t s  i n  Table  4 a r e  c a u t i o n a r y  and provide  no s imple  t r e n d  
t o  a l low one t o  p r e d i c t  t h e  r e l a t i v e  performance o f  t h e  a d d i t i v e s .  

TABLE 4 .  A d d i t i v e  E v a l u a t i o n  w i t h  Matr ix  

A d d i t i v e  Matr ix  Product  a t  1 8 0 0 ~ ~  

C o n t r o l  E a s t e r n  o r  Western m e l t  

MgO E a s t e r n  o r  Western sl. f u s i o n ,  s t i c k i n g  

E a s t e r n  o r  Western s l .  f u s i o n ,  s t i c k i n g  A1203 
s i 0 2  E a s t e r n  o r  Western m e l t  

~ _. - 

MgO 28.3 E a s t e r n  o r  Western powder, some s t i c k i n g  
A1203 71.7 

MgO 50 E a s t e r n  o r  Western powder, some s t i c k i n g  
S i 0 2  50 

CaSi03 E a s t  e r n  
West e r n  

- m e l t  
powder, some s t i c k i n g  

Magnesia, a lumina,  t h e i r  combina t ion  and t h e  m a g n e s i a - s i l i c a  com- 
b i n a t i o n  showed s a t i s f a c t o r y  performance.  B e n e f i c i a l  e f f e c t s  of mix- 
t u r e s  were a g a i n  s e e n  f o r  t h e s e  materials,  as t h e  combinat ions were 
s u p e r i o r  t o  MgO or A1203 a l o n e .  
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However, s i l i c a ,  which performed w e l l  i n  t h e  absence  o f  t h e  m a t r i x ,  
was u n s a t i s f a c t o r y .  The format ion  of t h e  m e l t  w i t h  t h e  E a s t e r n  m a t r i x  
was n o t  p r e d i c t a b l e  by s t a n d a r d  composi t ion-behavior  c o r r e l a t i o n s  ( 1 2 )  , 
The extreme d i f f e r e n c e  for t h e  two m a t r i c e s  w i t h  CaSi03 was a l s o  s u r -  
p r i s i n g .  This  u n p r e d i c t a b i l i t y  i s  a r e f l e c t i o n  of t h e  complex chemical  
system involved .  The complexi ty  may b e  s e e n  i n  m e c h a n i s t i c  s t u d i e s  
which have been r e p o r t e d  ( 1 3 ) .  An e m p i r i c a l  approach i s  s u g g e s t e d ,  

CONCLUSIONS 

The c o r r o s i v e  components of  s u p e r h e a t e r  d e p o s i t s  may b e  chemical ly  
t r e a t e d  by a wide r a n g e  o f  m a t e r i a l s ,  b o t h  a c i d i c  and b a s i c .  They i n -  
c l u d e  magnesia, a lumina,  t i t a n i a ,  s i l i c a  and r a r e  e a r t h  oxides  and t h e i r  
combinat ions.  

Only t h o s e  a d d i t i v e s  which form high-mel t ing  f r i a b l e  products  w i t h  
t h e  a l k a l i  i r o n  s u l f a t e s  i n  t h e  p r e s e n c e  of  a m a t r i x  of b u l k  ash  should  
b e  used.  It  i s  not  p o s s i b l e  t o  p r e d i c t  s u i t a b i l i t y  from composi t ion a t  
t h i s  t ime.  

S u i t a b l e  a d d i t i v e s  may b e  s e l e c t e d  e m p i r i c a l l y  by s t u d i e s  such a s  
t h e  p r e s e n t  one u s i n g  samples o f  t h e  a p p r o p r i a t e  d e p o s i t s .  The s t u d i e s  
may b e  conducted by r e p u t a b l e  chemical  t r e a t m e n t  s u p p l i e r s .  

t o  apply t h e  a d d i t i v e s  i n  such a way t h a t  maximum b e n e f i t s  may b e  
achieved .  Only w i t h  such c o o p e r a t i o n  may t h e  d i f f i c u l t i e s  i n h e r e n t  i n  
a high-ash f u e l  be  overcome. 

S u p p l i e r s  and b o i l e r  o p e r a t o r s  must t h e n  work i n  c l o s e  c o o p e r a t i o n  
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THE RATE AND THE MECHANISM OF THE REACTIONS 

OF HYDROGEN SULFIDE WITH THE BASIC MINERALS IN COAL 

A. Attar and F .  Dupuis 

Department of Chemical Engineering 

Un i vers i ty of Houston 

1.0 INTRODUCTION 

The inorganic matter i n  coal can be c lass i f ied  into three groups of 
minerals according t o  t h e i r  reactions w i t h  hydrogen sulfide ( H  S ) :  
(1) basic minerals, (2) minerals w i t h  c a t a ly t i c  ac t iv i ty ,  and f 3 )  i ne r t  
minerals. In the range of temperatures 200-90OoC, most of the minerals 
a re  ine r t  o r  have a s l i gh t  ca t a ly t i c  ac t iv i ty  on the r a t e  of decomposi- 
tion of H2S. However, the basic minerals react w i t h  H2S and the corre- 
sponding sulfides a re  formed. 
category a re  c a l c i t e  (tr igonal CaCO ), aragonite (orthorhombic CaC03), 
dolomite (CaCO3.MgCO3), s i d r i t e  (Fe803), and t o  some extent montmorilonite 
(clay) (Attar,  1977). 

involves four reactions (Glund et  a l . ,  (1930), Stinnes (1930), Bertrand 
(1937), Parks (1961), and Squires 771972)). 

The  most important minerals i n  this 

The systems of reaction between H2S and a metal carbonate MCO3 

1. Direct reaction of the  carbonate w i t h  H2S: 

MC03 + H2S + MS + H20 + C02 

MC03 -f MO + C02 

MO + H2S -f MS + H20 

(1 1 
2. Decomposition of the carbonate to  the  oxide and C02: 

(2) 

3. Reaction between the oxide and H2S: 

(3) 

4.  Sintering of the oxide and the formation of non-porous materials. 

porous MO 4 non-porous MO (4 )  

Reactions 1. and 2. a r e  para l le l ,  and reactions 3. and 4 .  a r e  para l le l .  
The l a s t  two reactions a re  in ser ies  w i t h  reaction 2. 

b 
,-% non-porous MO 
/ 

C02 + MO (5) 
H2S MS + H20 

\ H2S * MS + CO2 + H20 
MC03 

H2S is  formed i n  coal by the reactions of FeS2 w i t h  hydrocarbons and H , 
(Powell, 1921) and by the decomposition of the organic su l fur  compound% 
Thiessen (1945). In par t icu lar ,  H2S i s  formed when the su l f id ic  functional 
groups decompose t o  H2S and an olefin.  The H2S can react w i t h  the  basic 
minerals and thus, the su l fur  i s  trapped i n  the char i n  the form of the 
sulfide (Armstrong 1939). The kinetics of the reactions of H2S w i t h  
calcined dolomite and c a l c i t e  were studied by Squires and co-workers 
(1970, 1972). 
rate,  and r a t e  constants were derived fo r  the reactions of H2S w i t h  
ca lc i te ,  s i d r i t e ,  dolomite, and montmorilonite. 

In the present work, the  mechanism of the reaction, t h e i r  

2 14 



Complete conversion o f  do lomi te t o  Cas and MgC03 i s  obta inable a t  
570°C, bu t  o n l y  1.8-2.9 W t .  % o f  -200 mesh c a l c i t e  r e a c t i o n  a t  these 
condi t ions (2.1 d / g m  sur face area). 
r e a c t  a t  e s s e n t i a l l y  i d e n t i c a l  ra tes .  
i s  however very s e n s i t i v e  t o  impur i t ies .  

D i f f e r e n t  r a t e  c o n t r o l l i n g  steps l i m i t  the apparent r a t e  o f  con- 
sumption o f  H2S a t  d i f f e r e n t  temperatures. The r a t e  c o n t r o l l i n g  s tep 
depends a l s o  on t h e  p a r t i c u l a r  m a t e r i a l  and on i t s  c r y s t a l l i n e  s t ruc tu re .  
A t  low temperatures, the  r a t e  i s  c o n t r o l l e d  by t h e  r a t e  o f  mass t r a n s f e r  
and by the  r a t e  o f  d i f f u s i o n  o f  C02 i n  MS. A t  in termediate temperatures, 
the  r a t e  o f  consumption o f  H2S i s  c o n t r o l l e d  by the  a v a i l a b i l i t y  o f  f r e e  
surface of MO o r  MCO3. I n  t h i s  range o f  temperature, t h e  carbonates 
decompose according t o  r e a c t i o n  2, a new sur face i s  thus exposed which 
i s  n o t  covered by MS, thus, t h e  e f f e c t i v e  r a t e  o f  consumption o f  H2S 
increases. The a v a i l a b l e  sur face decreases by s i n t e r i n g  when t h e  temper- 
a tu re  i s  too  high, thus t h e  r a t e  o f  consumption o f  H2S may decrease. 
the  r a t e  o f  decomposition o f  MCO3 becomes very large,  the  r a t e  o f  con- 
sumption o f  H2S may be l i m i t e d  by mass t r a n s f e r  i n  t h e  gas. 

The c r y s t a l l i n e  s t r u c t u r e  o f  c a l c i t e  and dolomi te i s  t r i g o n a l  
(Bragg &fi. (1965) p. 127) and i s  b a s i c a l l y  i d e n t i c a l ,  except t h a t  i n  
dolomite a l t e r n a t e  Ca+2 ions  a r e  replaced by Mg+2 ions.  
dimensions r e  d i f f e r e n t  because the  i o n i c  rad ius  o f  Mg+2 i s  0.65 A and 
t h a t  o f  Ca+? i s  0.99 A (Greenwood, 1970). The mechanism o f  t h e i r  r e a c t i o n  
i s  however very d i f f e r e n t .  

and, does n o t  vary  wi th  t h e  conversion (up t o  30 W t .  % conversion). 
Impure dolomi te reac ts  i n i t i a l l y  a t  a much l a r g e r  r a t e  then a f t e r  some 
o f  i t  had been converted. 
i n i t i a l  r a t e  a f t e r  about 4% o f  t h e  mater ia l  had been converted. A t  
570°C c a l c i t e  reac ts  i n i t i a l l y  a t  about t h e  same r a t e  as pure dolomite, 
however, t h e  r a t e  o f  r e a c t i o n  drops t o  n i l  very  r a p i d l y .  We est imate 
t h a t  when a l a y e r  o f  about 7.8 molecules o f  Cas, on the  average, i s  
formed on the  sur face o f  c a l c i t e ,  t h e  d i f f u s i o n  o f  H2S i s  blocked and 
the r e a c t i o n  stops. The l a y e r  o f  Cas breaks a t  around 635-650°C when 
the "pressure" o f  C02 i n s i d e  t h e  CaC03 c r y s t a l  due t o  the  decomposition 
reac t ion  

A t  700°C c a l c i t e  and dolomi te 
The r a t e  o f  r e a c t i o n  o f  do lomi te 

When 

The spacia l  

The r a t e  o f  r e a c t i o n  o f  pure dolomi te w i t h  H2S i s  almost constant, 

A t  570°C t h e  r a t e  drops t o  about h a l f  t h e  

CaC03 + CaO + C02 (7)  

becomes excessive. When t h e  CaS l a y e r  breaks, a new surface i s  exposed 
and t h e  r e a c t i o n  can proceed. 
detected between t h e  r a t e  o f  r e a c t i o n  o f  c a l c i t e  and dolomite. 

Around 700°C no d i f f e r e n c e  could have been 

2.0 EXPERIMENTAL 

Figure 1 i s  a schematic f l o w  diagram which shows the  r e l a t i o n s  among 

The experimental system cons is ts  o f  f o u r  major components: (1)  a 

the var ious par ts  o f  t h e  system. 

d i f f e r e n t i a l  reac tor ,  (2) a pu lse  i n j e c t o r ,  (3) a gas chromatograph w i t h  
a TC detector ,  and (4) an i n t e g r a t o r  wi th  a data system. 
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Figure 2 shows the different ia l  reactor. The shell  ( l ) ,  the tube 
(2) ,  and the f i l l e r s  (3) a r e  made out of quar tz .  The gas i n l e t  and 
out le t  a r e  through a SS connector. 
the wall of a high temperature furnace which temperature i s  controlled 
and monitored. 

controlled gas-chromatograph injector .  The s ize  of the injector  loop 
determines the s ize  of the pulse of H2S which i s  introduced into the stream 
of helium. The helium passed th rough  the reactor and into a chromato- 
graphic column and detector.  

pulse which consists of the reaction products plus the unreacted H2S. 
The mixture of gases i s  separated on the column and detected by the TC 
detector. 
which multiplies the areas by the proper cal ibrat ion factors and pr ints  
the amounts of each component in the pulse of products of the reaction. 
The integrator and the injector  a re  synchronized so t h a t  periodic opera- 
tion i s  possible. 

The over- 
a l l  accuracy of the analysis was a t  l ea s t  10% and usually better than 2% 
based on material balance. 

chromosorb 103 80/?00 mesh a t  90°C . 

except fo r  the ca l c i t e  which was purchased from Fisher Scient i f ic .  

The quartz reactor i s  inserted through 

Pulses of the reactive gas ,  H2S, are fed using a microprocessor 

Each pulse of H2S which i s  injected into the reactor resulted i n  a 

The signal from the detector i s  integrated by a microprocessor 

The repeatabi l i ty  o f  the injections was 0.05% or bet ter .  

Mixtures o f  H S,  Cop,  and H20 were separated on a 6 '  X 1/8" column of 

The various minerals t h a t  were tested were NBS standard minerals,* 

The helium flow was 75 ml/min. 

*We wish t o  thank Dr. J .  C .  Butler, chairperson of the Department of Geology, 
University of Houston, who gave us the minerals. 
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3.0 MATHEMATICAL ANALYSIS 

The r a t e  of the reaction r can be estimated u s i n g  the relation: 

where q i s  the ca r r i e r  r a t e  of flow, W, the weight of material i n  the 
reactor,  Wo the number of moles tha t  were injected i n  a pulse, Wi the  
number of moles of unreacted products, P i  the number of moles of products, 
and a a stoichiometric coefficient.  

The r a t e  of consumption of the so l id  i n  the reactor depends on the 

Extention of the theory t o  other cases i s  s t ra ight  forward. 

amount of solid,  A ,  and on the instantaneous concentration of gas, C ,  
around i t ;  several cases deserve special attention and will be discussed 
i n  de t a i l .  

3.1 

When the r a t e  of reaction depends on the n - t h  power of the weight 

Rate of Reaction Depends on n-Power of the Solid 

of the solid i n  the reactor,  A ,  then:* 

I t  i s  assumed for  the moment tha t  only one reaction takes place. I f  we 
multiply equation (9 )  by q, the volumetric r a t e  o f  flow o f  the gas, and 
rearrange the equation we obtain: 

- -2- d(A1-n) = kqc-dt 1 -n 

Integration o f  the equation f o r  the i - t h  pulse yields 
m 

- -& (Ai’-n - Ai:;) = kqcidt 
ti 

(11) 

If the reaction i s  isothermal and only a small fraction of the pulse i s  
consumed, t h u s  the lower bound on k ,  k l ,  can be obtained by taking c = c 
(feed) 

m m 

klqcdt = k l  qcidt = klWi (12) 
t i  t i  

where Wi i s  the number of moles of HzS tha t  were 
pulse. Combining the l a s t  two equations yields:  

injected i n  the i- th 

(13) 

*This assumption i s  equivalent t o  saying tha t  the  r a t e  of the reaction 
depends on a property of the solid which depends on the n-the power of i t s  
weight e.g., the surface area i s  roughly proportional t o  A2/3. 
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Equation 14 can be used t o  evaluate B f r o m  which the  r a t e  constant k can 
be determined. 

When a small f r a c t i o n  o f  the ma te r ia l  i s  converted, A i  z Ao, a p l o t  
1 B A .  

o f  l o g  -2 vs. i y i e l d s  a s t r a i g h t  l i n e  w i t h  the  s lope log  (1 -  F). 
To evaluate n, several experiments should be c a r r i e d  out w i t h  d i f f e p e n t  
i n i t i a l  amounts o f  the  s o l i d  A,, o r  w i t h  pulses w i t h  a d i f f e r e n t  s ize ,  W.  

The upper bound on the r a t e  constant k,  k,, can be estimated using 
the  value o f  c a t  the o u t l e t :  

c = -  qC0 

q + akAn (16) 

where Co denotes the  concentrat ion o f  the gas i n  the  feed; and (x i s  a 
c o e f f i c i e n t  t o  account f o r  d i f f e r e n c e s  i n  the stoichiometry.  Subs t i tu -  
t i o n  o f  equation (16) i n  equation (9) y i e l d s :  

(A:-" - AI::) + (x (Ai - Ai-l) = -Wi 

~ From ~ s to ichiometry:  

a (Ai-1 - Ai) = ( W .  1 - W i o u t  ) (19) 

Therefore: .* (A]-n - i - 1  = -Wiout (20) 

o r  - -. 1 

(21 1 

2 

The case where n # 1 i n  the fo l l ow ing  

A very important special  case i s  when n = -. Th is  occurs when the  
When the s o l i d  r a t e  o f  reac t i on  depends on the  a v a i l a b l e  surfase area. 

i s  " i n f i n i t e l y  porous" i t  may be 1. 
sect ion.  
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If  At  E Ai-l 1: A. and Wi = W = constant f o r  a l l  i - s  then 

(1-n)klW 
where B = ~ 

9 



3.2 

I f  a l l  t h e  amount o f  the  s o l i d  i n  the  r e a c t o r  i s  equa l ly  a v a i l a b l e  

Rate o f  Reaction Propor t ional  t o  t h e  Weight o f  t h e  S o l i d  

f o r  react ion,  t h e  r a t e  may depend on t h e  f i r s t  power o f  the  weight o f  
the  s o l i d .  

(22) - -  :: = kAC 

The lower bound on t h e  r a t e  constant  can be evaluated from t h e  equation: 

(23) 

Equation (23) can be s i m p l i f i e d  i f  the  s i z e  o f  the  pulses i s  equal, namely 
Wi = W f o r  a l l  i. Then: 

kl A .  
In--!-=-- w 

Ai-, q i 

keW Y = -  q 
A.  

A p l o t  o f  l o g  vs. i should y i e l d  a s t r a i g h t  l i n e  w i t h  the  slope y, 
A0 

when such a model holds. 

The upper bound on k ,  ku, can be evaluated us ing  t h e  equation: 

o r  

kuWi - -  - -  - e  9 
Ai 

kU i 
- Ai = e - - ~ w  
A0 q o  i 

3.3 Evaluat ion o f  t h e  Rate Constants f rom Experimental Data 

The data t h a t  a re  der ived i n  each experiment inc lude t h e  i n i t i a l  
c o n d i t i o n  o f  the  sample, i t s  weight, W,, and i t s  s p e c i f i c  sur face area, 
Sa. The length  o f  t h e  cyc le ,  e i s  u s u a l l y  determined by t h e  d i f f i c u l t y  
o f  t h e  separat ion o f  the  products. The number o f  moles o f  r e a c t i v e  gas 
per i n j e c t i o n ,  W, i s  determined by t h e  f ineness o f  t h e  r e s o l u t i o n  which 
i s  requ i red  o r  by t h e  s e n s i t i v i t y  o f  t h e  experimental system. The value 
of q can be used t o  modify B o r  y ,  however i t  i s  u s u a l l y  d i c t a t e d  by t h e  
separat ion procedure. 

The area o f  t h e  peak o f  unreacted gas from t h e  i - t h  pu lse i s  denoted by 
S i .  and t h e  area o f  the  peak o f  the  i - t h  product from the  i - t h  pu lse  i s  
denoted by Kj, where the response t o  t h e  pulsed gas i s  taken as a u n i t y .  
The t o t a l  weight o f  s o l i d  i n  t h e  r e a c t o r  can r e a c t  w i t h  the  s to ich iomet r ic  

The area o f  t h e  pulse of gas when no r e a c t i o n  occurs i s  denoted by S o .  
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amount o f  gas, W ; the equivalent area t h a t  a peak o f  magnitude W would 
have had i t  denofed by ST. It i s  assumed t h a t  the de tec tors  a re  ?inear,  
therefore,  when a l l  the  weight o f  t he  s o l i d  i s  a v a i l a b l e  f o r  the reac t ion :  

The average r a t e  o f  consumption o f  gas per u n i t  mass o f  s o l i d  i s :  

The ra te  o f  the s ing le  r e a c t i o n  which produces the  j - t h  product i s :  
q s . .  

- =a2 
ri K S  w 

J O S  

Note t h a t  i f  on ly  p a r t  o f  so l i d ,  e.g. on ly  a surface l aye r  on the  top  o f  
each c r y s t a l  reacts,  then ST w i l l  have t o  be determined exper imental ly 
from the r e l a t i o n :  

m 

4.0 RESULTS 

The most important var iab les  t h a t  a f f e c t  the  r a t e  o f  the  consumption 
o f  H2S are the  temperature, t he  t ime-temperature h i s t o r y  o f  the  sample, 
t he  i n i t i a l  cond i t ions  o f  t h e  sample, and the  conversion. 

Two types o f  k i n e t i c  e x p e r i l e n t s  were conducted: 
and ( 2 )  "temperature programmed. 
w i t h  a f i xed  s ize  were i n jec ted ,  and t h e  amounts o f  C02, H20 and unreacted 
H S were determined __ 2 .  .-~.L-.- ~ ana t n e i r  s p e c i t i c  surtace area was detem-ined by Nfadsorpt ion.  

conclusions: (1 )  The t o t a l  number o f  moles o f  MS t h a t  a r e  formed i s  
equal t o  the  t o t a l  number o f  moles of H2S t h a t  are consumed; and a lso  t o  
the  number o f  moles o f  water t h a t  a r e  produced. (2 )  The number o f  moles 
o f  H20 and o f  C02 t h a t  a re  produced i n  reac t i on  1 as a r e s u l t  o f  a given 
pulse of  H2S, i s  equal t o  the  number o f  moles o f  H2S t h a t  a re  consumed i n  
the  react ion.  The number o f  moles o f  H20, i n  excess t o  the  number o f  
moles o f  C02, a r e  formed by reac t i on  3.  Figure  3 shows the  isothermal 
r a t e  o f  consumption o f  H2S by c a l c i t e ,  pure dolomite, dolomite, mont- 
mor i l on i te ,  and s i d r i t e  a t  570°C, as a func t i on  o f  t he  conversion o f  t he  
so l i d .  The r a t e  o f  the  r e a c t i o n  w i t h  H S behaves according t o  one o f  
th ree  modes: 
w i t h  the conversion, bu t  complete conversion i s  obtainable,  (3 )  r a t e  
decreasing very r a p i d l y  w i t h  the  conversion, and complete conversion i s  
not obtainable. 

(1)  "isothermal ." 
I n  add i t ion ,  t h e  raw carbonates were tes ted  by DTA 

I n  each experiment, pulses o f  H2S 

- 

Arguments o f  ma te r ia l  balance can be used t o  deduce the  f o l l o w i n g  

(1) r a t e  independent o f  t i e  conversion, ( 2 )  r a t e  decreasing 
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The r a t e  o f  reac t i on  o f  dolomite a t  570°C as a func t i on  o f  t he  
conversion i s  almost constant. However, a t  700°C the  r a t e  decreases 
s lowly  w i t h  t h e  conversion. The r a t e  o f  reac t i on  o f  c a l c i t e  a t  57OOC 
decreases very sharply, and becomes e s s e n t i a l l y  zero a f t e r  about 2.8% 
of t he  mater ia l  a re  converted. A t  700°C the  ra tes  o f  conversion o f  
dolomite and c a l c i t e  t o  MS a r e  the  same. 

FeO and C02 a r e  formed. The decomposition o f  s i d r i t e  i s  complete a t  
495"C, FeO s i n t e r s  much more r a p i d l y  then CaO. 
surface area o f  FeO decreases when the  s i d r i t e  i s  heated f o r  prolonged 
times above 500OC. Figure 4 shows the  r a t e  o f  consumption o f  H2S by 
decomposed s i d r i t e  t h a t  was kept 2-1/4 and 5-1/4 hours a t  635°C. 

and s i d r i t e  which temperature was increased a t  about 3.3 "C/min. The 
data were not cor rec ted  f o r  t h e  conversion o f  the mater ia l ;  t h e  e f f e c t  
o f  t he  c o r r e c t i o n  i s  more important a t  the higher temperatures. The 
r a t e  o f  consumption o f  H2S by c a l c i t e  and dolomite seems t o  be very 
s i m i l a r  above 650°C, however, d i f f e r e n t  ra tes  are observed below 650OC. 
Figure 6 shows the  r a t e  o f  e v o l u t i o n  o f  C02 from c a l c i t e  and dolomite 
as a r e s u l t  o f  r e a c t i o n  1. The data show very c l e a r l y  t h a t  t he  r a t e  o f  
evo lu t ion  o f  C02 f r o m  c a l c i t e  decreases w i t h  the temperature up t o  635°C 
but then i t  increases very r a p i d l y  and a t  about 700°C it becomes i d e n t i c a l  
t o  the  r a t e  o f  evo lu t ion  o f  C02 f r o m  dolomite. The r a t e  o f  e v o l u t i o n  o f  
C02 from dolomite increases monotonical ly w i t h  the temperature. 
should however be noted t h a t  the  apparent decrease i n  the  r a t e  i s  due t o  
the  coverage o f  t he  surface by Cas and the c rea t ion  o f  res is tance t o  
mass t r a n s f e r  o f  C02. 
reac t ion  o f  c lean surfaces). The r a t e  o f  evo lu t ion  o f  C02 t h a t  r e s u l t s  
f r o m  the  thermal decomposition o f  t he  carbonate, shows as a continuous 
d r i f t  i n  the de tec tor  base l i n e .  The decomposition o f  c a l c i t e  and 
dolomite t o  CaO were complete a t  810°C and the  decomposition o f  s i d r i t e  
was complete a t  495OC. 
reac t i on  3. The data show t h a t  the r a t e  o f  evo lu t ion  o f  water becomes 
almost constant a t  temperatures above 685°C where no more C02 i s  formed 
by r e a c t i o n  1. 

5.0 DISCUSSION OF THE RESULTS 

S i d r i t e  decomposes a t  much lower temperatures than CaC03 o r  dolomite, 

Thus the  a v a i l a b l e  

F igure  5 shows the  r a t e  o f  consumption o f  H2S by c a l c i t e ,  dolomite,  

I t  

(The p l o t t e d  r a t e  i s  no t  the i n i t i a l  r a t e  o f  

F igure  7 shows the  r a t e  o f  format ion o f  water by 

The discussion i s  d i v i d e d  i n t o  two pa r t s :  

5.1 The Mechanism o f  t he  Reactions 

The r a t e  o f  consumption o f  H2S i s  influenced by the  ra tes  o f  reac t ions  

discussion o f  the  mechanism 
o f  t he  react ions,  and discussion o f  the ra tes  o f  the reac t ions .  

1-4, which takes place simultaneously, and by the r a t e  o f  mass t r a n s f e r  o f  
HzS, H20, and CO through the  layer  o f  product MS which i s  formed on the  
surface o f  t he  ME03 c rys ta l s .  The r a t e  o f  the  chemical reac t ions  i s  a 
a strong f u n c t i o n  o f  the temperature, therefore,  d i f f e r e n t  reac t ions  may 
dominate a t  d i f f e r e n t  temperatures. I n  pa r t i cu la r ,  the  r a t e  o f  decompo- 
s i t i o n  o f  CaC03 and o f  dolomite ( reac t i on  2) becomes very l a r g e  a t  
temperatures above 739°C. Therefore, l a rge  amounts o f  MO a r e  produced 
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which competes w i t h  the  MCO3 on the a v a i l a b l e  H2S. Since CaO reac ts  w i t h  
HzS more r a p i d l y  than CaCO , the  apparent r a t e  o f  consumption o f  H2S by 
the  mixture o f  CaO-CaC03 a? temperatures above 730°C i s  s i g n i f i c a n t l y  
l a r g e r  then a t  lower temperatures. Mass t rans fe r  i n  the gas may a lso  
become the l i m i t i n g  s tep  a t  very h igh  temperatures. 

The r a t e  o f  mass t r a n s f e r  i n  the s o l i d  may l i m i t  the  apparent r a t e  
o f  reac t i on  by prevent ing  the  reagent H S from reaching the reac t ion  
metered, o r  by p revent ing  the  products EO2 and H20 from escaping out. 
The r o l e  tha t  the product MS p lays  depends on the c r y s t a l l i n e  s t ruc tu re  
o f  MS and t h a t  o f  "host"  c r y s t a l ,  the MO o r  the MC03. I f  the  c r y s t a l l i n e  
s t ruc tu res  o f  MS and t h e  host a re  "compatible" so t h a t  the  l aye r  o f  MS 
can adhere t o  the sur face  o f  t he  host, (as a s o l i d  so lu t i on )  then 
res is tance t o  mass t r a n s p o r t  w i l l  be created as a r e s u l t  o f  the reac t ion .  

Figure 3 shows t h a t  a t  57OOC c a l c i t e  stops t o  reac t  a f t e r  about 
2.8 W t .  % o f  the  -200 mesh mater ia l  was converted. Dolomite, which has 
the  same c r y s t a l l i n e  c o n f i g u r a t i o n  continues t o  reac t  al though the  i n i t i a l  
r a t e  o f  the r e a c t i o n  depends on the impur i t i es  i n  the ma te r ia l .  Dolomite 
and c a l c i t e  have t h  same c r y s t a l l i n e  s t ruc tu re ,  except t h a t  i n  dolomite 
every a l t e r n a t e  Ca+? i o n  i s  replaced by a Mg+2 ion .  Had a l l  the components 
o f  dolomite been r e a c t i v e ,  one would expect t h a t  MgS and Cas w i l l  be formed 
as a r e s u l t  o f  the  r e a c t i o n s  w i t h  H2S. 
formed since MgC03 does n o t  reac t  w i th  H2S a t  570°C. 
t inuous  l aye r  o f  Cas can no t  be formed on the surface o f  dolomite bu t  it 
can be formed on the  sur face  o f  ca l c i t e .  
average thickness o f  about 7.8 molecules i s  formed on the  surface o f  the  
c a l c i t e ,  a t  l e a s t  one o f  the  gases C02, H20, o r  CO2 can no t  d i f f u s e  
through i t  anymore and r e a c t i o n  1 stops. 

However, a t  570°C on ly  Cas i s  

Therefore, once a l aye r  o f  

Therefore, a con- 

It i s  p l a u s i b l e  t h a t  the  reac t i on  between H2S and c a l c i t e  stops 
because CO cannot d i f f u s e  through a l aye r  o f  Cas. One evidence which 
supports t f i s  theory  i s  t h a t  CaO reacts w i t h  HzS according t o  reac t ion  
3 and i s  completely converted t o  Cas. Had Cas been impermeable t o  H20 

conversion t o  Cas. 
~ 

~ _ _  or  t o  H25, t he  r e a c t i o n  02 CaO should have a lso  stopped before complete 

The l a t t e r  theory i s  supported by the  experimental evidence o f  C02 
by r e t e n t i o n  1 and o f  t h e  absorpt ion o f  H2S by reac t ions  1 and 3 as a 
f u n c t i o n  o f  the  temperature. The experiment was conducted as fo l lows:  
f i r s t  t h e  surface o f  t he  c a l c i t e  was reacted w i th  H2S a t  590°C u n t i l  the 
r e a c t i o n  stopped, and then the  temperature was programmed up slowly w h i l e  
i n j e c t i n g  small pulses o f  H2S t o  study the  r e a c t i v i t y  o f  the mater ia l .  
The data shows c l e a r l y  t h a t  around 640°C the l aye r  o f  Cas breaks, new 
surfaces o f  CaO + CaC03 a r e  exposed and reac t ions  1 and 3 can commence. 
The e q u i l i b r i u m  pressure o f  CO2 a t  64OOC i s  est imated t o  be about 0.02 
atms. Such a pressure i s  apparent ly s u f f i c i e n t l y  la rge  and can break 
the  l aye r  of Cas. 

The c r y s t a l l i n e  s t r u c t u r e s  o f  FeO and FeS are  d i f f e r e n t  and apparent ly 
FeS does not adhere t o  t h e  surface o f  FeO. Indeed, even i f  i t  adheres, 
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FeS seems t o  permit diffusion of H2S since reaction 3 can proceed a t  570°C 
into completion. However, limited resistance t o  mass t ransfer  i s  observed 
when 3-4 W t .  % of the material i s  converted. 

i t s  available surface area decreases very rapidly w i t h  time. 
that  a t  570"C, equation (14) with n = 2/3 f i t s  the data very adequately, 
b u t  a t  635°C or  700°C the description i s  inadequate. 
derived from equation (9) in which the sintering effect  which reduces the 
surface area was n o t  taken into consideration. Note that an increase in 
the temperature resul ts  in an increase in the r a t e  constant of reactions 
3 and 4.  The l a t t e r  reaction reduces the surface area which i s  available 
for reaction with H2S according to reactions 1 and 3. 

FeO s in t e r s  a t  a much larger r a t e  than CaO, and a t  high temperatures 
Figure 8 shows 

Equation (14) was 

5.2 Quantitative Rate Data 

Rate data on some selected systems i s  presented in Table 2. The 
data were derived on samples of par t ic les  -200 mesh, of about 0.1-0.2 gm 
each. Unless otherwise specified, the material was permitted t o  equi l i -  
br ia te  2-1/4 hours a t  the reaction temperature. 
has been used t o  evaluate the lower bound on the r a t e  constant. 

done with caution, since they have greatly different  values in different  
temperature regions. A summary of the data i s  given in Table 2. 

Equation (14) w i t h  n = 2/3 

The evaluation of the activation energies and the i r  use should be 

TABLE 2 

Activation Energies fo r  the Rate of Consumption 
of H7S by Minerals 

Mater i a 1 T O C  Range Controlling Mechanism Ea kcal/mole 
%30% 

Calcite 

Calcite (with 
CaO) 

Calcite (with 
CaO) 

Dolomite 
Dolomite ( w i t h  

Ca0.MgC03) 
S id r i t e  (with 

FeO) 
FeO 

560 Diffusion of gas 0.0 
through Cas 

560-670 Rate of reaction 19.0 

670 Rate of gas-phase 4.0 
J mass transfer 

640 Rate of reaction 12.2-1 3.5 
640 ' Rate of gas-phase 2.4 

460 Rate of reaction 15.2 
mass transfer 

460 Rate of gas-phase 0.0 
+ mass transfer and 
sintering 
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In general, mass transfer controls when the reacting material is a 
carbonate, and the rate of reaction (2) or the rate of gas-phase mass transfer 
will control when the reacting solid is the oxide. Small activation 
energies (0-4 kcal/mole) are observed when the carbonate reacts and 
30-45 kcal/mole are observed when the oxide reacts. Note should however 
be made of the decomposition reaction 2 in which the carbonate is trans- 
formed into an oxide. This reaction can not be controlled and it tends 
to activate the solid even when the carrier gas contains C02 (the rate 
of reaction 2 is suppressed in the latter case). 
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INTRODUCTION 

I n  the  pas t  15 yea rs  much work has been done on t h e  i d e n t i f i c a t i o n  o f  i n d i -  
v i d u a l  compounds i n  t h e  branched-p lus-cyc l ic  p a r a f f i n  hydrocarbon f r a c t i o n s  f rom 
Green River  o i l  s h a l e  bitumens; i.e., on t h e  smal l  amount o f  m a t e r i a l  t h a t  can b e  
s o l v e n t  e x t r a c t e d  from t h e  shale. Cumins and Robinson ( I )  i d e n t i f i e d  the  C-16, 
C-18. C-19, and C-20 i s o p r e n o i d  alkanes. Bur l  ingame andcoworke rs  (2) repor ted 
t h e  presence o f  C-27, C-28, and C-29 steranes. E g l i n t o n  and coworkers (2) iden- 
t i f i e d  cholestane, ergostane,  s i t os tane ,  and pe rhyd ro -pca ro tene .  Anders and 
Robinson (4) i d e n t i f i e d  52 c y c l i c  alkanes, and Henderson (z) i d e n t i f i e d  s teranes 
and t r i t e r p a n e s .  Gal legos (6) i d e n t i f i e d  36 i n d i v i d u a l  components i n  the s a t u r a t e  
f r a c t i o n  o f  an  o i l  s h a l e  bitumen. 
a Wyoming o i l  shale c o r e  w i t h  respect  t o  t h e  v a r i a t i o n s  i n  the d i s t r i b u t i o n  o f  
va r ious  alkanes w i t h  s t r a t i g r a p h y .  

Robinson and Cook (7) s tud ied  t h e  bitumen f r o m  

Most o f  the geochemical s tud ies  have been made on the  unpyro lyzed bitumen be- 
cause o f  t h e  susp ic ion  t h a t  p y r o l y s i s  of t h e  kerogen would des t roy  o r  a l t e r  t h e  
b i o l o g i c a l  markers and thus negate the r e s u l t s .  However, recent  s t u d i e s  suggest 
t h a t  some o f  these markers s u r v i v e  p y r o l y s i s .  Gallegos (8) repo r ted  t h e  presence 
o f  gammacerane and t h e  C-27, C-28, and C-29 s teranes i n  a p y r o l y s i s  study o f  so- 
c a l l e d  "kerogen-shale"--shale res idue  a f t e r  t h e  e x t r a c t i o n  o f  so lub les  w i t h  a ben- 
zene-methanol mix ture.  
isoprenoids i n  an N.T.U. s h a l e - z i l  d i s t i l l a t e .  

Takeo (9)  repor ted the  presence o f  C-18 and C-20 a lkane 

I n  t h i s  s tudy,  s a t u r a t e  f r a c t i o n s  of F i sche r  assay o i l s  f rom an e a r l i e r  s tudy  
(10) were examined i n  d e t a i l  t o  see i f  the-bio&g.iKal ma_rkers s u r v i v e  the r e t o r t i n g  
process. A s tudy o f  t hese  b i o l o g i c a l  markers i n  t h e  o i l s  produced f rom a co re  
m igh t  be used as an a i d  i n  t h e  geochemical s tudy o f  sediments. A l though t h i s  co re  
i s  n o t  i d e n t i c a l  t o  t h a t  s t u d i e d  by Robinson and Cook, i t  i s  f rom the  same area so 
t h a t  some comparisons can be made between t h e  bitumen and the  py ro l yzed  product .  

EXPERIMENTAL 

A co re  was o b t a i n e d  f r o m  no r the rn  Green R ive r  Basin i n  T Z l N ,  R107W, Sweet- 

A l i t h o g r a p h i c  d e s c r i p t i o n  of t h e  
wa te r  County, near  Rock Springs, Wyoming. 
t h e  sect ions of  t h e  co re  c o n t a i n i n g  kerogen. 
co re  was used t o  composite t h e  F ischer  assay o i l s  i n t o  1 1  composite o i l s  com- 
p r i s i n g  t h e  o i l  produced f rom adjacent  sha le  seams of  s i m i l a r  appearance. The 1 1  
composite o i l s  a r e  r e p r e s e n t a t i v e  o f  t h e  t h r e e  p r i n c i p a l  members o f  t h e  Green 
R i v e r  o i l  sha le  fo rma t ion  i n  t h i s  basin. The f i r s t  two composite o i l s ,  L-1 and 
L-2, a r e  from t h e  Laney member; t h e  nex t  e i g h t  composite o i l s ,  WP-1 t o  WP-8, a r e  
f rom the  W i l k i n s  Peak member; and the  l a s t  o i l ,  T-1, i s  from t h e  T i p t o n  member, 
which i s  t h e  lowest s t ra tum c o n t a i n i n g  kerogen. 

F ischer  assay (E) was c a r r i e d  ou t  on 

A sa tu ra te  f r a c t i o n  o f  each composite o i l  was prepared by d i s s o l v i n g  3 g o f  
o i l  i n  approx imate ly  IO m l  o f  cyclohexane. The nonsaturates were removed by s u l -  
f ona t ion  and c e n t r i f u g a t i o n  as descr ibed i n  ASTM method D-1019 (12). The re- 
s u l t i n g  cyc lohexane-saturates s o l u t i o n  was chromatographed on a 7 2 - i n .  i .d. by 
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6- in .  column packed w i t h  60-200 mesh s i l i c a  ge l  and e l u t e d  w i t h  bezene. 
m a t e r i a l  was recovered by r o t a r y  evapora t i on  o f  so l ven t .  

Organic 

Each sa tu ra te  f r a c t i o n  was separated i n t o  n - p a r a f f i n s  and b ranched-p lus -cyc l i c  
pa ra f f i ns  (BCP) by molecular  s ieves.  
t h e  molecular  s ieves w i t h  h y d r o f l u o r i c  a c i d  (u). The n - p a r a f f i n s  were recovered by d e s t r o y i n g  

A l l  t h e  n - p a r a f f i n s  and BCP f r a c t i o n s  were analyzed us ing  a Hewlett-Packard': 
5710A gas chromatograph equipped w i t h  a f lame i o n i z a t i o n  de tec to r .  Pa i red  50 - f t  
by 0.02-in. i .d .  suppor t  coated open t u b u l a r  (SCOT) columns coated w i t h  Dexs i l  300 
were used. 
3OO0C, where the  temperature was mainta ined f c r  16 minutes. 

The chromatograph was programmed from 100°C a t  4" per  minute up t o  

Combined gas chromatography-mass spect rometry  (GC-MS) o f  se lec ted  samples 
were obta ined us ing  a Hewlett-Packard 5710A gas chromatograph and an AE IMS-12 
mass spectrometer. A s i m i l a r  SCOT column was coupled d i r e c t l y  t o  the  source o f  
t h e  MS-1,2 w i thou t  t h e  b e n e f i t  o f  a separator .  A l l  t he  mass spect ra were ob ta ined  
a t  70 v o l t s .  

Data a c q u i s i t i o n  and process ing were accomplished w i t h  a F in igan  lncos 2300 
s e r i e s  mass spectrometer data system. The magnet c y c l e  t ime  was 18 seconds. 

RESULTS AN0 D I S C U S S I O N  

Geochemical i n v e s t i g a t i o n s  o f  b i o l o g i c a l  markers a r e  u s u a l l y  made on samples 
t h a t  have been c a r e f u l l y  c o l l e c t e d  and preserved t o  prevent  the  fo rma t ion  o f  a r t i -  
f a c t s .  However, recen t  work by Gallegos (E) suggests t h a t  some o f  t he  b i o l o g i c a l  
markers su rv i ve  t h e  r e t o r t i n g  process, and Gallegos suggests t h a t  "The terpanes 
which have su rv i ved  p y r o l y s i s  r a t h e r  than those e x t r a c t e d  r e f l e c t  more f a i t h f u l l y  
t he  d i s t r i b u t i o n  and i d e n t i t y  o f  t h e  terpanoids o r i g i n a l l y  l a i d  down i n  t h e  sed i -  
ments." To i n v e s t i g a t e  these p o s s i b i l i t i e s ,  we examined t h e  a lkane hydrocarbons 
i n  o i l s  produced by r e t o r t i n g  o i l  shales from d i f f e r e n t  geo log i c  regimes. A l l  t h e  
shales were r e t o r t e d  in  i d e n t i c a l  fash ions by F ischer  assay which heats t h e  sha le  
a t  a c o n t r o l l e d  r a t e  t o  500°C. 

Geology 

A b r i e f  d e s c r i p t i o n  o f  t h e  geology o f  t h e  area from which t h e  s u b j e c t  co re  
was obta ined w i l l  s e t  t h e  stage f o r  t h e  d iscuss ions.  The o i l  shales o f  t h e  Green 
R ive r  Formation in  Wyoming were formed i n  Gosiute Lake i n  e a r l y  and m idd le  Eocene 
age (2). 
stage, i n  which t h e  T i p t o n  member was l a i d  down, i t  was l a r g e  and ove r f l ow ing ,  and 
thus a f r e s h  water lake. Dur ing t h e  second, o r  W i l k i n s  Peak stage, t h e  l a k e  shrank 
and became ext remely sa l i ne .  When t h e  top, o r  Laney member, was l a i d  down the  l a k e  
had again expanded, overf lowed, and become a f r e s h  water  lake. 

General Character i s t i cs 

Th is  l a k e  went through t h r e e  major changes i n  s i ze .  Dur ing t h e  f i r s t  

Table 1 shows t h e  depth and l e n g t h  o f  t h e  sec t i ons  t h a t  were composited f o r  
F i sche r  assay, t oge the r  w i t h  the  o i l  y i e l d ,  t h e  percent  o f  t o t a l  sa tu ra tes ,  and 
t h e  percents  of t h i s  s a t u r a t e  f r a c t i o n  t h a t  a r e  normal and b ranched-p lus -cyc l i c  
p a r a f f i n s  ( B C P ) .  The leng ths  o f  t h e  co re  va ry  from 193 f e e t  f o r  UP-6 t o  7 f e e t  
f o r  T-1, showing cons ide rab le  d i f f e r e n c e  i n  t h e  l eng th  o f  t h e  homogeneous bands. 
The o i l  y i e l d  data show t h a t  t h e  o i l  sha le  i n  t h i s  area i s  lean, ranging f rom 4.5 
t o  15.9 ga l l ons  pe r  ton. 
sect ions,  (most of which a r e  i n  the  t o p  300 f e e t )  i s  9.0 ga l l ons  pe r  ton. 

*Mention of s p e c i f i c  brand names o r  models o f  equipment i s  f o r  i n fo rma t ion  o n l y  
and does n o t  c o n s t i t u t e  an endorsement by t h e  Department o f  Energy. 

The average y i e l d  f o r  t h e  core, exc lud ing  t h e  ba r ren  
The 
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’ sa tu ra tes  rep resen t  9 t o  1 1  percent  o f  a l l  t he  o i l s  except t h e  T ipton,  t he  s i n g l e  
sample o f  which has a somewhat h ighe r  s a t u r a t e  content  than the  o t h e r  o i l s .  A p re -  
v ious  study (10) showed t h a t  t h e  T ip ton  o i l  had s i g n i f i c a n t l y  sma l le r  amounts o f  
p o l a r  compounds than t h e  o t h e r  o i l s .  
p l y  r e f l e c t  a l a c k  o f  d i l u t i o n  by t h e  p o l a r  components. 

Thus, i t s  h i g h  con ten t  o f  p a r a f f i n s  may sim- 

TABLE 1 .  - D e s c r i p t i o n  o f  Wyoming co re  and percentages o f  
sa tu ra tes ,  normal, and branched-p lus-cyc l  i c  hydrocarbons 

i n  the  F i sche r  assay o i l s  

I /  Section- 

L- 1 
L-2 
W P - I  
WP-2 
WP-3 
WP-4 
WP-5 
WP-6 
WP-7 
WP-8 
T- 1 

I /  Depth- 
ft. 

771.5 
870.5 

1064.7 
1109.0 
1157.64/ 
1250.0- 
1276.4 
1322.0 
1515.0 
1616.0 
1710.0 

2/ Length- 
f t .  

38.1 
59.6 
44.3 
48.6 
41.2 
26.4 
45.6 

193.0 
101 .o 
94.0 

7.0 

Saturates,  Vol % o f  sa tu ra tes  
Y ie ld ,  v o l .  % o f  Branched-cycl i c  
ga l / t on  o i l  n - p a r a f f i n s  p a r a f f i n s  

5.3 9.7 
10.3 11.1 
13.5 8.9 
15. I 9.7 
11.0 10.2 
8.0 9.8 

15.9 9.7 
6.1  9.9 
8.9 9.8 
7.3 10.0 
4.5 13.3 

63.9 
60.4 
39.3 
46.4 
45.1 
48.0 
51.5 
39.4 
51 .O 
56 
63.9 

36.1 
39.6 
60.7 
53.6 
54.9 
52.0 
48.5 
60.6 
49 
44 
36.1 

1/ L = Laney member, WP = W i l k i n s  Peak member, T = T i p t o n  member 

Y TOP o f  s e c t i o n  

2’ Excluding ba r ren  s e c t i o n  

4’ 51.2 f e e t  o f  co re  m iss ing  between WP-3 and WP-4 

Normal P a r a f f i n s  

Table 1 shows v a r i a t i o n s  i n  the  composi t ion o f  t he  s a t u r a t e  f r a c t i o n s  w i t h  
regard-eo-cheir-concenc-of-n-paraff ins. 
64 percent  n - p a r a f f i n ,  w h i l e  t h e  W i l k i n s  Peak sa tu ra tes  c o n t a i n  s i g n i f i c a n t l y  
lower amounts. Thus, t he  two f reshwater  depos i t s  a r e  h i g h e r  i n  n - p a r a f f i n s  than 
the  s a l i n e  depos i t .  The h i g h  va lue o f  WP-8, which i s  ad jacen t  t o  the  T i p t o n  core,  
may suggest an i n f l u e n c e  o f  t h e  f reshwater  member on i t s  ad jacen t  s a l i n e  member; 
i.e., a somewhat gradual  t r a n s i t i o n  from f r e s h  t o  s a l i n e .  

The ianey and i i p c o n  sacuraces a r e  60 e o  

Gas chromatographic i n v e s t i g a t i o n  o f  t he  n - p a r a f f i n  f r a c t i o n s  o f  t h e  1 1  o i l s  
shows n -pa ra f f i ns  f rom C - l l  t o  C-34 w i t h  the  g r e a t e s t  abundance a t  about C - 1 7 .  
The odd-to-even p re fe rence  t h a t  was noted i n  n - p a r a f f i n  f r a c t i o n s  of bitumens from 
a s i m i l a r  c o r e  (7) i s  absent. Th is  r e s u l t  was no t  unexpected i n  these o i l s ,  which 
had been heated a t  500”C, because Cummins (15) showed disappearance o f  t h e  odd-to- 
even preference when shales were degraded a t t e m p e r a t u r e s  o f  150 to 350°C. 

Branched-Plus-Cycl i c  P a r a f f i n s  

Gas chromatograms o f  t he  BCP f r a c t i o n  o f  t h e  o i l s  suggested t h e  presence o f  
c h a i n  isoprenoids, s teranes,  and p e n t a c y c l i c  t r i t e r p a n e s .  Chromatograms o f  sam- 
p l e s  from each of  t h e  members a r e  shown i n  F igu re  1 .  Combined GC-MS analyses were 
ob ta ined  on these t h r e e  rep resen ta t i ve  f r a c t i o n s  t o  i d e n t i f y  t he  major peaks. 
example o f  t h e  r e s u l t i n g  recons t ruc ted  chromatograph f o r  t h e  W i l k i n s  Peak sample 
i s  shown i n  F igu re  2. 
each of  the o t h e r s  conta ined one. 

A n  

Two o f  t he  peaks--26 and 31--contained two compounds, w h i l e  
T h i r t y - s i x  compounds were i d e n t i f i e d  i n  t h e  GC 
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f r a c t i o n s  and accounts f o r  55 percent  o f  the  BCP f r a c t i o n .  
as w i l l  be noted l a t e r ,  t he  MS i d e n t i f i c a t i o n  was confirmed by c o i n j e c t i o n  of  au- 
t h e n t i c  samples. 
w i t h  the  q u a n t i t a t i v e  da ta  f rom gas chromatography t o  examine the  va r ious  types of 
compounds t h a t  a r e  present  i n  these o i l s .  

I n  seve ra l  instances, 

The q u a l i t a t i v e  data f rom t h e  mass spect ra may now be combined 

Chain Isoprenoids.  - The l a r g e r  peaks i n  the f i r s t  p a r t  o f  t he  gas chromato- 
grams (F igure 1) a r e  c h a i n  isoprenoids.  The GC peak number and t h e  e m p i r i c a l  f o r -  
mula o f  these compounds a r e  l i ’ s t e d  i n  Table 2. The gas chromatographic data i n  
F igu re  1 show cons ide rab le  v a r i a t i o n  i n  the  amounts o f  t he  i n d i v i d u a l  isoprenoids.  
Phytane (peak 14) increases from 2 percent  i n  the  T ip ton  t o  5.5 i n  t h e  W i l k i n s  Peak 
and t o  8.3 i n  t h e  Laney. This  increase i n  a compound u s u a l l y  thought t o  be a 
degradat ion product  o f  c h l o r o p h y l l  (5) may suggest an increase i n  t h e  amount o f  
vege ta t i ve  ma t te r  as t h e  l ake  went from t h e  T ip ton  t o  Wi l k ins  Peak t o  Laney. 

TABLE 2. - Chain isoprenoids (C y2n+2) i d e n t i f i e d  

GC Empi r i c a  1 Molecular  Common 
peak no. formu 1 a weiqht  name 

1 3H28 

‘I hH30 

‘1sH32 

C16H34 

1 7H36 

C18H38 

1 gH40 

‘20H42 

‘21H44 

184 

198 

212 Farnasane 

226 

240 

2 5 4  

268 P r i s t a n e  

282 Phytane 

7-96 

16 C23H48 324 

17 ‘2bH50 338 

I8 ‘2sH52 352 

41 2 Squalane I 9  ‘30H62 

Inspec t i on  o f  F igu re  1 revea ls  many d i f f e rences  i n  t h e  r a t i o s  o f  t h e  amounts 
of  t he  cha in  isoprenoids.  For example, t he  r a t i o  o f  t he  he igh ts  o f  peaks IO, 12, 
and 14 changes f rom 1.2/1.0/2.4 t o  1.2/1.0/1.3 t o  0.8/1.0/1.0 as the depth increases. 
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Monocycl ic Isoprenoids.  - E i g h t  monocyc l ic  isoprenoids shown i n  Table 3 were 
i d e n t i f i e d ,  These a r e  t h e  smal l ,  odd-numbered peaks i n  the f i r s t  p a r t  o f  t h e  chro-  

TABLE 3. - Monocyc l ic  isoprenoids ( C  E2n) i d e n t i f i e d  

GC Emp i r i c a l  Mol ecu 1 a r 

3 1 4H28 196 

peak no. formula weight 

5 C15H30 210 

7 C16H32 224 

9 C17H34 238 

1 1  1 8H36 252 

13 ‘1gH38 266 

18A C29H58 406 

32 ‘40H78 558 

matograms (F igu re  1)  and 1 8 A  i n  t he  chromatogram o f  T - I .  These compounds have t h e  
emp i r i ca l  formula CnHZn, and t h e  general s t r u c t u r e  

where R i s  a s a t u r a t e d  cha in  of va ry ing  length.  The amounts o f  these compounds, 
which a re  thought t o  be de r i ved  from perhydro-8-carotene, a r e  small so t h a t  quan- 
t i t a t i v e  d i f f e r e n c e s  a r e  obscured except f o r  t he  C-29 compound (peak 18A).  This 

-compou.d-m.l.es-np-2..3-p~~~~nt__nf-the-Rr.P_fc8Zt-inn n f  the.Ti.ptnn . b u t  i.s absent i n  
t h e  W i l k i n s  Peak and t h e  Laney. The mass spectrum o f  t h i s  compound shows f r a g -  
ments t h a t  a r e  t y p i c a l  o f  monocycl ic isoprenoids.  

D i c y c l i c  Isoprenoid--Perhydro-8-Carotene. - A d i c y c l i c  compound, peak 32 i n  
F igu re  1 ,  was shown to be perhydro-8-carotene. The parent  molecular  i o n  observed 
i n  t h e  mass spectrum of t h i s  component was a t  m/g = 558. 
i n  t h e  spectrum occu r red  a t  m/g = 125, 137, and 502. These ions have been noted 
i n  t h e  mass spectrum of perhydro-8-carotene (6). 
v e r i f i e d  by c o i n j e c t i o n  o f  an au then t i c  sample. 

D iagnos t i c  fragment i ons  

The i d e n t i t y  o f  component 32 was 

Steranes. - The s te ranes  i d e n t i f i e d  in  t h e  BCP f r a c t i o n s  of t h e  r e t o r t e d  o i l s  
a r e  shown i n  Table 4. 
publ ished spect ra and by c o i n j e c t i o n  i n  the case o f  the two cholestanes.  A l l  o f  
these compounds have been i d e n t i f i e d  i n  shale o i l  bi tumen by Gallegos (k), 
E g l i n t o n  (11, Henderson (2), and o the rs .  

The compounds were i d e n t i f i e d  by comparing mass spec t ra  w i t h  
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' TABLE 4. - Sterane (C k12n-6) compounds i d e n t i f i e d  

G C  Emp i r i ca l  Molecular  Common 

20 C27H48 

21 C27H48 

22 C28H50 

23 C28H50 

24 C29H52 

peak no. formula weight  name 

372 5-8-chol es tane 

372 5-a-cholestane 

386 5-8-ergostane 

386 5-a-ergos tane 

400 5-8-st igmastane 

C H  400 5-a-st igmastane 
29 52 25 

2d' C,,,HCh 414 unknown 

1' Peak con ta ins  two compounds, one o f  which i s  a 
t e t r a c y c l i c  terpane, the o t h e r  a p e n t a c y c l i c  t r i -  
terpene o f  mass 398 

The amounts o f  these compounds va ry  g r e a t l y ,  as shown i n  F igu re  1 .  The W i l -  
k i n s  Peak samples c o n t a i n  more 5-a-ergostane (peak 23) and 5-8-st igmastane (peak 
25) than e i t h e r  the  Laney o r  t h e  T ip ton  samples. A comparison o f  these peaks i n  
t h e  1 1  samples shows t h r e e  t imes as much a-ergostane and about f o u r  t imes as much 
a-st igmastane i n  the  W i l k i n s  Peak samples as i n  t h e  Laney o r  T i p t o n  samples. Th is ,  
again, i n d i c a t e s  t h a t  t h e  sedimentary d e p o s i t i o n  d u r i n g  the  W i l k i n s  Peak t ime was 
d i f f e r e n t  than d u r i n g  t h e  Laney o r  t he  T i p t o n  t ime. 

The r a t i o  o f  t he  abundance o f  t h e  5-a- t o  the  5-8- isomers o f  a l l  t h ree  s t e r -  
anes--cholestane, ergostane, and stigmastane--was approx imate ly  3 t o  1 ,  s i m i l a r  t o  
t h a t  found by Gallegos (6) i n  o i l  shale bitumen. 
s t a b l e  isomer i s  the a lpha form, and the  above r e s u l t s  i n d i c a t e  t h a t  exposure t o  
500°C du r ing  the  r e t o r t i n g  s tep  does no t  change t h e  r a t i o  o f  t he  a lpha t o  be ta  iso-  
mers. 

Thermodynamically, t he  more 

Pen tacyc l i c  T r i t e rpanes .  - The p e n t a c y c l i c  t r i t e r p a n e s  i d e n t i f i e d  a re  l i s t e d  
i n  Table 5. The s t r u c t u r e s  o f  these compounds a r e  shown i n  F igu re  3. A l l  o f  
these compounds have been p r e v i o u s l y  i d e n t i f i e d  (4,  6, 7 ) .  Peak 26 con ta ins  two 
compounds. 
mass spectrum o f  t h i s  compound i s  s i m i l a r  t o  t h e  p e n t a c y c l i c  t r i t e r p a n e  D repor ted 
by Whitehead (16) and by Gallegos (6) as compound 30. 
u re  3, i s  be l i eved  t o  be an isomer ic  form o f  t he  compound t h a t  emerged as p a r t  of  
peak 26. I t  was no t  p o s s i b l e  t o  determine t h e  p o s i t i o n  o f  t he  methyl group i n  the  
E r i n g  o f  peak 27 from t h e  f ragmentat ion pa t te rn .  Peaks 28 and 29 a r e  be l i eved  t o  
be isomeric compounds w i t h  t h e  s t r u c t u r e  shown i n  F igu re  3. It was n o t  p o s s i b l e  
t o  i d e n t i f y  t he  p o s i t i o n  o f  t h e  p ropy l  group i n  these compounds, one o f  which may 
be hopane, a s  suggested by Henderson (2). 
pen tacyc l i c  t r i t e r p a n e s ,  w i t h  t h e  s t r u c t u r e s  shown in  F igure 3. 

One i s  a p e n t a c y c l i c  t r i t e r p a n e  w i t h  a m o l e c u l a r  weight  o f  398; t h e  

The peak l abe led  27, F ig -  

Peaks 30 and 31 a r e  apparen t l y  isomer ic  
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TABLE 5. - Pen tacyc l i c  t r i t e r p a n e s  (C kJ22-a) i d e n t i f i e d  . 

GC Empi r i ca 1 Molecular  
peak no. formula weight  

2d/ ‘2YH50 398 

27 ‘2gH50 398 

28 ‘30H52 412 

412 29 ‘30H52 

30 ‘31 H54 426 

426 3 1- ‘3IH54 
2 /  

1’ Peak con ta ins  two compounds, one o f  which i s  a penta- 
c y c l i c  t r i t e r p a n e ,  t h e  o t h e r  a t e t r a c y c l i c  terpane w i t h  
a molecular  we igh t  o f  414. 

2’ Peak con ta ins  two compounds, one o f  which i s  gammacerane, 
and an u n i d e n t i f i e d  p e n t a c y c l i c  t r i t e r p a n e .  

Semi -Quant i t a t  i v e  Comparisons 

Table 6 presents  semi -quan t i t a t i ve  data on some o f  t he  types o f  compounds i n  
t h e  BCP f r a c t i o n .  The da ta  were obta ined by i n t e g r a t i n g  the  areas under the ch ro -  

TABLE 6. C - 1 3  t o  C-20 cha in  isoprenoids,  a-s teranes,  and perhydro-8-carotene 
i n  the  branched-cyc l ic  f r a c t i o n  o f  the r e t o r t e d  o i l s  

I /  Vol % i n  branched-p lus-cyc l ic  f r a c t i o n -  
Chain Perhydro- 

SE t - i on  i Soprenoids a:Steranes k a r o t e n e  - . .__ 

L- 1 
L-2 
WP- 1 
WP-2 
WP-3 
WP-4 
WP-5 
WP-6 
WP-7 

T- 1 
wp-a 

16.9 
21 .o 
17.7 
26.5 
25.2 
25.4 
23.6 
23.0 
20.4 
17.4 
10.5 

2.9 
4.9 

5.2 

6.0 
6.7 

5.4 
2.6 

8.8 
8.2 

8.5 

8.3 

0.8 
1.3 
1.4 
0.9 
1 .o 
0.7 
1.4 
1.2 
1.4 
2 . 1  
0.5 

Oil average 20.7 6.1 1 . 1  

average/ 29.9 14.1 4.6 
B i tumen 

1/ Area percentages c a l c u l a t e d  from F I D  chromatogram 

L’ Data from Cook and Robinson (1) 



matographic peaks f o r  perhydro-8-carotene and f o r  t h e  C - 1 3  t o  C-20 compounds lis- 
t e d  i n  Table 2 and t h e  a-steranes i n  Table 4. The data a r e  s e m i - q u a n t i t a t i v e  be- 
cause o f  t h e  d i f f i c u l t y  i n  e s t a b l i s h i n g  a basel ine.  No at tempt  was made t o  i n t e -  
g r a t e  the small  peaks f o r  monocycl ic isoprenoids and 6-steranes. I n  genera l  t he  
t a b l e  shows lower amounts o f  chain isoprenoids,  a-steranes, and perhydro-8-carotene 
in  the  samples from the Laney and the T ip ton  member than i n  t h e  W i l k i n s  Peak samples. 
Th is  suggests t h a t  t h e  sedimentary depos i t i on  d u r i n g  t h e  Laney and t h e  T i p t o n  t ime  
was d i f f e r e n t  than d u r i n g  the  h i g h l y  s a l i n e  pe r iod  o f  t he  W i l k i n s  Peak t ime. 

Table 6 a l s o  shows the  average o f  cha in  isoprenoids,  a-steranes, and perhydro- 
E-carotene for t h e  1 1  o i l s  and a s i m i l a r  c a l c u l a t i o n  on the  bitumen samples s tud ied  
by Robinson and Cook (7) .  The BCP f r a c t i o n  o f  t he  bitumen con ta ins  1.4 t imes m r e  
cha in  isoprenoids, a b o r t  tw i ce  the  amount o f  a-s teranes,  and about 4 t imes more 
perhydro-8-carotene than t h e  r e t o r t e d  samples. 

CONCLUSIONS 

B i o l o g i c a l  markers have been i d e n t i f i e d  i n  shale o i l  produced by F i sche r  as-  
say r e t o r t i n g  o f  o i l  shale. The b i o l o g i c a l  markers i d e n t i f i e d  i n c l u d e  i sop reno id  
alkanes, monocycl ic terpanes, steranes, and p e n t a c y c l i c  t r i t e r p a n e s .  These a r e  
the  same c lasses o f  compounds t h a t  have been i d e n t i f i e d  i n  e x t r a c t e d  bitumen and 
pyro lyzed o i l  shale. The r e s u l t s  from t h i s  s tudy do n o t  i n d i c a t e  the  source o f  
these compounds in  o i l  shale. These compounds probably  represent  m a t e r i a l  from 
both the bitumen and kerogen. 

The d i s t r i b u t i o n  o f  these compounds I n  the d i f f e r e n t  sedimentary l aye rs  v a r i e s  
considerably .  The da ta  show l i t t l e  i f  any i n f l u e n c e  o f  dep th - re la ted  f a c t o r s ,  a 
conclus ion s i m i l a r  t o  t h a t  drawn from a s tudy (7) o f  the  bitumen from a Wyoming 
core. A l though the  phytane appears t o  decrease w i t h  i nc reas ing  depth, t h i s  may be 
due t o  an increase i n  t h e  amount o f  v e g e t a t i v e  ( ch lo rophy l l -bea r ing )  m a t t e r  as t h e  
l ake  went from t h e  T i p t o n  t o  the  Laney era.  I n  agreement w i t h  the bitumen data o f  
Robinson and Cook, we found t h a t  the Laney ( top )  and the  T i p t o n  (bottom) member 
samples were u s u a l l y  s i m i l a r  and had a somewhat lower q u a n t i t y  o f  i sop reno ids ,  
steranes, e tc . ,  than the  W i l k i n s  Peak (middle) member samples. T h i s  d i f f e r e n c e  i s  
probably  due t o  the d i f f e r e n c e s  i n  environment, t h a t  i s ,  f r e s h  water  l ake  d u r i n g  
the  Laney and T ip ton  e ras  and a s a l t  water  l ake  d u r i n g  the  W i l k i n s  Peak era. 

The cha in  i sop reno id  content  i n  t h e  BCP f r a c t i o n s  from t h e  1 1  r e t o r t e d  o i l s  
average approx imate ly  21 percent ,  and Robinson and Cook's r e s u l t s  f o r  t h e  bitumen 
on t h e i r  co re  were about 30 percent. A l though d i r e c t  comparisons cannot be made 
because t h e i r  work was on  a d i f f e r e n t  co re  and on t h e  e x t r a c t s  o f  t he  o i l  shale 
from the core,  ou r  r e s u l t s  appear t o  i n d i c a t e  t h a t  t he  cha in  i sop reno ids  a r e  s t a b l e  
t o  t h e  r e t o r t i n g  process. The chain i sop reno ids  averaged approx imate ly  I9 percent  
f o r  t he  Laney, 23 percent  f o r  t h e  W i l k i n s  Peak, and IO percent  f o r  t h e  T i p t o n  sam- 
p les .  This  d i f f e r e n c e  i n  the  amount o f  these isoprenoids i n  the  t h r e e  member sam- 
p les  p o i n t s  o u t  again t h e  d i f f e r e n c e  i n  the  environment i n  the  Gosiute Lake du r ing  
t h e  format ion o f  these th ree  members. 

For the  most p a r t ,  prev ious s tud ies  o f  t he  b i o l o g i c a l  markers i n  o i l  shale 
have d e a l t  w i t h  the m a t e r i a l  ex t rac ted  from bitumen. Gallegos had i n d i c a t e d  t h a t  
t he  ma te r ia l  produced f rom t h e  p y r o l y s i s  of o i l  shale may be more i n d i c a t i v e  of  
the  b i o l o g i c a l  source m a t e r i a l  than e x t r a c t e d  bitumen (6).  We f e e l  t h a t  b o t h  the  
m a t e r i a l  f rom e x t r a c t e d  bitumen and t h e  product  o i l  should be i n v e s t i g a t e d  for a 
more complete geochemical p i c t u r e  o f  o i l  shale format ion.  
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P PEAK NO. 2 8  & 29 

FIG. 3. PENTACYCLIC TRITERPANES IN GREEN 
RIVER RETORTED SHALE OIL 
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INTRODUCTION 

The Appalachian reg ion  contains  numerous coa l  seams which are under 60 inches 
i n  thickness. 
niques a f t e r  contour s t r i p p i n g .  
be gasif ied to  produce a low Btu fue l .  
t o  very t h i n  seams (below 40 inches i n  thickness) i s  l imited by the  reduction of 
t h e  heating value of t h e  gas. 
t o  the  surrounding s t r a t a .  The purpose of t h i s  work w a s  t o  evaluate  t h e  per t inent  
fac tors  a f f e c t i n g  the  gas composition and t h e  l imi ta t ions  of modeling calculat ions.  
The l o g i c a l  sequences leading t o  a gas composition model and t h e  estimation of the 
temperature p r o f i l e  i n  t h e  gas i f ica t ion  zone were presented. The ava i lab le  l i t e r a -  
t u r e  da ta  r e l a t e d  t o  t h e  var ious ca lcu la t ion  techniques were a l s o  quoted. 

A por t ion  of  this  coa l  i s  usual ly  recovered by Auger mining tech- 
A t  l e a s t  f i f t y  percent of the  remaining coal may 

The appl ica t ion  of underground g a s i f i c a t i o n  

This reduct ion is  caused by an excessive heat  l o s s  

PARAMETERS AFFECTING THE GAS COMPOSITION 

The t o t a l  hea t  l o s s e s  during t h e  i n  s i t u  g a s i f i c a t i o n  a f f e c t  s i g n i f i c a n t l y  t h e  
gas composition and i ts  hea t ing  value.  
p r o f i l e  of t h e  g a s i f i c a t i o n  zone. 
composition and compare th i s  composition t o  t h e  da ta  obtained from t h e  experimental 
tests. A second approach involves  a predict ion of t h e  temperature p r o f i l e  of the 
gas i f ica t ion  zone. The g a s i f i c a t i o n  of coa l  seams having a thickness from one or 
more meters i s  considered here .  The combustible gases formed during t h e  underground 
forward g a s i f i c a t i o n  mode a r e  obtained by p y r o l i t i c  coa l  decomposition superimposed 
upon the  g a s i f i c a t i o n  products. A s  f a r  a s  t h e  g a s i f i c a t i o n  i s  concerned, t h e  
reac t ion  of coa l  with t h e  steam and/or hydrogen i s  of paramount importance because 
tfiiFiTEh~iT7ZEFiFwtiiZhprodGEeFa gaFe5Us b-unable product 0-f heating value 
above 100 Btu/SCF. The r a t i o  of the t o t a l  amount of water ( i n  t h e  form of coa l  
moisture plus  inf low of water o r  steam) t o  t h e  supplied amount of oxygen seems to 
be a predominant f a c t o r  i n  maximizing gas heat ing value f o r  t h e  defined leve l  of 
t o t a l  heat  losses .  

A heat  balance r e s u l t s  i n  a temperature 
One modeling approach i s  t o  ca lcu la te  the gas 

In  general, t h e  gas  composition of t h e  underground gas i f ied  coal  depends on 
t h e  v o l a t i l e  content ,  t h e  seam moisture, t h e  b l a s t  a i r  moisture content, and t h e  
chemical r e a c t i v i t y  of t h e  coke. The gas i f ica t ion  e f f ic iency  and combustion 
s t a b i l i t y  a r e  s e n s i t i v e  [Stewart gt. (24)] t o  the  optimum combination of the  
coa l  seam moisture and of b l a s t  a i r  moisture. 

The r e a c t i v i t y  of a p a r t i c u l a r  coal i s  a funct ion of t h e  chemical propert ies  
of its organic and mineral  cons t i tuents  and of t h e  physical  s t r u c t u r e  of t h e  coal; 
general ly ,  i t  is  observed t h a t  t h e  coal  r e a c t i v i t y  i n  g a s i f i c a t i o n  increases  with 
decreasing coa l  rank and i s  proport ional  t o  the  i n t e r n a l  sur face  a rea  [Schora, F. 
(23) l .  When experimental values  f o r  the r e l a t i v e  low-rate gas i f ica t ion  r e a c t i v i t y  
f a c t o r s  (f ) a r e  not  ava i lab le ;  values  f o r  many coal  [Johnson, S. L.  ( U ) ]  may 
be estimatgd from the  fol lowing equation: f = 6.2 y (1-y) where y i s  the mass 
f a c t i o n  of t o t a l  carbon i n  the  o r i g i n a l  coaloon a dry ash-free bas i s .  
t ions  during a pyro lys i s  of t h e  coa l  a f f e c t  the  physical  na ture  of t h e  char and 

The condi- 
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its r e a c t i v i t y .  
energy i s  high (80-70 kcal/mole), the  react ion r a t e  i s  low and t h e  composition of 
gas is l imited by t h e  k i n e t i c  reac t ion  r a t e ;  i n  the  temperature range 700-750" C 
t h e  diffusion process through the  pore s t r u c t u r e  i s  a l imi t ing  fac tor .  However, 
[Limears gal. (19)] have shown t h a t  f o r  some coa l  types t h e  p a r t i c l e  s i z e  has 
nearly no effect upon the  char react ion rate. 

I n  general ,  the  r a t e  of t h e  steam-hydrogen reac t ion  with t h e  coal  depends on 

I n  t h e  temperature range 600-700" C ,  where the  apparent a c t i v a t i o n  

many var iab les  such as: temperature, pressure,  character  of the  coa l  s o l i d  sur face  
and t h e  amount of v o l a t i l e  mat ter  i n  coal. The f i r s t  s tage of t h e  reac t ion  i s  rap id  
and is r e l a t e d  to  the  g a s i f i c a t i o n  of the carbon port ion included i n  t h e  v o l a t i l e  
matter. The low r e a c t i v i t y  coal  port ion i s  the res idua l ,  carbonaceous coke. This 
s tage  i s  usual ly  denoted as (1) C* + H20 + CO + H2 and (2)  H2 + H 2 0  + 2C 2 CO + 
CH where C* i s  t h e  r e a c t i v e  carbon i n  the  v o l a t i l e  matter. Most coals  a r e  made up 
of a number of marcels which d i f f e r  i n  t h e i r  r e a c t i v i t y .  [Davis st. (19)l found 
a r e a c t i v i t y  order  fus ian  < durain < v i t r a i n .  

4 

The endothermic reac t ion  of steam with carbon is of primary importance. These 
endothermic reac t ions  a r e  maintained by t h e  enothermic oxidat ion reac t ion  of carbon 
and oxygen. 

The higher a c t i v a t i o n  energy observed f o r  t h e  carbon reac t ion  with the  steam- 
hydrogen mixture indicated an i n h i b i t i n g  e f f e c t  of hydrogen (and/or methane) on the  
char-steam react ion.  
pressure r a i s e d  t o  t h e  0.93 power [Johnson (15)l .  

[Young et&. (30)] reported on the  e f f e c t  of t h e  steam upon t h e  methane pro- 

The r e a c t i v i t y  of such a mixture w a s  proport ional  t o  t h e  steam 

duction and t h e  s h i f t  reac t ion  under conditions t h a t  a r e  s imi la r  t o  those of under- 
ground gas i f ica t ion .  Wyodak and Hanna char was used. No carbon monoxide was de- 
tected for  t h e  steam-char g a s i f i c a t i o n  process t o  ind ica te  t h a t  t h e  water s h i f t  
reac t ion  CO + H20 
probably ca ta l ized  by the  ash content i n  t h e  char. Introduct ion of steam during 
t h e  pyrolysis  period doubled the  r a t e  of methane production. The r a t e  of methane 
production was 20 percent of t h a t  of  carbon dioxide. Russian inves t iga tors  have 
reported s imi la r  data .  

-+ C02 + H2 had taken place. The gas s h i f t  reac t ion  was 

Experimental k i n e t i c  da ta  ind ica te  t h a t  we w i l l  not  be ab le  t o  use equilibrium 
compositions i n  making our modeling calculat ions.  

We compare below the  equi l ibr ium composition of wet water gas a t  900' C and 
1000" C and t h e  k i n e t i c  data  of t h e  reac t ion  between t h e  flowing gas (0.7 - 0.9 
m/sec) and t h e  carbon p a r t i c l e s  2-3 m. i n  t h e  reac tor  (data according t o  [Kaftawov 
_ _  e t  a l .  (17)l). 

TEMPERATURE EQUILIBRIUM COMPOSITION COMPOSITION ACCORDING TO 
DATA KINETIC DATA 

@ %H2 %COz %co %H2 %CH4 - - - _ _  

900° C (1652' F) 45 50 10 .1  34.6 55.2 0.1 

1000" C (1832" F) 50 50 8.8 38.1 52.9 0.2 

The equi l ibr ium constant may be calculated from the  Gibbs f r e e  energy (G): AG 
= R T llnk where AG = AH - T A S.  
and t h e  temperature is  expressed usually by the  equat ion (p = cons t ) :  

The cor re la t ion  between t h e  equi l ibr ium constant 
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&nk = +Jy + a (where a i s  an in tegra t ion  constant) .  

Several d i f f i c u l t i e s  a r e  encountered i n  a discussion of the k i n e t i c s  of coal 
gas i f ica t ion .  
a r e  important up t o  temperatures between 600-700" C ,  usual ly  only the data  above 
700°C are  analyzed t o  obta in  the k ine t ic  constant. Laboratory experiments show 
t h a t  during t h e  coa l  burn-off versus time s tudies  a gradual induction period is 
followed by a region i n  which burn-off increased with a t i m e .  
a c t i v i t y  (R) may be ca lcu la ted  from the equation: 

Since the  e f f e c t s  of coal devola t i l i za t ion  on the  product gas r a t e s  

Instantaneous re- 

1 dw 
Rt  = ( - )  (dt) 

dw 

increa96s and 
where W i s  t h e  weight of t h e  unreacted char on a dry-ash f r e e  b a s i s  and - i s  the 
s lope of the burn-off versus  t i m e .  
o f ten  W is replaced by Wo ( s t a r t i n g  weight) and 
of weigft l o s s .  

For the reac t  on i n  the air R 
t W  i s  taken f o r  Ehe maximum r a t e  

The f i r s t  p r inc ipa l  reac t ion  which occurs during the  underground coal  g a s i f i -  
ca t ion  process is t h e  pyrolysis .  
composition of the  v o l a t i l e  products from a given sample of coa l  or  char depends on 
t h e  r a t e  of heat ing,  the  f i n a l  decomposition temperature, t h e  vapor residence time 
and the  environmental condi t ions such as applied pressure,  p a r t i c l e  s i z e ,  coal 
type, e tc .  under which the  pyrolysis  takes place. 

The r a t e  of pyrolysis  a s  w e l l  as  the  amount and 

Normally pyrolysis  starts a t  about 350"-400" C and i s  completed a t  about 1000" 
C.  The r e a c t i v i t y  with steam, oxygen, hydrogen o r  carbon dioxide during the  
pyrolysis  of coa l  i s  mainly a function of t h e  v o l a t i l e  matter and the  rate of heat- 
ing.  

GASIFICATION RATE OF CHAR I N  THE CARBON DIOXIDE ATMOSPHERE 

The react ion between t h e  char and carbon dioxide is hardly detectable  below 
t h e  temperature 800-900' C. According to  Wen, C.  Y. et&. (4 )  the  ac t iva t ion  
energy is  about 59.26 kcal/mole which indicates  chemical-reaction control .  The 
following mechanism was proposed by Walker (28): 

~ _ _  
T 

(9) 
c + c o  -.-L CO(a) + co- 

2 (8) 
T 

''(a) A co (9) 

Experimental da ta  indicated t h a t  the order of react ion with respect  t o  C02 can 
be assumed t o  be uni ty  up t o  about one atmosphere pressure. 
temperatures, the  d i f f u s i o n  res i s tance  within t h e  s o l i d  p a r t i c l e  may become sig-  
n i f i c a n t  and therefore  an e f fec t iveness  f a c t o r  must be introduced f o r  such cases. 

However, a t  higher 

According t o  Wen et&. (4) the r a t e  of the char-carbon dioxide react ion i s  
found t o  depend on the  coal  o r i g i n  more than on the gas i f ica t ion  scheme used. The 
var ious ra te  c h a r a c t e r i s t i c s  of coa ls  and chars a r e  apparently due t o  the  d i f f e r -  
ence i n  the i r  p o r e  c h a r a c t e r i s t i c s .  

GASIFICATION RATE OF CHAR ON OXYGEN-ATMOSPHERE 

The react ion r a t e  i n  t h e  temperature range 424-576" C using a i r  w a s  determined 
recent ly  by C.  Y.  Wen Zt. (4). 
vers ion of 10-50 percent; the  maximum depended on t h e  sample used. 

The r a t e  of reac t ion  showed a maximum a t  a con- 
The observed 
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maximum reac t ion  r a t e ,  dx/dt ,  was 1.67 x 
reac t iv i ty  of  the  char i s  determined by chemical k ine t ics  and depends more on the  
extent of t h e  gas i f ica t ion  of the char ra ther  than on the parent coal. 

In the temperature range 834-1106" C ,  the  rac t ion  r a t e s  appear t o  correspond 

sec-A . Under these conditions t h e  

to  a film-diffusion cont ro l  regime. 
conversion degree u n t i l  about 80 percent conversion is  reach$. 
c a l  p a r t i c l e  shape, the average r a t e  at 1000° C was 1.8 x 10 
nitrogen-air mixture w a s  used as  the l o w  oxygen concentration source. 

The r a t e s  do not  change s i g n i f i c a n t l y  with 
A s  uming a spheri-  7 g/cm s atm. A 

THE GASIFICATION RATE OF CHAR I N  THE HYDROGEN-ATMOSPHERE 

A. Tomite gt. (26) invest igated the  r e a c t i v i t y  of a char which was prepared 
a t  1000° C .  
slow induction period followed by a r a t e  increase.  
increases as  the rank of the  parent coal decreases. Removal of mineral matter 
profoundly a f f e c t s  the  r e a c t i v i t y  p r o f i l e  of chars. 
r a t e  decreases with mineral-matter removal. 

Usually the r e a c t i v i t y  p r o f i l e  of a majority of the chars shows some 
The react ion r a t e  generally 

I n  most cases  t h e  react ion 

The pseudo-activation energy changes from 150 kcal/mole t o  about 213 kcal/mole 
with increased conversion of the char. 

According t o  F e i s t e l  et&. (6) the k i n e t i c  constant of hydrogasif icat ion is  
strongly a f fec ted  by the  hydrogen pressure and w a s  expressed by the  equation: 

0.00402 em. (-5200/T) P2 H, 
= 1 + 0.000648 exp. (4100/T) 

HZ 

The gas i f ica t ion  r a t e  with steam-hydrogen, resu l ted  i n  t h e  experimental 
equation, which shows a s i g n i f i c a n t  e f f e c t  of the  temperature upon the  g a s i f i c a t i o n  
r a t e .  

The ac t iva t ion  energy f o r  the k ine t ic  equation rate w a s  33,600 c a l /  mole and 4 the  frequency fac tor  was 2.51 x 10 R/min. 

THE REACTION RATE OF CHAR I N  STEAM ATMOSPHERE 

Linares et&. (19) found t h a t  i n  general the char r e a c t i v i t y  was re la ted  t o  
the steam react ion and decreased with an increase i n  the  rank of the parent coal. 
However, a considerable spread i n  r e a c t i v i t i e s  of char produced from coals  of sim- 
i l a r  rank was observed. Removed of mineral matter diminished the  char r e a c t i v i t y  
but the removal of mineral matter a l s o  resu l ted  i n  a profound change i n  the sur face  
area and porosi ty .  The influence of each of these var iab les  i s  d i f f i c u l t  to  ac- 
cess. 
t i o n  energy of 42  kcal/mole. Above 890" C ,  the  reac t ion  is d i f fus ion  control led 
and has an ac t iva t ion  energy of 18 kcal/mole. The reac t ion  r a t e  was found t o  be 
proportional to  steam pressure ra i sed  to t h e  0.60 power. 

Below 890' C the  react ion i s  chemically control led with an apparent ac t iva-  

The r a t e  of gas i f ica t ion  of bituminous coal i n  the  (H20 - H2) mixture i n  t h e  
temperature range 700-1100° C was invest igated by F e i s t e l e t  &. (6) .  The k i n e t i c  
constant f o r  steam decomposition was a function of steam pressure and temperature. 
The r a t e  of reac t ion  f o r  a pressure higher than 10  atm. was described as :  

- -  d"B - K (1-%) 
d t  

where X i s  base carbon conversion degree; t - t i m e ;  k-kinet ic  constant B 



6 4 - 1.88 x 10 exp (-2.24 x 10 / T )  P 
H2° 

4 (1 -k 1.56 x lo5  exp (-1.65 x 10 IT) P 
H2° 

base carbon a s i f i e d  x =  B base carbon i n  fEed coal  char to Johnson) 

THE CHAR REACTIONS I N  THE CONDITIONS OF UNDERGROUND GASIFICATION 

One possible  approach is  t o  ca lcu la te  t h e  residence t i m e  of the  char i n  the 
high temperature zone of 1500-1800° F. The thickness of the coke zone (coal with 
10 pe rcen t  seam moisture) would be about 0.5 m; f o r  the brown coal a t  50 percent 
moi t u r e  t h i s  i s  about 15 cm assuming the advance r a t e  of burning zone about 0.1 x 
10 m/sec. The obtained residence time (40-130 hour range) implies tha t  the seam 
moisture and v o l a t i l e  content a r e  more s igni f icant  fac tors  than t h a t  of char re- 
a c t i v i t y  upon the o v e r a l l  reac t ion  ra te .  

THE EFFECT OF THE BLAST INTENSITY AM) GASIFICATION ZONE ADVANCEMENT RATE ON THE 
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HEATING VALUE OF PRODUCED GAS 

A Russian inves t iga t ion  [Ludin et&. (20)l has shown tha t  the optimum b l a s t  
r a t e  depends on t h e  thickness  of the coal seams. It was explained t h a t  the thicker  
seams have a l a r g e r  water in t rus ion  r a t e  than the  thinner  seams. 
as  the  b las t ;  there  i s  an  optimum water t o  air  r a t i o  t h a t  gives a maximum heating 
value of produced gas. On t h e  other  hand, i t  w a s  observed the  gas i f ica t ion  f ront  
advancement increased with t h e  higher b l a s t  rate. Therefore a c e r t a i n  gas i f ica t ion  
f r o n t  advancement r a t e  w i l l  correspond t o  the  optimum gas heating value. 

I f  a i r  is used 

THE EFFECT OF THE PEAK GASIFICATION TEMPERATURE UPON THE HEATING VALUE 
OF THE GAS PRODUCED 

The lower concentration of hydrogen caused by t h e  lower temperature gasif ica-  
t i o n  does not  necessar i ly  lead t o  a low Btu product gas s ince  a higher methane 
y ie ld  may be obtained i n  some cases. For  example, Gregg &. (10) found, during 
some underground t e s t s ,  6 . 3  percent of methane i n  t h e  gas produced. Fisher st. 
(7) made the observat ion t h a t  the  presence of steam resu l ted  i n  a higher concentra- 

promotes the reac t ion  of hydrogen and char o r  the  following methanation react ion 
CO + 3H2 
matter m the  char. 

- xion-of-merhane in-che produced gas. It couid be  explained chac eicher  tne sceam 

CH4 occurs. This methanation reac t ion  could be catalyzed by the mineral 

INSTABILITY AND UNCERTAINTY FACTORS I N  THE UNDERGROUND GASIFICATION MODELING 

The following f a c t o r s  would lead to i n s t a b i l i t y  of the gas i f ica t ion  process 
and may r e s u l t  i n  a l a r g e  modeling error: 

1. 

2 .  

Change i n  coa l  and strata permeability. 

Rapid water in f lux .  
combustion zone o r  i t  may intrude downstream of t h e  combustion zone. 
I n  theory a n  optimum w a t e r  ins t rus ion  e x i s t s  for  any air  b l a s t  in jec t ion .  
In  p r a c t i c e  of the gas i f ica t ion  usual ly  has a higher water ins t rus ion  
r a t e  than d e s i r a b l e  and operates  on the  water r i c h  s ide  of optimum. 

Rapid channeling of gas i f ica t ion  process. 

The water may intrude upstream and go through the 

3. 

4 .  Rapid gas  o r  a i r  leakage t o  the s t r a t a .  

The purpose of t h i s  study is t o  formulate a s p e c i f i c  theore t ica l  descr ipt ion 
of the  forward combustion process of t h i n  coal  seams (one t o  severa l  meters thick- 
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ness) and t o  e s t a b l i s h  the base which would allow to  compare the model predict ion 
t o  the eventual r e s u l t s  of the  f i e l d  t e s t s .  It seems to  be worthwhile to  mention a 
few recent publ icat ions r e l a t i n g  to  the i n  s i t u  gas i f ica t ion  modeling. Different  
methods of g a s i f i c a t i o n  and various geological formation lead t o  d i f f e r e n t  math- 
ematical models. For example modeling were presented by Kotowski (18) and by Gunn 
and Whitman (12) i n  the  study of reverse  and forward combustion. Thorsnes described 
the  evaluation of thermal f r o n t  measurements and pressure drop versus flow ra te .  
The longwall generator modeling was reported by Sawer and Shuck (22) .  Some pre- 
liminary ana lys i s  w a s  given by Gidaspow (9) .  
gas i f ica t ion  modeling is t o  be able  to  pred ic t  the  gas composition and p e r m i t  the  
development of improved gas i f ica t ion  control  s t r a t e g i e s .  
[Yauagimoto ( 2 9 ) ]  have shown a s ign i f icant  e f f e c t  of the gas i f ica t ion  zone temp- 
e ra ture  upon the gas composition. It seems t o  be d i f f i c u l t  t o  perform an adequate 
hea t  balance and t o  ca lcu la te  the  r e s u l t i n g  temperature of the gas i f ica t ion  zone 
considering such phenomena as: 
through a c e r t a i n  temperature; porous coke s t r u c t u r e ,  contact a rea  between the  
flowing gas and gass i f ied  coa l  e tc .  Therefore the  measurements of t h e  gas i f ica t ion  
zone temperature of the  t h i n  seams has been proposed. The equilibrium da ta  calcu- 
l a t e d  for  the system v o l o t i l e  - gases from carbon react ing with oxygen, carbon 
dioxide e tc .  a t  the determined temperature, superimposed by the  gas composition 
resu l t ing  from the k i n e t i c  of char burn out  and s h i f t  reac t ion  would give the  
resu l t ing  composition of produced gas. 

The p r a c t i c a l  purpose of underground 

The experimental data  

thermoplastic behavior as the  coal  is heated 

MODELING OF GAS COMPOSITION FOR THE I N  SITU GASIFICATION 

The logica l  object ives  of f i t t i n g  equations t o  experimental da ta  a r e  twofold: 
to  estimate t h e  e f f e c t  f o r  each of the  independent var iab les  and t o  be ab le  t o  
predict  the responses. The preliminary examination of experimental d a t a  should 
lead to: 

1. Ordering ( i n  the  space o r  time) 

a. L i s t  and magnitude of independent var iab les  
b. Locate t h e  c lus te rs  f o r  es t imat ion of e r ror  

2. Plot t ing  

a. Factor or  var iab le  space 
b. T i m e  sequences 

The next s tage  is the  construct ion of s p e c i f i c  equations according to  the  
experimental data .  

The calculat ion of gas composition requi res  a l i s t i n g  of independent experi- 
mental var iables ,  as below: 

Rate of air  b l a s t  (and the oxygen concentration i n  the  case of a i r  
enrichment). 
temperature p r o f i l e  and flame f r o n t  veloci ty .  

a i r  m o i s t u r e  and water inf lux.  This is obtained from the  t o t a l  mass 
balance and measurements. 

Composition and rate of gas production. 

1. 
This fac tor  is i n t e r r e l a t e d  to  the r a t e  of gas production; 

2 .  Total  r a t e  of water moisture supply consis t ing of coal moisture; b l a s t  

3 .  

4. Rate of carbon combustion (calculated from point 3.) 
5. Coal proper t ies  such as moisture, ash, content of v o l a t i l e ,  c a l o r i c  

value, conductivity. 
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6. Coal combustion character izat ion such a s  char r e a c t i v i t y ,  r a t e  of 

7 .  

pyrolysis  reac t ion .  

Temperature p r o f i l e  of the gas i f ica t ion  zone with ve loc i ty  flame f ront .  
The temperature p r o f i l e  follows from the t o t a l  energy balance. 
-- et  a l .  (29) observed t h a t  the c a l o r i f i c  value of t h e  gas produced is  
sens i t ive  t o  t h e  combustion temperature of underground gas i f ica t ion .  

Yanagimoto 

The calculat ion program is  presented below: 

100 Mass balance of oxygen and t o t a l  water. Water i n f l u x  and a i r  leakage (from 

200 

201 

202 Rapid reac t ion  (oxygen, hydrogen, steam) with v o l a t i l e  carbon. Gas composi- 

203 Char react ion with gas  phase (oxygen, carbon dioxide, steam). Gas composition 

204 

material balance). 

The react ion r a t e  and resu l t ing  gas composition a t  the equivalent average 
temperature of t h e  g a s i f i c a t i o n  zone. 

Pyrolysis of coa l  and the  tar and gas composition derivated from Kinet ic  
equations. 

t i o n  derivated from equilibrium data. 

derivated from k i n e t i c  data .  The conversion react ion.  

Calculation t h e  r e s u l t i n g  carbon monoxide, hydrogen and carbon dioxide con- 

Estimated c lus te r  of e r rors .  

300 

301 
302 
303 
304 
305 
306 
307 

- 

centration. 

Energy balance and t h e  temperature prof i le .  

The general energy balance of the s o l i d  phase. 

Heat s ink  by conduction for  surrounding mater ia ls .  

Heat s ink by convection to t h e  flowing gases. 

Heat losses  to  the  ash. 

Heat used f o r  t h e  water-steam system. 

Dependent f a c t o r :  r a t e  of combustion. 

Problems r e l a t e d  to the  boundary conditions. 
~- - 

- 100 
follows : 

The conservation of mass equations for  oxygen and t o t i  water woul be a s  

[Rate of oxygen (water) m a s s  i n ]  - [Rate of oxygen (water) mass out ]  + [Rate Of 

generation of oxygen (water massf3 - [Rate of accumulation of oxygen ?water mass] 
= o  4 

Due considerations have to  be given f o r  the  moisture content of the  a i r ;  the  
gas i f ied  coal ;  s o i l  or  rock;  the s t r a t a  of t h e  roof i n  the  a rea  of gasif ied coal; 
and gravi ty  inf lux  of water respect ively a s  w e l l  as the  moisture dissociated i n  t h e  
heterogeneous reac t ion  zone and the  undissociated moisture i n  the heterogenous 
reac t ion  zone). 
Kalashinitkov et&. (16). The mass balance of w a t e r  (being i n  a form of coal  
moisture; t h e  water i n f l u x  and b l a s t  moisture) and its discrepancy would show the  
magnitude of seam water in f lux  and the r a t e  of steam decomposition r a t e .  The con- 
t i n u i t y  equation f o r  these mass balances could be presented as follows: 

The formula t o  ca lcu la te  these water types has been summarized by 

. A mass) = const. 
a - ax (A mass) + m * r + a 

atime 'b 
where A m can be ca lcu la ted  as  the weight f r a c t i o n  of the  component i n  the injected 
air and 0 m . r i s  an  oxygen (water) reac t ion  r a t e  function. The mass balance of 
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oxygen and its discrepancy would ind ica te  the gas ( a i r )  leakage r a t e  and the r a t e  
of steam decomposition due t o  the r e a c t i o s ,  e .g . ,  

H20 + C -f CO + H2 
- 200 The k i n e t i c  data  concerning the coal devola t i l i za t ion  (pyrolysis)  and the  
combustion of the  matter devolat i l ized from coal should be applied i f  r e l i a b l e  
predict ion i s  t o  be obtained. 

- 201 
described by two functions: 

= K (T) @ (a)  where 

The k i n e t i c  r a t e  (r) of coal  p y r o l i s i s  under non-isothermal conditions can be 

V t  a = 3 V t  i s  t h e  volume of the  product i n  time dcx 
d t  

r = -  

t and Vm is the f i n a l  product volume a t ta ined  a t  the end of t h e  react ion.  
function K (T) i s  only temperature dependent, while (a)  is  a funct ion of the in-  
stantaneous phase composition. 
f i n a l  equation i n  which the  r a t e  of gas production i s  expressed as  follows: 

The 

Using the Arrhenius equation one may obtain t h e  

-E A & -E/RT exp - - - dv Av- 
d t  RT C E  e 
- = -  

dT 
d t  The heat ing r a t e  i s  denoted here as c = -. A s  an example w e  use t h e  follow- 

ing experimentally determined k ine t ic  parameters (according to Campbell (2) f o r  
subbituminous coal  types). 

K I N E T I C  PARAMETERS 
b 

GAS PEAK AREA x A (min-l) E (Kcallmole) 

22.3 3 HZ 100 1 . 2  x 10 

32.3 1.0 x 10’ 31.0 

19.5 53.6 3.3 x 10 

co 30 3.3 l o 3  18.0 

CH4 

co2 
4 

Pyrolysis of the  la rger  coal p a r t i c l e s  was described by Forrester  (8).  

- 202 The devola t i l i zed  compounds, resu l t ing  from the  coal  pyrolysis ,  burn with 
oxygen. 
sec. depending on the  temperature of the  gas i f ica t ion  zone. Therefore, the  assump- 
t i o n  tha t  the  equilibrium composition i s  formed i n  t h i s  zone, seems t o  be  j u s t i -  
f ied .  When the s t a t e  of the system is such t h a t  AG = 0 no process will occur and 
the  system i s  a t  equilibrium. 
g i  where N i  is the  number of moles of i and Agi is the  molar s p e c i f i c  Gibbs func- 
t i o n  for  species  i. 

The react ion r a t e  of v o l a t i l e  compound is very high i n  the  range of 0.5-2 

For a system consis t ing of n-species AG = C N i  A 

I f  t h e  Gibbs funct ion has the minimum value then f o r  any complete set of 
independent react ion 

A procedure described i n  the  l i t e r a t u r e  as the  Newton or Newton-Raphson method may 
be  applied i n  order t o  solve the  equations and t o  obtain numeral values. 
computer calculat ions f o r  the  equilibrium data  were described i n  the  repor t  of 
Combustion Engineering, Inc. (21).  

The 
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- 203 The react ion of coal-char with the gases. 
reac t ions  can general ly  be wr i t ten  i n  the  Arrhenius form: 
E i s  t h e  ac t iva t ion  energy and the  parameter A i s  the  frequency fac tor  and does 
depend on t h e  number of molecules covering u n i t  surface area.  
depending on t h e  type of reac t ion  and the  carbon sample; f o r  example, f o r  the  
carbon-oxygen reac t ion  i t  is  from 20-80 Kcal/mole, f o r  the carbon-steam react ion i t  
is from 55-83 Kcal/mole [ I s l e y  sa l .  (14)] and f o r  t h e  carbon-carbon dioxide re- 
ac t ion  i t  is from 26-84 Kcal/mole. Johnson (15) reported the  k ine t ics  of bitumi- 
nous coal  char g a s i f i c a t i o n  with gases containing steam and hydrogen. 

The r a t e  constant f o r  the char 
K = A exp (E/RT) where 

These values vary 

The petrographic type and coal rank a f f e c t s  the  char r e a c t i v i t y  during gasi- 
f i c a t i o n  [Davis 
jec ted  t o  underground g a s i f i c a t i o n  should be  determined experimentally. 
of coa l  conversion fundamentals recent ly  prepared by the  I n s t i t u t e  of Gas Technol- 
ogy presents  a ca lcu la t ion  procedure (using a char of a known r e a c t i v i t y  fac tor )  
f o r  the  produced gas composition from a f lu id ized  bed g a s i f i e r .  However, f o r  an 
average flame f ront  ve loc i ty  of about 0.1 c m  per hr .  i n  the underground gasif ica-  
t i o n  and f o r  the  r e s u l t i n g  long residence time of char i n  a high temperature gasi-  
f i c a t i o n  zone, (30-130 hours) t h e  char r e a c t i v i t y  does not play a s igni f icant  r o l e .  

a. (1)J  so t h a t  the ve loc i ty  constant f o r  the coal  type sub- 
The manual 

The reac t ion  of coa l  with steam and t h e  r e s u l t i n g  gas composition i s  defined 
by the k ine t ic  of t h e  two primary and two secondary react ions:  

C + H20 = CO + H2 (1) 

C + 2 H20 = C02 + 2 H2 (2)  

cop + c = 2 co (3) 

CO + H20 = C02 + H2 ( 4 )  

By denoting Z i  as the  p a r t i c i p a t i o n  coef f ic ien t  of the  i reac t ion  i n  the  
mixture, w e  would o b t a i n  [according t o  B. M. Derman (3) ] :  

4 
dC--- 1 22 -1 

2 z3 + z1 - z dc l  and (e.g.1 - = 
d (C x) Vi 

- 111  2 + 2 7  + 7  ---r r! (C ) Z i  = 

Experimental data  [Ludin et&. (26)] show t h a t  the  conversion react ion occurs 
downstream from g a s i f i c a t i o n  zone is  catalyzed by the inorganic matter i n  the coal. 
Therefore, t h e  modification of the gas composition due t o  t h i s  reac t ion  should be  
included i n  t h e  l a s t  s t a g e  of a computation. 

- 204 A hybrid computer program was prepared by NASA (TMx-3403) t h a t  can solve chem- 
i c a l  k ine t ic  systems with many chemical species  f o r  e i t h e r  a flow o r  s t a t i c  re- 
ac tor .  

300 Energy balance and temperature p r o f i l e  calculat ion approach. 

- 301 The general  s o l i d  phase (coal-char) energy balance may be presented a s  fol-  
lows : 

[Thermochemical hea t  from reac t ions]  + [heat  input (output) by conduction] - 
l a t e d  i n  s o l i d  phase]. 

convective loss t o  flowing gas] + [Extended l o s s  e.g. ash] = [Net heat  accumu- 

Analysing the mass balance, the change i n  an accumulation of s o l i d  phase may 
be obtained from the  equation: 
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[Carbon used by oxygen] + [Carbon used by carbon dioxide] + [Carbon used by the 
react ion with steam] = - [Change of s o l i d  accumulation]. 

The primary combustion react ion r a t e  i s  control led by the  oxygen supply. 
dimensional peak temperature and temperature p r o f i l e  a r e  a funct ion of the  follow- 
ing parameters: 
heat  losses  and d iss ipa ted  energy resu l ted  by the  coal conduct ivi ty ,  water heating 
and evaporation, convective heat  t ransfer  from s o l i d  t o  flowing gases, and heat  
losses  i n  the le f tover  ash. 
char, are usual ly  considered as a port ion of t h e  carbon combustion reac t ions .  The 
approximated r e s u l t s  may be obtained using the  c a l o r i f i c  value of coa l  instead of 
the  heat react ion.  

One 

the  t o t a l  heat  generated by carbon combustion reac t ions ,  the  t o t a l  

The endothermic react ions,  e.g., between the  steam and 

In the  one dimensional energy balance the t o t a l  heat of the var ious react ions 
would be expressed: 

A Hi E u = t o t a l  heat  (1) 
i=l 

where x i  i s  s tochiometr ic  coef f ic ien t  of reac t ion  and p is a funct ion of the  so l id  
phase which r e a c t s  with oxygen (carbon dioxide; steam). 

320 We can now combine the  heat  t r a n s f e r  s ink  by conduction ( s o l i d )  and the  heat 
react ion represent ing uniformly d is t r ibu ted  heat  source and express it by the  
equation: 

a a t  a a t  a t  
ay ay aZ  & (K 2) + - (K -) + - (K j-) + X A H i  $&- p = pc - atime ( 2 )  

i=l 

( t  = tempe a ture)  
property (-) = a which is the  thermal d i f f u s i v i t y  coeff ic ient .  Several authors 
(American &id Russian) have confirmed t h a t  the  temperature peak of coa l  combustion 
depends on t h i s  coef f ic ien t .  However, the  porous-capillary property of coal-char 
mater ia l  requi res  fur ther  modification of the  equation due t o  the  convective 
t ransport  associated with forced air and the gas flowing through t h e  body. This 
should include t h e  coolant mass flow (Gc) and t h e  porosi ty  of the material (2). 
For one dimensional conduction equation (2) becomes: 

This equation can be e a s i l y  converted to  the form containing the E 

a x i  
XAHi,t!' 1 a t  & + G c ' C c  d t +  - -- 

dx K a atime ax2 Ke 
( 3 )  

Depending on t h e  boundary conditions var ious types of solut ion of t h i s  type of 
equation may be obtained. I f  we assume t h a t  the high temperature g a s i f i c a t i o n  zone 
may be represented as a porous p l a t e  cooled on our s i d e ,  then the  general solut ion 
of the equation (3)  becomes: 

( 4  ) 
t - t X  = .-P (ais) 

t a  - tx B i  + F 

where B i  i s  t h e  Biot number and F i s  a Fourier number. 

- 303 Further s t e p s  should include the heat  losses  by convection from the  s o l i d  t o  
t h e  flowing gases. 
t o  heating of t h e  ni t rogen and t h e  water vapors. 

The heat t ransfer  from s o l i d  surfaces  t o  the flowing gases and water vapo 

The s i g n i f i c a n t  port ion of t h i s  type of heat  loss  i s  r e l a t e d  

can  be 
conveniently expressed i n  terms of a nondimensional Nusselt number, Nu = -, I;, where 

K 
2 4 9  



h is  t h e  heat  t r a n s f e r  c o e f f i c i e n t ,  K i s  t h e  thermal conductivity of the  gas and 
D is a c h a r a c t e r i s t i c  dimension. 
Reynolds number. 

For turbulent  flow, Nu = f (Re) where Re i s  a 

A s ign i f icant  d i f fe rence  of opinion e x i s t s  a s  t o  whether or  no t  a turbulent  
flow type occurs during the  g a s i f i c a t i o n  i n  s i t u  [Hahn & Debrand (1311. It 
probably depends on t h e  l o c a l  circumstances of gas i f ica ion  such as cracks s i z e ,  
channeling, surface a r e a  of t h e  channels, e tc .  Therefore a p r a c t i c a l  so lu t ion  
would include an est imat ion of t h i s  l o s s  by t h e  equation: 

' convective = h (T average - T i n l e t )  V n i t rogen  (5) 

where V ni t rogen is t h e  flow r a t e  of ni t rogen i n  t h e  b l a s t  air ;  T i n l e t  gas temp- 
e r a t u r e ,  T average - temperature of gas i f ica t ion  zone. 

- 304 A s ign i f icant  e f f e c t  o f  the ash  content upon the  peak temperature of g a s i f i -  
ca t ion  zone was observed experimentally. Some experimental data  has shown t h a t  the  
exothermic react ion of ash formation does not  compensate f o r  the  l a t e n t  hea t  of the  
ash l e f t  i n  the  g a s i f i c a t i o n  zone. The estimated hea t  losses  would b8  proport ional  
t o  t h e  ash content i n  t h e  coal and t h e  r a t e  of t h e  coal  combustion (e): 

Am carbon 
time Qash = K1 . A Ash content * 

305 
the  water vapor l a t e n t  h e a t ,  should be included. 
t o  t h e  moisture content of t h e  coal  and the r a t e  of t h e  coa l  combustion: 

Based on the  water hea t  balance, the heat  use f o r  the  water evaporation and 
This heat  would be proportional 

Am carbon gyater = K2 A water content ___ time 

- 306 
a1  t o  the r a t e  of t h e  b l a s t  air. The coal combustion r a t e  i s  a l s o  control led by 
the  supply of oxygen and i n  t h i s  contex, the  oxygen supply r a t e  i s  t h e  only inde- 
pendent factor .  

The width and the r a t e  of advancement of the  g a s i f i c a t i o n  zone a r e  proportion- 

In->&-& - ~ - ~ - " . - ~ - . . - - - - ~ ~ - ~ ~ ~ i c ~  r r . , m c + * n r n c  the :rater s z p p l y  ( i n f l m )  czn he con+_rnlledi the 
r a t i o  of t o t a l  moisture/oxygen supply e f f e c t s  the  following parameters: 

a )  The equi l ibr ium and the k i n e t i c s  of the combustion reac t ion  a s  w e l l  
a s  changes i n  t h e  balance of the thermochemical heat  of t h e  gas i f ica-  
t ion  react ion.  

The change of t h e  temperature i n  t h e  g a s i f i c a t i o n  zones due to t h e  
enthotermic r e a c t i o n  of steam decomposition and t h e  heat  s ink  i s  
determined by t h e  heat  r e l a t e d  t o  t h e  water evaporation, l a t e n t  heat  
of steam and hea t  loses  t o  t h e  s t r a t a .  

b )  

The t o t a l  s o l i d  phase energy balance would include the  above mentioned in te r -  
r e l a t e d  expressions f o r  t h e  nonsteady heat t r a n s f e r  and the  d e f i n i t i o n  of t h e  
boundary conditions. The l i m i t a t i o n  of these ca lcu la t ions  l i e  i n  t h e  assumed 
boundary conditions. Fur ther  study is needed i n  t h i s  area. 
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ABSTRACT 

Laboratory s t u d i e s  sugges t  t h a t  improvements of coke s t r e n g t h  brought  about  by pre- 
h e a t i n g  caking c o a l s  before  c a r b o n i z a t i o n  accrue from i n a d v e r t e n t  o x i d a t i o n  r a t h e r  than  
from p h y s i c a l  changes i n  t h e  c o a l  mass due t o  removal of moisture .  
of h ighly  caking c o a l ,  fol lowed by carboniza t ion ,  produces cokes which, i n  terms of 
s t r e n g t h ,  are equiva len t  t o  t h o s e  obta ined  from prime m e t a l l u r g i c a l  b lends .  Appro- 
p r i a t e l y  formulated b lends  of exhaus t ive ly  oxidized and f r e s h  caking c o a l  s i m i l a r l y  
y i e l d  cokes whose p r o p e r t i e s  are comparable t o  those  cokes made from t h e  same c o a l  a f t e r  
o x i d a t i o n  under optimum condi t ions .  

I n  e x e r c i s i n g  q u a l i t y  c o n t r o l  over  t h e  manufacture of  m e t a l l u r g i c a l  cokes,  i t  i s  f r e -  
quent ly  found u s e f u l  t o  p r e h e a t  the  oven-charge i n  an i n e r t  atmosphere a t  some temper- 
a t u r e  between 150' and 350°C. The p r i n c i p a l  b e n e f i t  of such t rea tment  is a s u b s t a n t i a l l y  
shortened carboniza t ion  c y c l e  (Q) and,  hence, g r e a t e r  oven p r o d u c t i v i t y ;  bu t  i n  some 
i n s t a n c e s ,  i t  has a l s o  been observed t o  r e s u l t  i n  somewhat g r e a t e r  s t r e n g t h  of t h e  
f i n i s h e d  cokes,  and t h i s  has  been a t t r i b u t e d  to h igher  bulk  d e n s i t y  and b e t t e r  thermal  
c o n d u c t i v i t y  of t h e  charge a f t e r  removal of moisture  (2). 

Bearing i n  mind t h a t  even very  s l i g h t  ox ida t ion  a f f e c t s  t h e  r h e o l o g i c a l  p r o p e r t i e s  of 
caking c o a l s  (?), nd t h a t  prehea t ing  tends  t o  reduce t h e i r  maximum d i l a t a t i o n  (A),  i t  
appears ,  however, j u s t  as l i k e l y  t h a t  g r e a t e r  coke s t r e n g t h  accrues  from i n a d v e r t e n t  
o x i d a t i o n  of the c o a l  dur ing  p r e h e a t i n g ,  and the  s tudy  repor ted  below does,  i n  f a c t ,  
i n d i c a  Le-i-his-to -be- che m o r c  correFt-view.  

Cont ro l led  o x i d a t i o n  

- 

EXPERIMENTAL 

For t h e  purposes of t h i s  i n v e s t i g a t i o n ,  t h r e e  Appalachian hvAb c o a l s  ( s e e  Table  l ) ,  
a l l  charac te r ized  by h igh  (Giese le r )  f l u i d i t y  and very pronounced (maximum) d i l a t a t i o n  
( s e e  Table  2) ,  were used. 

I n  one set of experiments, samples of  t h e s e  c o a l s  were preheated f o r  vary ing  per iods  of 
t i m e  i n  a sand ba th  a t  180 f 3°C whi le  commercial "pure" n i t r o g e n  o r  hel ium (from 
Canadian Liquid AiflLtd. and Union Carbide Canada Ltd . ,  r e s p e c t i v e l y )  w a s  passed through 
them a t  -10 m l  min . I n  a second, t h e  same procedure w a s  used,  b u t  t h e  i n e r t  gas  w a s  
thoroughly p u r i f i e d  by p a s s i n g  i t  through a f ixed  bed of m e t a l l i c  n i c k e l  on lamp b lack  
a t  80OoC (2) b e f o r e  admi t t ing  it t o  t h e  c o a l  samples. 

A f t e r  cool ing  to room temperature  i n  t h e  p r o t e c t i v e  atmosphere, p o r t i o n s  of  t h e  pre- 
hea ted  samples were then t e s t e d  f o r  t h e i r  d i l t o m e t r i c  and f l u i d i t y  c h a r a c t e r i s t i c s ,  and 
o t h e r s  w e r e  carbonized a s  prev ious ly  descr ibed  (6) and submit ted t o  coke s t r e n g t h  tests. 
S t r e n g t h  w a s  expressed i n  terms of t h e  F Index (6)  which, over  a wide range of v a l u e s ,  
i s  d i r e c t l y  propor t iona l  t o  t h e  ASTM cokz- i?abi l i ty  f a c t o r .  
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To avoid a b a s i s  f o r  comparison with oxid ized  c o a l ,  one of t h e  t e s t  c o a l s  (No. 3) was 
a l s o  exposed t o  oxygen ( a t  200°C) and t o  a i r  ( a t  100°C and 150°C) f o r  vary ing  per iods  
of t i m e ,  and then examined l i k e  t h e  prehea ted  samples. 

RESULTS AND DISCUSSION 

After  prehea t ing  under thoroughly p u r i f i e d  n i t r o g e n  o r  helium f o r  24 hours ,  t h e  
rheologica l  p r o p e r t i e s  of a l l  t h r e e  c o a l s  were found t o  be e n t i r e l y  unchanged. But 
prehea t ing  under commercial "pure" n i t r o g e n  o r  hel ium caused r a p i d  l o s s  of f l u i d i t y  
and progress ive  decrease  of t h e  (maximum) d i l a t a t i o n  - al though a t  t h e  same t i m e  very 
s i g n i f i c a n t l y  r a i s i n g  the  s t r e n g t h  of t h e  coke o b t a i n a b l e  from t h e  prehea ted  coa l .  
F igure  1, i n  which t h e  bracketed numbers r e f e r  t o  coke s t r e n g t h ,  i l l u s t r a t e  t h e s e  
e f f e c t s  f o r  prehea t ing  i n  n i t rogen .  (Prehea t ing  i n  helium y i e l d e d  very  s i m i l a r  results, 
except  t h a t  f l u i d i t i e s  then decreased even f a s t e r ,  poss ib ly  due t o  a h igher  r e s i d u a l  
oxygen content  of t h i s  gas . )  

The enhanced coke s t r e n g t h s  shown i n  F igure  1 a r e  q u a l i t a t i v e l y  p a r a l l e l e d  by t h e  
v a r i a t i o n  of t h e  s t r e n g t h s  of cokes made from v a r i o u s l y  oxid ized  c o a l  N o .  3 ( s e e  
F igure  2 ) .  A s  a n t i c i p a t e d ,  t h e  o x i d a t i o n  per iod  t o  optimum o x i d a t i o n  depended on t h e  
s e v e r i t y  of t h e  t rea tment ,  and thus  ranged from 15 minutes  ( f o r  oxygen a t  200OC) t o  
60 hours ( f o r  a i r  a t  100'C). But i n  a l l  t h r e e  cases, a l i m i t e d  o x i d a t i o n  of t h e  coa l  
before  carboniza t ion  i s  seen t o  r e s u l t  i n  q u i t e  dramatic  improvements of coke q u a l i t y .  
The t o t a l  oxygen c o n t e n t s  of t h e  c o a l  samples a f t e r  optimum pre-oxida t ion  and oxida t ion  
t o  t o t a l  l o s s  of caking p r o p e r t i e s  a r e  shown i n  Table 3 .  

V e r i f i c a t i o n  of t h e  conclus ion  t h a t  s l i g h t  "acc identa l"  ox ida t ion  of t h e  c o a l  dur ing  
prehea t ing  i n c r e a s e s  coke s t r e n g t h  w a s  ob ta ined  from semi- technica l - sca le  tests i n  a 
500 l b  movable w a l l  oven*. In one test, f r e s h  No. 3 c o a l  was charged,  and i n  a second, 
preheated No. 3 (96 hours  a t  17O-19O0C) w a s  carbonized.  Prehea t ing  w a s  done i n  an 
external ly-pas-heated hopper through which commercial "pure" n i t r o g e n  w a s  passed a t  
900 m l  min ( s e e  F igure  3 ) .  

The d a t a  obtained from evalua t ion  of t h e  two coke l o t s  made i n  t h e  exper imenta l  oven 
a r e  shown i n  Table 4 and e s t a b l i s h e d  a 10 p o i n t  improvement i n  t h e  ASTM s t a b i l i t y  
f a c t o r  when t h e  preheated charge was used. But perhaps even more i n t e r e s t i n g ,  i n  the 
c o n t r o l  of t h i s  s tudy ,  i s  t h e  v a r i a b i l i t y  of coke s t r e n g t h s  observed when smaller 
(20 l b )  samples, withdrawn from d i f f e r e n t  l o c a t i o n s  i n  t h e  hopper, w e r e  carbonized 
i n  t h e  labora tory .  This  v a r i a t i o n  is g r a p h i c a l l y  presented  i n  F igure  4 i n  which t h e  
bracketed numbers at t h e  sampling p o i n t s  show t h e  maximum d i l a t a t i o n  of t h e  preheated 
c o a l  before  carboniza t ion .  Comparison of F igures  3 and 4 shows t h a t  t h e  poin t  of 
n i t rogen  ent+y i n t o  t h e  hopper charge - which is presumably a l s o  t h e  p o i n t  a t  which 
t h e  h ighes t  concent ra t ion  of contaminant oxygen would be  encountered - l i e s  i n  a zone 
from which maximum coke s t r e n g t h s  and minimum d i l a t a t i o n  were recorded.  

Since F igure  4 shows t h e  preheated hopper charge t o  have been almost  as heterogeneous 
a s  a c o a l  blend,  one f u r t h e r  series of l a b o r a t o r y  carboniza t ion  experiments  was c a r r i e d  
o u t  with v a r i o u s l y  formulated blends of f r e s h  and "exhaust ively" oxid ized  c o a l  No. 3.  
("Exhaustive" oxida t ion  h e r e  means o x i d a t i o n  t o  t o t a l  loss of caking p r o p e r t i e s . )  
The r e s u l t s  of these  t e s t s  are summarized i n  F igure  5 and show t h a t ,  i r r e s p e c t i v e  of 
t h e  manner of  ox ida t ion ,  a d d i t i o n  of ox id ized  c o a l  can be  a n  e f f e c t i v e  means f o r  
maximizing coke s t r e n g t h .  Scanning e l e c t r o n  micrographs ( see  F igure  6 )  underscore t h i s  
conclusion by showing t h a t  t h e  microscopic  s t r u c t u r e  of cokes made from opt imal ly  
composed blends of f r e s h  and exhaus t ive ly  oxid ized  c o a l  No. 3 compares very  favorably 
wi th  t h a t  of coke made from a prime mvb caking c o a l  a lone .  

*These tests were conducted i n  c o l l a b o r a t i o n  wi th  t h e  Energy Research Labora tor ies ,  
F u l l e r  d e t a i l s  of t h i s  program Department of Energy, Mines and Resources ,  Ottawa. 

w i l l  be publ ished elsewhere. 
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Table 3. Oxygen Contents o f  Oxid ized No. 3 Coal. 

( I n i t i a l  101 = 6 . 2 % )  

Ox ida t ion  
method 

A i r  a t  l00"C 

A i r  a t  150°C 

Oxygen a t  
2oooc 

Oxygen contents ,  (% w/w)  

a f t e r  "Optimum" Ox i d a t  i on  

* ( 6 0 )  ?: 

7 ' 1  ( 6 )  

6 . 4  ( 0 . 2 5 )  

a f t e r  Ox ida t i on  t o  To ta l  
Loss o f  Caking P roper t i es  

"Bracketed numbers show t ime  o f  o x i d a t i o n  (h rs )  t o  oxygen contents. 

Table 4. Eva lua t i on  o f  Cokes from Tests i n  500 l b  Movable-Wall Oven 
-~ _ _  - -  

I I 
ASTM I S t a b i l i t y  Factor ,  (%) I Factor ,  (%) 

1 .  Fresh Coal 

2 .  Preheated Coal 
(Ni t rogen;  170- 
1 9 O o C ,  96 h r s )  

35.2 

45.8 

64.5 

64.5 

256 

Breeze, (% o f  
4 i n  f r a c t i o n  

3.9  

3.6 



MAXIMUM DILATATION % 
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ABSTRACT 

The chemical s t a t e s  of i r o n  i n  a Kentucky c o a l  and i n  t h e  products  of i t s  
hydrogenat ion were determined by Mtlssbauer spectroscopy.  The i r o n  i n  t h e  
c o a l  was present  c h i e f l y  as p y r i t e ,  FeS2. There w a s ,  however, evidence f o r  
some non-pyri t ic  i r o n ,  most l i k e l y  present  as szomolnokite (FeS04.H20). 
The products  from hydrogenat ion of t h i s  coa l  by t h e  SYNTHOIL process  a t  723 
K and 28 MF'a contained a l l  t h e  i r o n  as FeS where x = 1.0 t o  1 . 1 4 .  There 
w a s  no evidence f o r  unreduced FeS 
elemental  i ron .  
t h i s  work, t h e  r e a c t o r  gas  contained 0.32 percent  H S.  Evident ly ,  FeS i s  
not  reduced t o  e lemental  i r o n  i n  t h e  presence of t h i s  concent ra t ion  ofXH S 
i n  t h e  reducing gas. 

or FeSOX. There was a l s o  no evidence f o r  
A t  t h e  experimengal c o n d i t i o n s  f o r  hydrogenat ion o f  c o a l  i n  4 

2 
2 

INTRODUCTION 

I r o n  i s  a major c o n s t i t u e n t  of t h e  minera l  mat te r  i n  many U.  S. Coals  ( 1 ) .  
The metal occurs  p r i n c i p a l l y  as i r o n  p y r i t e ,  FeS2. i n  c o a l  a l though s m a l l  
q u a n t i t i e s  of  t h e  element may be  p r e s e n t  as s u l f a t e ,  oxide,  carbonate  o r  
s i l i c a t e  (2, 3) .  In s e v e r a l  A u s t r a l i a n  brown c o a l s ,  s i g n i f i c a n t  q u a n t i t i e s  
of i r o n  occur  as salts  of carboxyl ic  a c i d s  (4, 5, 6 ) .  An i n v e s t i g a t i o n  of  
i r o n  i n  c o a l  by Mtlssbauer spectroscopy was f i r s t  repor ted  by Lefelhocz 
- a l .  ( 7 ) .  From an examinat ion of  seven U. S .  c o a l s  ranging i n  rank from l i g n i t e  
t o  a n t h r a c i t e ,  they concluded t h a t ,  i n  some c o a l s ,  i r o n  occurs  e x c l u s i v e l y  
as FeS2, and non-pyri te  i r o n ,  when p r e s e n t ,  occurs  a s  Fe(I1)  i n  a high-spin 
conf igura t ion .  

The purpose of t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  determine,  by Mtlssbauer 
spectroscopy,  t h e  i r o n  compounds i n  a c o a l  u t i l i z e d  i n  t h e  SYNTHOIL process  
and i n  the process  products .  I n  t h i s  process ,  a feed  p a s t e  c o n s i s t i n g  of 
pu lver ized  coal i n  r e c y c l e  o i l  i s  r e a c t e d  w i t h  hydrogen a t  7231; (450OC) 
and 14-28 MPa (2000-4000 p s i )  i n  a turbulent-f low r e a c t o r  packed w i t h  
p e l l e t s  o f  Co-Mo/Si02-Al O3 c a t a l y s t .  The product  s t ream is  cooled and t h e  
gross  l i q u i d  product ,  a f g e r  s e p a r a t i o n  from gases ,  is cent r i fuged  t o  remove 
t h e  unreacted s o l i d s .  
f u e l  o i l  a p o r t i o n  of which is used a s  r e c y c l e  o i l  t o  prepare  more feed  p a s t e  
f o r  cont inuous process  o p e r a t i o n  (8, 9 ) .  

The cent r i fuged  l i q u i d  product i s  a low-sulfur ,  low-ash 

"By acceptance of t h i s  a r t i c l e ,  t h e  publ i sher  and/or 
r e c i p i e n t  acknowledges t h e  U. S .  Government's r i g h t  
t o  r e t a i n  a nonexclusive,  roya l ty- f ree  l i c e n s e  i n  
and to  any copyr ight  covering t h i s  paper." 
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EXPERIMENTAL 

Samples of feed  c o a l ,  feed  p a s t e ,  g ross  l i q u i d  product ,  c e n t r i f u g e d  
l i q u i d  product  and c e n t r i f u g e d  r e s i d u e  were drawn from a 1 / 2  ton  p e r  day 
SYNTHOIL p l a n t  c u r r e n t l y  i n  o p e r a t i o n  a t  t h e  P i t t s b u r g h  Energy Research 
Center .  The b a s i c s  of t h e  p l a n t  and t h e  sampling p o i n t s  a r e  shown i n  
f i g u r e  1. A d e t a i l e d  d e s c r i p t i o n  of t h e  procedure and precaut ions  requi red  
f o r  ob ta in ing  r e p r e s e n t a t i v e  samples has  been publ ished by Schul tz  
- a l .  (10) .  The o r i g i n  and a n a l y s i s  of t h e  c o a l  a r e  given i n  t a b l e  1. 
hydrogenat ion was conducted a t  723K and 28MPa. 

Samples were p laced  i n  c i r c u l a r  p l a s t i c  c o n t a i n e r s ,  25 m i n  diameter  
and 3 mm deep,  f o r  Mussbauer a n a l y s i s .  The c o n t a i n e r s  w e r e  covered 
w i t h  p l a s t i c  d i s c s  and  mounted h o r i z o n t a l l y  i n  t h e  spectrometer  s o  
t h a t  any s e t t l i n g  of t h e  s o l i d s  from t h e  l i q u i d  samp3Ys was uniform 
w i t h  respec t  t o  t h e  gamma ray  beam. Co d i f f u s e d  i n  C r .  
The Mussbauer spec t rometer  used w a s  of  convent iona l  des ign  (Nuclear Science 
Instruments ,  Inc.*) and t h e  s p e c t r a  w e r e  ob ta ined  by t ransmission.  I ron  
f o i l  was used f o r  v e l o c i t y  c a l i b r a t i o n  and a l s o  provided the  r e f e r e n c e  f o r  
isomer s h i f t s .  All s p e c t r a  were recorded a t  room temperature  ($ 300K). 

The 

The source  was 

RESULT AND DISCUSSION 

The weights  of samples ,  t h e  r e s u l t s  o f  chemical ana lyses  f o r  i r o n  i n  
each of them and t h e  spectrometer  run t i m e s  are g iven  i n  t a b l e  2. 
Isomer s h i f t s ,  quadrupole  s p l i t t i n g s ,  AS'S and approximate s t r e n g t h s  
of  t h e  i n t e r n a l  magnet ic  f i e l d s  a r e  g iven  i n  t a b l e  3 .  The l i t e r a t u r e  values 
of  t h e  Mussbauer parameters  f o r  a number of  p e r t i n e n t  i r o n  compounds a r e  
presented  i n  t a b l e  4 .  

The M k b a u e r  spectrum of t h i  feed  c o a l  showed two s t r o n g  peaks w i t h  
an isomer s h i f t  of  0.32 mms 
T h 7 Z 5 E v a l u e s a g r e e G l l  w i i h  t h e  isomer s h i f t  and quadrupole s p l i t t i n g  va lues  
repor ted  i n  l i t e r a t u r e  f o r  p y r i t e  and marcas i te ,  two n a t u r a l l y  occurr ing  
minera ls  of composi t ion FeS (7,  13). The M s s b a u e r  parameters  f o r  
t h e  two minera ls  are s o  simzlar t h a t  t h e i r  s p e c t r a  cannot  be reso lved  
i f  both are p r e s e n t .  
p y r i t e  from m a r c a s i t e ,  pe t rographic  and X-ray d i f f r a c t i o n  s t u d i e s  have 
shown t h a t  FeS2 i n  c o a l s  i s  g e n e r a l l y  p y r i t e  (20, 21) .  S p e c i f i c a l l y ,  t h e  FeS2 
i n  t h e  p r e s e n t  c o a l  h a s  been shown by Ruch, gt. t o  be i r o n  p y r i t e  (22) .  

The spectrum of  t h e  c a1  a l s o  showed a s i n g l e ,  very  weak peak w i t h  a 
v e l o c i t y  of 2.83 mms-' r e l a t i v e  t o  t h e  source .  This ,  no doubt, corresponds 
t o  one peak of t h e  d o u b l e t  f o r  non-pyrite i r o n  repor ted  by Lefelhocz 6 
i n  s e v e r a l  c o a l s  ( 7 ) .  They determined a n  isomer s h i f t  of about 1.1 ms-l 
( r e c a l c u  a t e d  w i t h  r e f e r e n c e  t o  i r o n )  and a quadrupole  s p l i t t i n g  of about  
2.6 nuns-*. Unfor tuna te ly ,  t h e  second peak f o r  non-pyri te  i r o n  i n  our  
spectrum i s  completely obscured one of t h e  s t r o n g  p y r i t e  peaks,  probably 
that with a v e l o c i t y  of 0.22 mms r e l a t i v e  t o  t h e  source.  Lefelhocz 
-- e t  a l .  concluded t h a t  t h e  non-pyrite i r o n  may be organic  i r o n  or inorganic  
iron as a e i l i ca te  ( 7 ) .  Montan0 (27) ,  however, observ ing  similar 

*Use  of brand name f a c i l i t a t e s  understanding and does n o t  n e c e s s a r i l y  imply 

a n d a  quadrupole  s p l i t t i n g  of 0.64 nuus-'. - -~ - 

Although Mussbauer a n a l y s i s  is unable t o  d i s t i n g u i s h  

endorsement by t h e  U.  S. Department of Energy. 
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1 
Table 1. - Analysis of the as-received feed coal 

Proximate analysis, (wt. pct.) 

Moist ur e 6.1 
Volatile matter 36.3 
Fixed carbon 42.1 
Ash 15.5 

Ultimate analysis, (wt. pct.) 

Hydrogen 4.9 
Carbon 60.3 
Nitrogen 1.2 
Oxygen (BY 
difference) 12.8 

Ash 15.5 
Sulfur 5 . 3  

as sulfate 0.58 

as pyrite 
as organic 

2.69 
2 . 0 3  

Rank: hvBb 

'A blend from Kentucky seams No. 9, 11, 12 and 13 which are mined 
together; Homestead mine, Western Kentucky. The coal was pulverized 
to a fineness of 70 percent through 200 mesh, U. S. Standard Sieve, 
and 100 percent through 100 mesh. 

Tab.le2; - - -- -_ - ... 
ples analyzed by Nossbauer spectrometry 

Iron content Spectrometer 
Material Weight (9) (wt. pct.) run time (hr.) 

Feed coal 1 . 2 4  
Feed paste 2.60 
Gross liquid product 2.40 
Centrifuged liquid 
product 2.16 

Centrifuged residue 3 . 2 0  
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3.58 113 
1.47 160 
1.84 139 

0.55 189 
10.1 a100 
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s p e c t r a  concluded t h a t  t h e  non-pyrite f r a c t i o n  is anhydrous i r o n  (11) s u l -  
f a t e  FeS04. But t h e  l i t e r a t u r e  va lues  (28) h e  quotes  f o r  isomer s h i f t  and 
quadropole s p l i t t i n g  a r e  i n a c c u r a t e ,  as t h e  experiment was probably in-  
a d v e r t e n t l y  performed on FeSO H 0. More r e c e n t  work, using c a r e f u l l y  
prepared materials, gave V a l &  ?or  FeS04 and FeSO H 0 a s  shown i n  t a b l e  4. 
Assuming t h a t ,  i n  o u r  spectrum, t h e  hidden peak of t h e  high s p i n  doublet  i s  

1 d i r e c t l y  under t h e  low v e l o c i t y  peak of t h e  p y r i t e  spectrum u r  v a l u e s  f o r -  
t h e  isomer s h i f t  and quadropole  s p l i t t i n g  would be  Q1.3 ms-' and % 2 . 6  ms , 
r e s p e c t i v e l y ,  which are i n  e x c e l l e n t  agreement wi th  FeS04.H20 as are Montana's 
and Lefelhocz 's .  

The spectrum of t h e  f e e d  p a s t e  was a composite of t h e  s p e c t r a  of i t s  
components, namely t h e  feed c o a l  and t h e  r e c y c l e  o i l .  The l a t te r ,  a s  
explained above, i s  a p o r t i o n  of t h e  c e n t r i f u g e d  l i q u i d  product  from a 
previous ba tch .  For convenience, t h e r e f o r e ,  t h e  speccrum of t h e  feed  
p a s t e  w i l l  be  d i s c u s s e d  a f t e r  d i scuss ing  t h e  spectrum of t h e  cent r i fuged  
l i q u i d  product .  

The s p e c t r a  of t h e  g r o s s  l i q u i d  product ,  t h e  cent r i fuged  l i q u i d  product  
and t h e  c e n t r i f u g e d  r e s i d u e  w e r e  s i m i l a r  and may be d iscussed  t o g e t h e r .  
Each of t h e  s p e c t r a  showed a six-peak p a t t e r n  wi th  isomer s h i f t s  i n  t h e  
range of 0.69 t o  0.74 nuns-', AS's  i n  t h e  range of 0.00 t o  0.69 ms-' and t h e  
s t r e n g t h s  of t h e  i n t e r n a l  magnetic f i e l d s  i n  t h e  range of 310 t o  270 kOe. 
The outermost peaks i n  the  s p e c t r a  of t h e  g r o s s  l i q u i d  product  and t h e  
c e n t r i f u g e d  r e s i d u e  showed p a r t i a l  r e s o l u t i o n  i n t o  two subpeaks. The v a l u e s  
of t h e  isomer s h i f t s ,  t h e  A S ' s  and t h e  s t r e n g t h s  of t h e  i n t e r n a l  magnetic 
f i e l d s  g iven  i n  t a b l e  3 f o r  these  two m a t e r i a l s  are t h e  v a l u e s  obta ined  by 
us ing  t h e  p o s i t i o n s  of  t h e  o u t e r  and i n n e r  subpeaks r e s p e c t i v e l y  t o  c a l c u l a t e  
t h e  parameters. Hafner  and Klavius  observed similar f i n e  s t r u c t u r e s  i n  
t h e  MBssbauer s p e c t r a  of two p y r r h o t i t e s  and used a comparable technique 
f o r  d a t a  r e d u c t i o n  (11). A comparison of t h e  MBssbauer parameters  i n  t a b l e s  3 
and 4 shows t h a t  t h e  gross  l i q u i d  product ,  t h e  c e n t r i f u g e d  l i q u i d  product  and 
t h e  cent r i fuged  r e s i d u e  c o n t a i n  FeS where x = 1.0  t o  1 .14.  

In agreement wi th  o u r  f i n d i n g s ,  Ruch et&. found p y r r h o t i t e  i n  t h e  
cent r i fuged  r e s i d u e  by X-ray d i f f r a c t i o n  a n a l y s i s  of a l i q u o t s  drawn from 
t h e  samples used i n  t h i s  work ( 2 2 ) .  

The spectrum of t h e  feed  p a s t e  had s ix  peaks: two s t rong  peaks corresponding 
t o  t h e  p y r i t e  peaks in t h e  spectrum of  t h e  feed  c o a l ,  and four  weak peaks, two 
on each s i d e  of t h e  s t r o n g  doublet .  The f o u r  weak peaks correspond t o  t h e  
o u t e r  four  peaks i n  t h e  size-peak spectrum of  t h e  cent r i fuged  l i q u i d  product .  
The two middle  peaks of t h e  cent r i fuged  l i q u i d  product  a r e  obscured by t h e  
two s t rong  peaks o f  t h e  p y r i t e .  Clear ly  t h e  spectrum of t h e  feed  p a s t e  i s  a 
composite of t h e  s p e c t r a  of  c o a l  and c e n t r i f u g e d  l i q u i d  product ,  t h e  compo- 
n e n t s  of t h e  feed  p a s t e .  

None of t h e  s p e c t r a  obta ined  i n  t h i s  work showed any absorp t ions  o t h e r  
t h a n  those d iscussed  above. W e  es t imate  t h e  p r e c i s i o n  of our measurements 
i s  such t h a t  o t h e r  compounds ( for  example, t h o s e  shown in  taboe 4 s t a r t i n g  
w i t h  i ron)  would have been de tec ted  had they  been present  i n  s i g n i f i c a n t  

4 '  2 
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amounts, 
i n  any of the  m a t e r i a l s  analyzed i f  p r e s e n t  i n  q u a n t i t i e s  a s  smal l  as 5% of  
t h e  t o t a l  i r o n  present .  In t h e  case  of t h e  feed  c o a l ,  t h e  d e t e c t i o n  l i m i t s  
for i r o n  and above oxides  would have been even lower and, i n  a d d i t i o n ,  
t h e  presence of many of t h e  othercompounds i n  t h e  lower p o r t i o n  of  Table  4 
would have a l s o  been d e t e c t a b l e  a t  t h e  5% l e v e l .  P o s s i b l e  except ions  a r e  
t h e  i r o n  (111); s u l f a t e s ,  i r o n  (111) a c e t a t e  and Fe2(C0)9 with d e t e c t a -  
b i l i t y  l i m i t s  of t h e  o r d e r  of 10-20%. 

Although t h e  feed  c o a l  does conta in  a s m a l l  amount of FeS04.H20, t h e  q u a n t i t y  
of i t  i s  t o o  s m a l l  t o  account f o r  a l l  t h e  s u l f a t e  t h e  c o a l  i s  known t o  c o n t a i n  
by convent ional  a n a l y s i s  ( s e e  Table 1 ) .  
combined wi th  C a  o r  some o t h e r  ca t ion .  

The s p e c t r a  of t h e  gross  l i q u i d  product ,  t h e  cent r i fuged  l i q u i d  product  
and t h e  c e n t r i f u g e d  r e s i d u e  showed no evidence f o r  e lemental  i ron .  The 
absence of  i r o n  is s i g n i f i c a n t  s i n c e  Gal lo  has  reported t h e  reduct ion  of  
FeS2 t o  e lementa l  i r o n  by t h e  fol lowing success ive  r e a c t i o n s  ( 2 3 ) :  

Elemental i r o n ,  Fe203, Fe304, or a-FeOOH would have been d e t e c t a b l e  

Some of  t h e  s u l f a t e  is presumably 

500K FeS2 + H2 j Fe2S3 + H2S 

( i i )  

-&!!$E Fe + H2S ( i i i )  

550K Fe2Sj + H2 - FeS + H2S 

FeS 
+ HZ 

These r e s u l t s  were obta ined  wi th  gavorran to ,  a n a t u r a l  p y r i t e ,  conta in ing  
97.12 percent  FeS . It should be noted t h a t  r e a c t i o n  ( i i i )  is r e v e r s i b l e  
and, t h e r e f o r e ,  t f e  reduct ion  of FeS t o  Fe w i l l  not  be f e a s i b l e  i f  t h e  
p a r t i a l  p r e s s u r e  of H S i n  t h e  reducing gas  i s  above some c r i t i c a l  v a l u e .  
Rosenquist has  measured K f o r  r e a c t i o n  ( i i i )  at 723K ( 2 4 ) .  A t  28 MPa 
hydrogen pressure ,  t h e  eqe i l ib r ium H S p r e s s u r e  is  0.008 percent  of t h e  
hydrogen pressure .  
approximately 0.32 percent  H S and, e v i d e n t l y ,  FeS was not  reduced t o  
i r o n  i n  t h e  presence of t h i s  concent ra t ion  of H S.  

I n  t h e  q u a l i t a t i v e  agreement with our  r e s u l t s ,  J. T. Richardson has  repor ted  
t h a t  FeS2 i s  reduced t o  Fe S (FeS1.44) dur ing  c o a l  hydrogenation (25 ) .  
By theromagnetic a n a l y s i s  of a char  
concluded t h a t  t h e  i r o n  i n  char  w a s  p r e s e n t  as a mixture  of Fe S 
FeS . 
c o n z i t  i o n s ,  

2 

In t h e  present  sgudy, t h e  r e a c t o r  gas  contained 

2 2 
2 

rom a c o a l  l i q u e f a c t i o n  p l a n t  he 

7 8 and The exac t  composition of t h e  mixture  var ied  with t h e  process  
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CONCLUSIONS 

MHssbauer a n a l y s i s  o f  a Kentucky coa l  showed t h a t  i r o n  i n  t h e  c o a l  
w a s  present  mainly a s  FeS . There was some non-pyr i t ic  i r o n ,  most l i k e l y  
present  as szomolnoki te  (%eS04*H20). Products  from hydrogenat ion of 
t h e  coa l  a t  723K and 28 MPa contained FeSx where x = 1.0 t o  1 .14.  
was no evidence of  e lementa l  i r o n  i n  t h e  products .  

There 
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An Infrared Absorption Study of 
Coal-Metal Sa l t  Catalyst Interactions 

J. M. Lee*. R. E. Wood and W .  H .  Wiser, Mining and Fuels Engineering 
Department, University of Utah, Sa l t  Lake City, Utah 84112. 
address, Department of Chemical Engineering, Auburn  University, Auburn 
A1 abama. 

*Present 

Introduction 

A thorough study o f  the infrared absorption pa t te rns  produced by 
coal samples conducted by Friedel,  e t .  a l . ,  ( 1 )  resulted i n  the assign- 
ment of absorption bands t o  spec i f ic  s t ruc tures  o r  components of coal.  
Those assignments of importance t o  this  study a re  l i s t e d  in Table 1 .  

Although some uncertainty ex i s t s  w i t h  respect t o  these assignments 
the 3030 cm-1 band is considered t o  represent the aromatic C-H and the 
2920 cm-1 and 2850 cm-1 bands represent a l ipha t i c  C-H. CH3, CH2. and 
CH ( a l ipha t i c )  configurations a l l  contribute t o  these absorption bands 
b u t  the dominent e f f e c t  i s  t h a t  from CH2 because of i t s  r e l a t ive  abun- 
dance. However, the  IR d i f f e ren t i a t ion  does not discriminate between 
a l ipha t ic  C-H bonds i n  a l i pha t i c  s ide  chains, in hydroaromatic s t ruc tu res ,  
in cycloparaffins or i n  a l ipha t ic  connecting bridges. 
band i s  assigned t o  double bond carbon and/or carbonly bonds. 
th is  i s  taken t o  be aromatic carbon (2 ,3) .  
assigned t o  a l ipha t i c  H bending and/or aromatic carbon s t re tch ing .  
The 1260 cm-1 band i s  assigned t o  phenoxy and e ther  s t ruc tures .  
1 shows these band assignments as derived by Friedel ( 1 )  and applied 
to  the IR pattern of a t h in  section of v i t r an i t e .  

by several authors (1 ,3,4,5,6). These reports ind ica te  t h a t  the IR 
band assigned t o  the  OH s t ruc tures  i n  bituminous coals disappears near 
500°C. 
in in tens i ty  a t  300°C b u t  does n o t  completely disappear even a t  550OC. 
The C-H s t re tch ing  band in t ens i t i e s  decrease and the  aromatic C-C and 
C-0 band (1610 cm-1) i s  unchanged a t  temperatures approaching 600’C. 
Oelert ( 4 )  has published an extensive in te rpre ta t ion  of thermally induced 
s t ruc tura l  changes i n  coal as a r e s u l t  of IR measurements. 

to  measure change i n  coal s t ruc ture  under nitrogen and hydrogen (one 
atmosphere pressure) and in the presence of metal s a l t  ca ta lys t s .  

The 1610 cm-1 
In coal 

The 1450 cm-1 band i s  

Figure 

Temperature e f f ec t s  on functional groups in coal have been studied 

The band a t t r i bu tab le  t o  phenoxy s t ruc tures  (1260 cm-1) decreases 

The present study i s  an attempt t o  use the IR absorption procedure 

Experimental 

infrared spectra of KBr pe l l e t s  containing f ine ly  dispersed coal and char 
samples. 
was used. 
Table 11. 

A Beckman IR-20 Infrared Spectrophotometer was used t o  measure 

Kapairowitz, Utah coal sized t o  44-53 microns (-270 +325 mesh) 
Proximate and ultimate analyses of this coal a r e  given in  

Coal samples were impregnated w i t h  metal s a l t  ca t a lys t s  (ZnC12, CdC12 
SnC12’2H20, CoC12.6H20 and FeS04.7H20) by mixing  the coal w i t h  a water 
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solution of t he  s a l t  and drying the s lu r ry  under vacuum a t  110°C. The  
ca ta lys t  application r a t e  was 0.112 moles of ca t a lys t  per 100 grams of 
MAF coal.  
(250, 350 or 45OoC) f o r  30 minutes in  the  presence of e i t h e r  H2 or NE 
gas (99.98 % pur i ty ) .  
ment used fo r  heat treatment. 

fo r  loss  of v o l a t i l e  matter and KBr pe l l e t s  were prepared. Twenty mg 
of each sample were ground in  a Wig-L-Bug v ibra tor  for 1 hour. Then, 
0.5 to  2.0 mg of t he  coal or char were mixed w i t h  250 mg of IR grade 
KBr for  10 minutes in the  same device. Two hundred mg of the  mixture 
were briquetted i n  a hot d i e  (110 C )  a f t e r  evacuation. 
a clear pe l l e t  13 mm i n  diameter and 0.6 mn thick.  
measured 4 times, not a s  duplicates,  b u t  a t  0 .2 ,  0 .4 ,  0.6,  and 0.8 weight 
percent of the KBr disc .  

The  prepared sample (50 mg) was heated t o  various temperatures 

Figure 2 shows a schematic drawing of the  equip- 

Following reac t ion ,  the chars were weighed t o  permit a correction 

The r e su l t  was 
Each sample was 

Results and Discussion 

Figure 3 shows the  IR pattern t o  be expected from d i f f e ren t  amounts 
of coal dispersed through a K B r  pe l le t .  Because the grinding and mixing 
were done i n  polystyrene v ia l s  there is  an obvious contamination of t h i s  
polymer i n  the sample a s  measured by the spectrometer. I n  f a c t ,  because 
the polystyrene contains s imi la r  bonding to  t h a t  found i n  coa l ,  the spectra 
of KBr w i t h  no coal present ( b u t  with polystyrene contamination) i s  very 
similar t o  the pa t te rn  obtained when coal is present.  The e f f e c t  of t h i s  
contamination becomes constant a t  10 minutes grinding o r  m i x i n g  time and 
hence i s  a constant which can be subtracted from the KBr p l u s  polystyrene 
plus coal pa t te rn .  

Beer's law f o r  absorption s t a t e s  t h a t :  
A = km/S + A, = k M/100S + A, = Kc + A, 

where A = sample absorbance a t  a spec i f ic  absorption band 
A, = constant absorbance due t o  the  polystyrene 
k = spec i f i c  ex t inc t ion  coe f f i c i en t  (cm /mg) 
m = weight o f  coal i n  the d isc  (mg) 
S = area o f  d i sc  (cm ) 
M = weight o f  the  d isc  (mg) 
c = weight percent of coal i n  the d isc  
K = slope of the  l i n e  A vs c 

2 

2 

The values of k ,  K and A0 as measured fo r  this study a r e  shown i n  
Table I 1 1  fo r  the 2920 cm-1 absorption peak. 
k are included f o r  comparison. 
ventional base l i n e  (3120-2780 cm-1) did not y ie ld  a s t r a i g h t  l i ne  of A vs 
c for e i t h e r  the  2920 o r  3030 cm-1 bands, a second base l i n e  (3740-2200 cm-1) 
was used. 
and  a l so  gave l a rge r  values of k and K without s ign i f i can t ly  changing Ao. 
Slopes were calculated f o r  each of the  A vs c l i nes  ( K  values in the Beer 
law re l a t ionsh ip ) .  

Some l i t e r a t u r e  values of 
Because the data obtained u s i n g  t h e  con- 

This base l i n e  provided the  desired s t r a i g h t  l i n e  function 

Correlation coef f ic ien ts  (r2) were calculated f o r  

m 
II 
I 

I 
I 
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a l l  t h  l i n e s  and data p o i n t s  generated. S t a t i s t i c a l l y ,  a l l  d a t a  p o i n t s  

were i n  excess o f  t h e  95 percent  l e v e l .  

350 and 45OOC and no c a t a l y s t ,  p l u s  the  metal s a l t s  l i s t e d  above. The 
data obta ined on samples t r e a t e d  a t  250°C were n o t  i nc luded  because o f  
ove r lap  o f  l i n e s  caused by water abso rp t i on  w i t h  l i n e s  used i n  t h e  c a l -  
c u l a t i o n s .  For s t a t i s t i c a l  purposes, t h e  da ta  p rov ide  two l e v e l s  o f  
atmosphere, two l e v e l s  o f  temperature and two l e v e l s  o f  c a t a l y s t  app l i ca -  
t i o n  f o r  each o f  t h e  5 metal  s a l t s  used. The t o t a l  da ta  ( K  values)  accumulated 
a r e  i nc luded  i n  Tab le  I V .  Changes i n  K values f rom one c o n d i t i o n  t o  
another i n d i c a t e  an increase o r  a decrease i n  t h e  t ype  o f  bonding t h a t  
g ives r i s e  t o  t h a t  p a r t i c u l a r  abso rp t i on  band. 
values can be r e l a t e d  t o  changes i n  aromatic hydrogen, a l i p h a t i c  hydrogen, 
a l i p h a t i c  carbon, e t c . ,  i n  t h e  coa l  o r  char  s t r u c t u r e .  

l i n e a r  reg ress ion  a n a l y s i s  procedure t o  d i scove r  which absorbances were 
s t a t i s t i c a l l y  r e l a t e d .  The percent  v o l a t i l e  ma t te r  f rom each t r i a l  was 
inc luded as t h e  dependent v a r i a b l e  i n  t h e  computation. The c o r r e l a t i o n  
c o e f f i c i e n t s  shown i n  Table V a r e  t h e  r e s u l t  o f  t h i s  c a l c u l a t i o n .  The 
f o l l o w i n g  comments can be made w i t h  respec t  t o  these  c o r r e l a t i o n  values. 

t i v e  c o r r e l a t i o n  w i t h  a l l  o the r  peaks, b u t  a p o s i t i v e  c o r r e l a t i o n  w i t h  
v o l a t i l e  ma t te r .  
means t h a t  t h e  concen t ra t i on  o f  aromat ic  bonding i n  t h e  char  increases 
w i t h  i nc rease  i n  v o l a t i l e  ma t te r  p roduc t i on .  Th is  suppor ts  t h e  concept 
t h a t  aromat ic  bonds a re  produced i n  t h e  char  as more v o l a t i l e  m a t t e r  i s  
produced. 

A l l  t h e  absorbance bands, except  3030 cm-’, have a nega t i ve  
c o r r e l a t i o n  w i t h  respec t  t o  v o l a t i l e  mat ter .  
bonds represented by t h e  absorbance bands, a l i p h a t i c  o r  naphthenic  hydrogen, 
aromatic carbon, carbonyl ,  carboxy lates,  phenoxy s t r u c t u r e s ,  e tc . ,  a re  
dest royed o r  removed t o  produce v o l a t i l e  m a t e r i a l .  

2920 and 2850 cm-1 bands. 
measure t h e  same t h i n g ,  i n  t h i s  case a l i p h a t i c  o r  naphthenic hydrogen. 

C and/or C=O), 1450 (CH2, CH3. C-C) and 1260 (C=O i n  phenoxy s t r u c t u r e s )  
i n d i c a t e  t h a t  t hey  a r e  a l s o  a measure o f  t h e  same t h i n g ,  o r  a t  l e a s t  t h a t  
t h e  bonds they  measure a r e  a f f e c t e d  s imul taneously  by t h e  va r ious  sample 
t reatment  procedures. 

The f a i r l y  good i n v e r s e  c o r r e l a t i o n  between t h e  2920 and 2850 
cm-1 absorbance bonds and t h e  percent  v o l a t i l e  ma t te r  i s  i n  agreement w i t h  
publ ished ideas on t h e  o r i g i n  o f  v o l a t i l e  components. The changes found 
i n  a l i p h a t i c  hydrogen bonding i n d i c a t e  a decrease w i t h  increased v o l a t i l e  
mat ter .  
s t r u c t u r e s  by t h e r m a l l y  produced f r e e  r a d i c a l s ,  a second o rde r  r e a c t i o n ,  
(8,9) o r  by a f i r s t  o rde r  p y r o l y t i c  break ing o f  a l i p h a t i c  bonds ( 1 0 , l l ) .  

The p o s i t i v e ,  bu t  low, c o r r e l a t i o n  between 2920 and 2850 cm- 
w i t h  1610, 1450 and 1260 cm-l i n d i c a t e s  t h a t  t h e  bonds respons ib le  f o r  these 

gave r s values i n  excess o f  the 90 percent  conf idence l e v e l  and most cases 

Subsequent c a l c u l a t i o n s  have inc luded  da ta  f o r  N2 and H2 atmosphere, 

Therefore,  changes i n  K 

The i n f r a r e d  absorbance da ta  were analyzed by means o f  a m u l t i v a r i a b l e  

1. The 3030 cm-l absorbance peak (aromat ic  hydrogen) has a nega- 

Al though t h e  c o r r e l a t i o n  i s  n o t  h igh  i n  any case i t  

2. 
Th is  i n d i c a t e s  t h a t  t h e  

3. A ve ry  good c o r r e l a t i o n  c o e f f i c i e n t  (t0.785) i s  found f o r  t h e  
Th is  suppor ts  t h e  concept t h a t  these two bands 

4. Good p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t s  between 1610, (aromat ic  

5. 

Th i s  can be expla ined as a b s t r a c t i o n  o f  hydrogen f rom hydroaromatic 

1 6. 
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absorbances a r e  again t rea ted  s imi la r ly  by the  various sample treatment 
procedures. Although the bonds involved may n o t  be the same, the  various 
peaks do increase o r  decrease together.  

The s iqni f icance  of the  numerical (K) data of Table V was tes ted  w i t h  
the conventional F r a t i o ,  using three  variables,  each a t  two leve ls .  The 
r e su l t s  of t h i s  study a re  shown i n  Table VI. In this  t ab le ,  the s i g n i g i -  
cance i s  noted by a number which i s  the s t a t i s t i c a l  probabili ty of e r ror .  
The number 0.20 ind ica tes  a 1 in 5 probabili ty t h a t  the statement i s  in 
e r ro r ,  0.05 ind ica tes  a 1 in 20 probabili ty t h a t  the statement i s  i n  e r ro r ,  
0.01 indicates a 1 i n  100 and 0.001 indicates a p robabi l i ty  of 1 i n  1000 
t h a t  the  statement i s  i n  e r ro r .  

Analysis of Table VI t e l l s  us t h a t  l i t t l e  d i f fe rence  i s  realized by 
v i r tue  of hydrogen pressure a t  one atmosphere. FeS04 a f f e c t s  both the 
3030 and the  2850 cm-1 absorption bands when hydrogen i s  present.  Since 
both a re  increased, the Ar/A1 r a t i o  as represented by 3030/2920 is not 
affected.  ZnC12 depresses vo la t i l e  matter evolution a t  l o w  temperature 
but increases i t  a t  high temperatures when hydrogen i s  present. CdC12 
does a c t  t o  fxcrease vo la t i l e  matter evolution when hydrogen i s  present. 
The 1610 cm-1 band i s  not affected by hydrogen presence w i t h  any of the 
metal s a l t s .  

Temperature a c t s  t o  increase v o l a t i l e  matter evolution with a l l  
of the s a l t s  present.  However, t h i s  vo la t i l e  matter i s  obtained a t  the 
expense of d i f f e r e n t  bonds in  the  presence of d i f f e ren t  s a l t s .  SnC12 
and CdC12 a c t  t o  increase aromatic hydrogen while FeSO4 a c t s  t o  decrease 
the  a l ipha t ic  hydrogen a t  higher temperatures. 
of the f ive  tes ted  which does not decrease the aromatic carbon a t  the 
higher temperature. 

The c a t a l y t i c  e f f e c t ,  a s  opposed t o  hydrogen o r  temperature, i s  
shown i n  the  f ina l  sec t ion  of Table VI. 
absolute amount of aromatic hydrogen i n  the char while SnC12 ac t s  t o  
cause an increase. T h i s  would appear t o  be an anornolie but can be 
explained i f  we assume t h a t  these s a l t s  influence d i f f e ren t  bonds. 
ZnC12 may influence hydroqen re lease  from aromatic s t ruc tu res  w i t h  
consequent polymerization of the residual groups. 
hydrogen abs t rac t ion  from hydroaromatic s t ruc tures  yielding aromatic 
s t ruc tures  i n  the  res idue  which are l e s s  condensed than with ZnC12.. 
ZnCl2 increases the a l ipha t i c  hydrogen as  does FeSO4. 
indicates a t r ans fe r  o f  hydrogen from some aromatic t o  form some a l ipha t i c  
s t ruc tures .  
hydrogen t o  a l ipha t i c  hydrogen while SnC12 increases i t .  
and FeS04 decrease the absolute content of aromdtic carbon. SnC12 ac t s  
t o  increase v o l a t i l e  matter evolution while FeSOq has a s l i g h t  tendency 
t o  repress the  evolution. 
f ina l  quantity of v o l a t i l e  matter evolved. 

As a summary we can say t h a t  infrared absorption technique is  
capable of d i f f e ren t i a t ing  some types of bonds a f fec ted  by coal pyrolysis 
i n  the presence of metal s a l t s .  Further, these s a l t s  do not a c t  
uniformly w i t h  respec t  t o  spec i f ic  bonds. T h i s  i s  espec ia l ly  apparent i n  
t he  cases of ZnC12 and SnC12, both of which a re  e f f ec t ive  a s  coal hydro- 
genation-liquefaction ca t a lys t s .  ZnC12 ac ts  t o  decrease the absolute 
content of aromatic hydrogen bonding while SnC12 ac t s  t o  increase the 
absolute quantity of aromatic hydrogen in the char. 

CdC12 i s  the only s a l t  

ZnC12 a c t s  t o  decrease the  

SnC12 may influence 

For ZnC12 this 

Z n C l 2 ,  CdC12 and CoC12 decrease the r a t i o  of aromatic 
SnC12, CdC12 

Other s a l t s  seem t o  have no e f f e c t  on the  
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TABLE I 
Selected Infrared Absorption 

Absorption Assignments in the Coal Structure (1) 

Absorption Band, cm-’ Assignment 
2920 Naphthenic and/or aliphatic C-H 
3030 Unsaturated CH, probably aromatic 
1610 Aromatic C-C and/or C-0.. . .HO-; 

carboxilates 
2850 Naphthenic and/or aliphatic C-H 
1450 CH2 and CH3; aromatic C-C or ionic 

carbonates 
1260 C=O in phenoxy structures 

TABLE I1 
Proximate and Ultimate Analysis 

o f  Kaiparowitz, Utah Coal 

Dry Basis MAF Basis 
% Ash % V.M. % C  % H  % N  % S  % O  
10.8 51.4 73,4 6.17 1.91 0.55 18.00 

TABLE I11 
Constants Obtained From Beer’s Law, 2920 cm-l 

Coal Sample k K 

This work 
3120-2780 base 0.27 0.401 0.245 

3740-2200 base 0.40 0.599 0.264 

Freidel (1) 
3120-2780 base 
vitrain (84% C) 0.17 

Fuiii (71 
3270-2j80 base 
vitrain (83.4% C) 0.38 
vitrain (84%’C) 0.42 
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TABLE I V  
K Values Obtained from I R  Spectra 

2850 2920 1610 1450 1260 
350 None 0.184 0.263 0.268 0.835 0.636 0.547 
450 " 0.214 0.234 0.207 0.751 0.611 0.537 
350 " 0.223 0.307 0.388 0.787 0.648 0.474 
450 " 0.258 0.267 0.247 0.789 0.711 0.497 

350 Z;,C12 0.200 0.245 0.382 0.819 0.587 0.478 

L -  T C  - 3030 - - __ __ __ 

450 0.159 0.367 0.426 0.654 0.524 0.523 
350 " 0.155 0.335 0.466 0.819 0.6i5 0.548 
450 " 0.171 0.286 0.401 0.789 0.692 0.512 

350 $nCl2 0.227 0.341 0.404 0.734 0.460 0.434 
450 " 0.330 0.258 0.118 0.419 0.267 0.387 
350 " 0.219 0.197 0.287 0.665 0.470 0.438 
450 I' 0.290 0.168 0.199 0.464 0.334 0.323 

350 CdC12 0.209 0.290 0.383 0.744 0.610 0.469 
450 " 0.236 0.323 0.312 0.595 0.581 0.529 
350 " 0.171 0.332 0.518 0.676 0.582 0.401 
450 " 0.246 0.242 0.372 0.750 0.632 0.464 

350 CoC12 0.280 0.407 0.539 0.858 0.708 0.536 
450 " 0.240 0.231 0.335 0.773 0.592 0.488 
350 " 0.244 0.396 0.525 0.888 0.703 0.591 
450 I' 0.269 0.324 I 0.415 0.735 0.630 0.571 

350 FeS04 0.228 0.338 0.443 0.693 0.536 0.488 
450 " 0.189 0.283 0.462 0.653 0.447 0.404 
350 " 0.238 0.331 0.497 0.657 0.512 0.449 
450 " 0.258 0.315 0.318 0.664 0.512 0.449 

V.M.% 

6.9 
21.8 
6.2 

24.7 

7.1 
21.4 
6.4 

25.4 

12.5 
29.0 
17.3 
28.8 

3.4 
19.4 
13.4 
34.7 

2.4 
17.5 
2.4 

26.7 

0.0 
12.1 
0.0 

23.9 

TABLE V 
Mu1 ti 1 i near Regression Analysis Cor re la t ion  C o e f f i c i e n t s  

Cor re la t ion  C o e f f i c i e n t  
3030-2920 -0.225 
3030-2850 -0.098 
3030-1610 -0.167 
3030-1450 -0.120 
3030-1 260 -0.129 
2920-2850 +O. 785 
2920-1610 +0.327 
2920-1450 +0.234 
2920-1 260 +0.182 
2850-161 0 +0.353 
2850-1450 +0.371 

C o r r e l a t i o n  1 
2850-1 260 
1610-1450 
161 0-1 260 
1450-1 260 
3030-V.M. 
2920-V.M. 
2850-V.M. 
1650-V. M. 
1450-V. M. 
1260-V.M. 
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: o e f f i  c i  en t  
+0.478 
+0.841 
+0.709 
+0.779 
+O. 289 
-0.594 
-0.557 
-0.322 
-0.119 
-0.190 



ATMOSPHERE 
N2 or  H2 

ZnCl 
SnC12 
CdC12 
C O C l  
FeS04 

ZnCl 

--- --- 
0.01 I 
0.05 I 
--- --- 
--- --- 

SnCl 
CdCl 
COCl 
ieS04 

0.05 I 0.05 D 
--- --- 0.001 0 
0.01 I --- --- 
0.01 I 0.05 D 
--- --- 0.05 0 

TABLE VI 
S t a t i s t i c a l  Significance of I.R. Absorbance Data 

0.001 I 
0.001 I 
0.01 I 
0.001 I 
0.01 I 

ZnC12 
SnCl 
CdCl 
C O C l  
FeS04 

0.05 0 
0.05 I 
--- --- 
--- --- 
--- --- 

% V . M .  

E 
0.01 I Hi 

I D Lo 

I --- --- 
10.05 I 

I --- --- 
I --- --- 

I = Increase i n  measured absorbance 
D = Decrease in measured absorbance 

S = Significance 
E = Effect 
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CHARGE TRANSFER COMPLEXES OF COAL-DERIVED ASPHALTENES 

I. Schwager, J.T. Kwan, J.G. Miller and T.F, Yen 
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Chemical Engineering Department 
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Los Angeles, California 90007 

INTRODUCTION 

Coal-derived asphaltenes are thought to be key intermediates in the con- 
version of coal to oil (1). A model, based on x-ray diffraction studies (2), 
has been proposed to describe the macrostructure of associated asphaltenes in 
the solid state (3). The state of association of these species in benzene and 
tetrahydrofuran solution has been studied by vapor pressure osmometry, and 
molecular weights have been reported as a function of concentration (4). Evi- 
dence has been presented rerently in the 1.iterattire supporting a hydrogen- 
bonding donor-acceptor association in solution (5-7). Previously the mecha- 
nism of association of petroleum asphaltenes (%-lo), and coal and chars ( 11 ) 
was described in terms of charge transfer donor-acceptor forces. A study of the 
properties of iodine-petroleum asphaltene complexes was carried out, and led 
to useful information on the structure of petroleum asphaltenes 
fore decided to synthesize charge transfer complexes of coal-derived asphaltenes, 
and to study their properties by a variety of physical and analytical techniques. 

1 2  ). It was there- 

EXPERIMENTAL 

Coal-derived asphaltenes were separated by solvent fractionation ( 13 , 14 ) 
from coal liquids produced in five major demonstration liquefaction processes: 
Synthoil, HRI H-Coal, FMC-COED, Catalytic Inc. SRC, and PAMCO SRC. The asphal- 
tenes were further separated into three fractions by exhaustive solvent elution 
chromatography on silica gel using the solvents: benzene, diethyl ether, and 
tetrahydrofuran. The benzene and diethyl ether eiuted fractions, known to con- 
tain a higher and lower proportion of basic asphaltene molecules (13 ) ,  were used 
in addition to starting asphaltene to form some of the complexes. 

Complexes were formed by mixing benzene solutions of the asphaltenes 
( -50 g/l) with benzene solutions of either iodine of tetracyanoethylene (freshly 
sublimed reagent grade) in the approximate mole ratios, asphaltene/acceptor = 
0.7 - 1.0/1. 
and dried overnight at 40°C/2mm Hg. 

A precipitate forms rapidly. It was filtered, washed with benzene 

The dark brown to black I,-asphaltene complexes are relatively insoluble 

The brown-black TCNE-asphaltene complexes 
in benzene, carbon disulfide, and pentane, and slightly to moderately soluble 
in chloroform and tetrahydrofuran. 
are only moderately soluble in THF. 

Analyses were performed by the ELEK Microanalytical Laboratories, Torrance, 
California. Iodine was determined gravimetrically after nitric acid oxidation 
in the presence of silver nitrate; nitrogen was determined by the Dumas proce- 
dure. 
Pressure Osmometer. 
Acculab 6 IR. 

Molecular weights were measured in THF with a Mechrolab Model 301A Vapor 
Infrared spectra were determined as KBT disks on a Beckman 

Ultraviolet-visible spectra were run in either chloroform or tetra- 
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hydrofuran solution on a Beckman Model 25 Spectrophotometer, 
measurements were made with a General Electric XRD-6 x-ray diffractometer with a 
CuKu radiation source ( 15 ) .  
a Varian E-12 x-band spectrometer. 
at 25°C over the pressure range 10-3000 atmospheres by use of a cell and proce- 
dure described by Hadek ( 16 ). 

X-ray diffraction 

Electron spin resonance spectra were taken with 
Resistivity measurements were carried out 

RESULTS AND DISCUSSION 

Composition of Complexes 

Analytical data for I,-asphaltene and TCNE-asphaltene complexes are 
presented in Tables I and 11. The mole ratios of asphaltene to iodine are 
approximately 1 to 1 with the exception of the FMC-COED - Iz complex which 
afforded a tar-like material initially instead of a precipitate. The mole 
ratios of asphaltene to TCNE are more widespread, but are closer to 2 to 1. 
The mole ratio calculations are based on the assumption that the molecular 
weightof the asphaltene portion of the complex is the same as the molecular 
weight of the starting asphaltene, which may not be strictly correct. 

Ultraviolet-Visible Spectra of Complexes 

Measurement of the UV-Visible spectrum of 1,-asphaltene complexes in THF 
or CHCl3 (Fig. 1) leads to the observation of a new band at ~ 2 9 5  nm and new 
shoulder at ~ 3 5 5  nm. 
components. These bands are presumed to be charge-transfer absorption bands 
of the iodine-asphaltene complex. The nature of the donor interaction of the 
asphaltene may be either via the elctrons of the n-orbitals, or via the non- 
bonded, lone pairelectronsin atomic orbitals of n donors such as nitrogen 
or oxygen bases. 

Neither of these absorptions is observed in the free 

Measurement of the W-Visible spectrum of TCNE-dsphaltene complexes in 

These bands are presumed to be charge-transfer ab- 
THF (Fig. 2) leads to the observation of new bands at 406 and 425 nm not found 
in the free components. 
sorption bands of the donor asphaltene molecules and the n-acceptor TCNE. 

Infrared Spectra 

Asphaltene-iodine samples were run as KBr disks, and infrared spectra 
were obtained directly, and differentially of asphaltene-iodine complexes ver- 
sus reference asphaltene. 
400-600 cm-' region, and no aromatic-I, bands in the 992 cm-' to 1200 cm-' 
region ( 17, 18). 

No C-I stretching frequencies were observed in the 

Asphaltene-TCNE complexes were run in KBr disks and the infrared spectra 
compared with those of the free components, and physical mixtures of the free 
components. The most obvious changes are in the TCNE doublet at 2200 cm-' which 
changes to a singlet, and in the appearance of a prominent new band at 1500 cm-'. 

X-Ray Diffraction 
The x-ray diffraction patterns of asphaltenes show diffuse bands typi- 

cal of mesomorphic or semicrystalline substances ( 2 ) :  the (002 )  band is 
attributed to the interplanar spacing between condensed aromatic rings of 
= 3.5 1; 
aliphatic chains or alicyclic rings of ~ 4 . 6  (Fig. 3). 

the gama band is attributed to the spacing between disordered 
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X-ray a n a l y s i s  of petroleum asphal tene- iodine  complexes i n d i c a t e s  a low 
degree  of order  e x i s t s  w i t h i n  t h e s e  complexes (121. The (002) band d isaEpears  
on forming a petroleum asphal tene- iodine  complex, and a new band a t  8 . 7  A appears .  
These observa t ions  were r a t i o n a l i z e d o b y  assuming t h a t  t h e  l a y e r e d  s t r u c t u r e  of 

o f  i o d i n e  between t h e  a romat ic  l a y e r s  of t h e  asphal tene .  
t h e  a s p h a l t e n e  was expanded from 3.5 A to  8 .7  A by i n t e r c a l a t i o n  of a molecule 

I n  t h e  case of coal-der ived asphal tene- iodine  complexes, t h e  x-ray r e s u l t s  
show t h e  l o s s  of both the  (002) and t h e  0') bands, b u t  no new peak i s  formed 
at ~ 8 . 7  d (Fig. 3). This  r e s u l t  may be i n t e r p r e t e d  by assuming t h a t  i o d i n e  
molecules a r e  n o t  sandwiched between the aromatic  l a y e r s ,  and t h a t  t h e  asphal tene-  
i o d i n e  complexes a r e  no l o n g e r  ordered  i n  t h e  s o l i d  s t a t e  b u t  have become amorphous. 

The x-ray d i f f r a c t i o n  p a t t e r n s  of asphaltene-TCNE complexes have been 
measured. 
t h e  002-Band of t h e  TCNE complex, which i s  a s s o c i a t e d  wi th  t h e  i n t e r p l a n a r  
spac ing  between condensed aromat ic  r i n g s ,  and t h e  appearance of a new bgnd 
f o r  Synthoil-TCNE, which cor responds  to  a l a r g e r  d i s t a n c e  of =11 t o  14 A ,  
x-ray d i f f r a c t i o n  p a t t e r n s  were analyzed,  and a r o m a t i c i t y  and x-ray crys-  
t a l l i t e  parameters  determined (Table  111). The r e s u l t s  i n d i c a t e  s t r u c t u r a l  
d i f f e r e n c e s  between t h e  a s p h a l t e n e  base f r a c t i o n s  (EtzO e l u t e d  from s i l i c a  g e l )  
and their TCNE complexes. The a r o m a t i c i t y ,  f , i n c r e a s e s  from a s p h a l t e n e  
base  f r a c t i o n s  t o  complexed products .  
L , and t h e  number of l a y e r s  per  cluster M are increased  a f t e r  complexing. 
HEwever, t h e  diameter  of t h e  a romat ic  s h e e t ,  L , shows a decrease  o r  no change. 
The spac ing  between a l i p h a t i c  c h a i n s  or  shee ts?  dy,  and t h e  spac ing  between t h e  
aromatic  s h e e t s ,  d , do n o t  show much change. These r e s u l t s ,  and t h e  appearance 
of t h e  new bands a? 11-14 d,  may be r a t i o n a l i z e d  i n  terms o f  asphaltene-TCNE 
complex c l u s t e r s  such as  t h e  ones shown i n  F i g ,  4 .  I f  t h e  TCNE molecules  are 
complexed on top and below t h e  asphal tene  sheets, i n s t e a d  of i n t e r c a l a t e d  be- 
tween t h e  asphal tene  s h e e t s ,  then an i n c r e a s e  of L would be observed,  b u t  
an i n c r e a s e  i n  d L , t h g  average diameter  of t h e  
aromatic  shee t  w k l d  be  expected t o  be lower i f  2 smal le r  TCNE molecule  i n  t h e  
complex represented  a pseudo-aromatic shee t .  
mat ic  s h e e t s  would be expected t o  b e  l a r g e r .  
an 11-14 
TCNE molecules i n  t h e  complexes. The a r o m a t i c i t y ,  f , would be expected t o  in-  
c r e a s e  i n  t h e  complexes due t o  t h e  pseudo-aromatic c i fa rac te r  of t h e  TCNE n-system. 

The d i f f r a c t i o n  p a t t e r n s  show a l a r g e  i n c r e a s e  i n  t h e  i n t e n s i t y  of 

The 

The d i g t a n c e  through t h e  a romat ic  s h e e t s ,  

o r  dywould not be  requi red ,  

M,  t h e  e f f e c t i v e  number of aro- 
The new bands corresponding t o  

s e p a r a t i o n  i n  Synthoil-TCNE could r e p r e s e n t  t h e  d i s t a n c e  between 

ESR Spec t ra  

ESR parameters  o f  S y n t h o i l  asphal tenes  and t h e i r  IZ and TCNE complexes are 
presented  i n  Table I V .  
i n  t h e  complexes t h a n  i n  t h e  uncomplexed asphal tenes .  
of low l y i n g  t r i p l e t  states i n  t h e  complexes which can be 
temperature .  

The s p i n  i n t e n s i t y  i s  seen t o  be  s i g n i f i c a n t l y  l a r g e r  
This  may be  i n d i c a t i v e  

populated a t  room 

Conduct iv i ty  

The r e s i s t i v i t i e s  of a series as asphal tenes  and t h e i r  Iz and TCNE complexes 

In each c a s e  t h e  r e s i s t i v i t y  of  t h e  complex i s  lower t h a t  t h a t  
have been measured, and r a n g e  between about 3 x lo9 - 3x 10" ohm-cm a t  25'C and 
10 a t m .  p ressure .  
of t h e  p a r e n t  asphal tene ,  b u t  no t  by more t h a t  a n  o r d e r  of magnitude. 
r e s i s t i v i t i e s  may be c o n t r a s t e d  w i t h  those obta ined  f o r  petroleum asphal tenes  
which e x h i b i t  h igher  v a l u e s ,  i n  t h e  i n s u l a t o r  range,  of  .10'6-10'7 ohm-cm a t  25OC. 
b u t  upon a d d i t i o n  i o d i n e ,  t h e  r e s i s t i v i t i e s  of t h e  complexes formed decrease  by 
about one mi l l ion- fo ld  ( 1 2  ). 

These 
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The effect of pressure, over the range 10-3000 ATM., on resistivity is 
shown in Fig. 5.  The resistivity of the uncomplexed asphaltenes is seen to 
remain essentially constant, however, two of  the asphaltene-I, complexes 
afford a decrease in resistivity over the same pressure range. 
sistent with electronic conduction. 

This is con- 
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Table I. hnalvtical Data for Is-Asphaltme Complexes 

AsphalLene & X Iodine Asphalteneb/ I, 

Synchoil 560 35.02 0.84 

HRI H - C o d  492 28.13 1 . 3 3  

FIIC-COEDC 375 22.00 2.38 

P.QIC0 SRCd 36 3 38.36 1.12 

CAI. INC. SRC 483 32.72 1.08 

CAT. I N C .  Benzene EluLed 511 30.34 1 . 1 5  

CAT. IX. Et.0 Elutede 459 34.03 1.08 

'Average of infinite dilvrion Em's in benzene and tetrahydrofuran of starting 
asphalrenes. 
is the ~ a m e  as the >M of the starting asphalrene. 
asphalrene/I. solutions. d F r m  F i l t e r  Feed. %luted from Silica Gel. 

bXole ratios calculated assuming XU of asphalrene porcion of complex 
cA tar formed OD mixing rhe 

Table 11. Annalutical Data for IC>--Asohaleene Caoolexes 

%N Complex- TN 
AsphalLenea Startine. Asphnlrene Asihaltenec/ TCNE 

syntnoll 522 5.08', 5 . 2 l  1.67. 1.82 

HRI H-Coal 496 5.13 1.95  

MC-COED 383 5.48 2.34 

PAblCO SRC 532 3.76 2.56 

CAT. INC. SRC 459 7.61 1 . 3 3  

'kphaltene e l u t e d  from Silica Gel with Et,O after exhaustive elution of asphaltem 
with benzene. 
starting asphalcenes. 
complex is the same as the XW of the Starcinp asphalcene. d T v ~  different preparations. 
Table 111. I-Rav Anal\iSis of Svnrhoil Arphaltene %sic Fraction and Sunchoil 

bAverage of infinite dilution IN'S i n  benzene and tetrahydrofuran of 
C!iole ratio8 calculated assuming >M of asphalrene portion of 

Asohalrene-TCBZ C o m p l e x  

S y n f h a i l  Asphal- Synfhoil kphhitene 
0 E l u t e d  2- - EL20 Eluted-TCNE Complex 

0.64 0 .72  

3.47 3.46 

4.52 4.52 

1 2 . 1  13 .8  

La3 (11) band 10.0 10.1 

L: (11) band 11.4  11.9 

2 4 

'fa - CA/Ctotal = A002/A002 + + 'dm - interlayer disrance, dy - inrerchain 
% ~ ~ ~ ? s 3 ~ c  * diameter of the EIIomdZic sheers from Diamond's Curve. 
rceter of fhz aromatic SheeCs from Scherrer's Eq., all values i n  a. 
number of  aromatic sheers associared i n  a stacked clusrer.  

- diamrcer of the aramaric clusrers perpendicular t o  the piane of the 
L - dia- 

5Effe?rive 

Table IV. ESR Parameters of Asphalcenes and Asphaltem Complexes' 

Inrepgiry. ?I Line Width 
-e g-va1ueb ( X I 0  spinsig An, Cauos 

Synthoil -4sphalcene 2.0030 1 . 4  6 . 4  

Synchoil Asph. E t 2 0  Elvted 2.0031 0.8 6.8  

Synchoil k p h . - 1 2  Complex 2.0032 28.8 9 .8  

Sgnrhoil Asph. EL 0 Eluted- 2.0029 5.5 8 . 2  
rcm complex 

'Solid samples. bxeasured relative t a  DPPH. 
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FIG I UV-VIS SPECTRA OF I SYNTHOIL ASPHALIEFIE. ANC 
SYNTHOIL ASPHALTENETI~COMPLEX IN CHCI- 



A Review of Fuel  Science and Engineering Courses a t  
MIT, t he  Universi ty  of  S h e f f i e l d  and t h e  Un ive r s i ty  of Leeds,  England. 

Malcolm T .  Jacques and J .  M .  Beer 

The Energy Laboratory and Department of Chemical Engineering, 
MIT, Cambridge, Ma. 02139 

In t roduc t ion  

Trad i t iona l ly  Fuel Science and Engineering has  been regarded,  from an 
educa t iona l  viewpoint,  as something of a hybrid s u b j e c t  which cannot be e a s i l y  ac- 
commodated wi th in  the accepted framework of s e p a r a t e  academic d i s c i p l i n e s .  I n  
gene ra l  f a c u l t i e s  of s c i ence  tend t o  t r e a t  t h e  s u b j e c t  a s  an extension of  Physical  
and Organic Chemistry with cons ide rab le  emphasis on b a s i c  f u e l  p r o p e r t i e s  and the  
chemistry of combustion. 
courses  i n  both Mechanical and Chemical Engineering Departments which concen t r a t e  
on s p e c i f i c  a reas  of f u e l  u t i l i z a t i o n  and processing.  Courses i n  Mechanical 
Engineering Departments d e a l  mainly with only t h e  phys ica l  and thermodynamic a spec t s  
of t h e  combustion of f u e l s  i n  F. C.  engines and gas  t u r b i n e s .  Chemical Engineering 
Departments i n  gene ra l  do n o t  provide s p e c i f i c  courses  on Fuels but  do inc lude  a 
considerable  amount of b a s i c  m a t e r i a l  r e l e v a n t  t o  t h e  Fuel  Processing a r e a  i n  
s e v e r a l  standard Chemical Engineer ing courses .  Consequently it is t h e  except ion 
r a t h e r  than the  r u l e  t o  f i n d  well-balanced schemes of s tudy i n  t h e  a reas  of Fuel 
Science and Engineering. 
educat ion i n  a l l  a spec t s  of f u e l s  ranging from resources  and recovery through t o  
u t i l i z a t i o n  and p o l l u t i o n  c o n t r o l .  

The cu r ren t  wave of i n t e r e s t  and concern i n  all mat te r s  r e l a t i n g  t o  t h e  
n a t i o n a l  energy s i t u a t i o n  provides  s u f f i c i e n t  j u s t i f i c a t i o n  f o r  c l o s e l y  examining 
t h e  educat ional  programs of t h e  s c i e n t i s t s  and engineers  who w i l l  be  needed t o  
meet t h e  demands i n  t h i s  a r e a ,  I t  would be  somewhat i r o n i c  i f  t h e  new technologies  
and i n d u s t r i e s  proposed t o  overcome t h e  nation's f u e l  supply problems were themselves 
subjected t o  a supply problem of adequately t r a ined  personnel .  
whether o r  not our  e d u c a t i o n a l i n s t i t u t i o n s  c u r r e n t l y  provide appropr i a t e  programs 
f o r  t h e  number of personnel  r equ i r ed  i n  t h i s  a r e a ,  s t i l l  remains open, It is 
perhaps worth not ing t h a t  s e v e r a l  l a r g e  American companies a r e  c u r r e n t l y  r e c r u i t i n g  
graduate- level  f u e l  s c i e n t i s t s  and eng inee r s  d i r e c t l y  from U.K. U n i v e r s i t i e s .  Also 
it appears  i n e v i t a b l e  t h a t  as we t u r n  t o  p rogres s ive ly  more d i f f i c u l t  f u e l s ,  t he  
environmentally accep tab le  e x t r a c t i o n ,  processing and u t i l i z a t i o n  w i l l  l e a d  t o  an 
increased requirement f o r  p r o f e s s i o n a l s  a t  a l l  l e v e l s  i n  t h e  f u e l  and energy s e c t o r .  
A s a t i s f a c t o r y  answer t o  t h e  ques t ions  r a i s e d  he re  can of course only be obtained 
byconducting a d e t a i l e d  market survey of bo th  t h e  sources  of supply of and demand 
f o r  f u e l  s c i e n t i s t s  and engineers  at  both graduate  and undergraduate l e v e l s .  It 
is  i n  t h i s  a r ea  t h a t  t h e  p r o f e s s i o n a l  s o c i e t i e s  could p l ay  an important r o l e .  

It i s  not t h e  o b j e c t i v e  of t h i s  paper t o  provide answers t o  these  ques t ions  
of supply and demand, nor  t o  addres s  t h e  more fundamental ques t ions  r e l a t i n g  t o  t h e  
r o l e  of u n i v e r s i t i e s  i n  r e g u l a t i n g  o r  c o n t r o l l i n g  t h e  supply i n  t h e  i n t e r e s t s  of 
p a r t i c u l a r  professions.  
t o  improve e i t h e r  o r  both t h e  q u a l i t y  and quan t i ty  of Fuel  Science and Engineering 
courses,  t h r e e  examples of Un ive r s i ty  Departments c u r r e n t l y  o f f e r i n g  schemes of 
s tudy i n  t h i s  a r e a  are presented which r ep resen t  t h r e e  a l t e r n a t i v e  l e v e l s  of commie 
ment t o  educat ion i n  t h i s  s u b j e c t  a r ea .  
Engineering has  t r a d i t i o n a l l y  maintained a s t rong  graduate  program i n  Fue l  Engineer- 
i n 8  which r ep resen t s  only one s p e c i a l i s t  sub jec t  a r e a  i n  a comprehensive Chemical 
Engineering curriculum. The  Department of Chemical Engineering and Fue l  Technology 
a t  t h e  Universi ty  of  S h e f f i e l d  has  maintained a ve ry  s t r o n g  commitment t o  both 

Engineering f a c u l t i e s  on t h e  o t h e r  hand o f t e n  provide 

Very few academic i n s t i t u t i o n s  provide a broad-based 

The ques t ion  of 

Based on t h e  premise t h a t  some changes may be d e s i r a b l e  

A t  MIT t h e  Department of Chemical 
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s u b j e c t s  at graduate  and undergraduate l e v e l s .  
Combustion Science a t  t h e  Univers i ty  of Leeds o f f e r s  bo th  graduate  and undergraduate 
degree  schemes devoted exc lus ive ly  t o  t h e  sub jec t  of Fue ls .  

Fue l  Engineering Courses a t  MIT 

The Department of Fuel and 

I n  common wi th  many Engineering Schools i n  Departments of Mechanical and 
Nuclear Engineering a t  MIT o f f e r  spec ia l i zed  graduate  courses  which a r e  r e l a t e d  
t o  c e r t a i n  areas of Fuel  Engineering. Courses i n  Combustion, Thermal Power 
System, Energy Conversion and Nuclear Fuels  f a l l  i n t o  t h i s  ca tegory .  The Depart- 
ment of Chemical Engineering i s  one of t h e  few departments i n  t h e  country t o  o f f e r  
a coord ina ted  scheme of study a t  t he  graduate  l e v e l  i n  Fuel Engineering. This scheme 
of s tudy  i s  completely op t iona l  and r ep resen t s  on ly  one poss ib l e  a rea  of graduate  
s p e c i a l i z a t i o n  amongst a t o t a l  of twelve Chemical Engineering top ic s .  An i n t e -  
g ra t ed  program i n  t h i s  area, leading  t o  an  M.Sc, r e q u i r e s  a t o t a l  of 66 c r e d i t  
hours a t  l e a s t  42 of which must normally be obta ined  from t h e  fo l lowing  l i s t  of 
courses  s u b j e c t s :  

Subjec t  Cred i t  hours 

Energy Technology 
Chemical Engineering Thermodynamics 
Mechanics of F lu ids  
Ca ta lys i s  and C a t a l y t i c  Processes  
Absorption and Ca ta lys i s  
Chemical Reaction Engineering 
P r i n c i p l e s  of Combustion 
Seminar i n  A i r  P o l l u t i o n  Cont ro l  
Seminar i n  Fuel  Conversion and U t i l i z a t i o n  
Radia t ive  Transfer  
Nuclear Chemical Engineering 

9 
12 

9 
9 
9 
9 
9 
9 
9 
9 

12 

In a d d i t i o n , a  r e sea rch  t h e s i s  i s  requi red  and t h e  Department Fuels  Research Labora- 
t o r y  toge the r  wi th  the  MIT Energy Laboratory provide  exce l l en t  f a c i l i t i e s  f o r  
r e sea rch  on a wide range of f u e l  process ing  and combustion top ic s .  Normally t h e  
gene ra l  requirements f o r  a n  M.Sc. degree can  be m e t  w i th in  one academic yea r .  

t h e  sub jec t  as a spec ia l i zed  area of Chemical Engineering. Courses a r e  presented  
only  a t  graduate  l e v e l  and r equ i r e  a f i rm  background i n  t h e  gene ra l  p r i n c i p l e s  of 
Chemical Engineering. 
i n  t h e i r  s e n i o r  year  as r e s t r i c t e d  e l e c t i v e s .  
i n  Fuel  Engineering i n e v i t a b l y  l eads  t o  a cons ide rab le  degree  of s p e c i a l i z a t i o n .  
Phe very  n a t u r e  of graduate-course 
i n t e l l e c t u a l l y  demanding q u a l i t a t i v e  m a t e r i a l  a s soc ia t ed  wi th  some of t h e  more 
pragmatic a spec t s  of Fuel Engineering . A t  MIT t h e  a r e a s  of s p e c i a l i z a t i o n  r e f l e c t  
t h e  department 's  s t r o n g  i n t e r e s t  i n  Chemical Engineering a spec t s  of Fuel Process ing  
Combustion and A i r  Po l lu t ion .  Severa l  o t h e r  engineer ing  schools o f f e r  graduate  
courses  which cover o the r  important a spec t s  of Fue l  Engineering such as Resource 
Recovery, Thermal Power Engineering and Energy Management. I n  general, i t  is f e l t  
t h a t  even though very  few graduates  o b t a i n  degrees  s p e c i f i c a l l y  i n  Fuel  Science 
and E n g i n e e r i n g t h e r e  is a s u f f i c i e n t  pool of s p e c i a l i s t  g raduates  t o  m e e t  t h e  
demands of t h e  upper l e v e l  managerial ,  r e s e a t c h  and development areas of t h e  f u e l  
and energy sec to r .  

The gene ra l  philosophy i n  r e spec t  t o  educa t ion  i n  Fuel  Engineering i s  t o  treat 

However,the courses  are a v a i l a b l e  t o  undergraduate s tuden t s  
This  approach t o  graduate  educa t ion  

work usua l ly  prec ludes  much of t h e  less 
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The Department of Chemical Engineering and Fue l  Technology, Univers i ty  of 
She f f i e ld ,  England. 

Before d i scuss ing  t h e  s t r u c t u r e  of t h e  graduate  and undergraduate courses  
o f f e red  by t h e  Department o f  Chemical Engineering and Fuel Technology a t  t h e  
Un ive r s i ty  of Sheffield,  i t  is worthwhile t o  po in t  ou t  t h e  gene ra l  d i f f e rences ,  
p a r t i c u l a r l y  i n  r e spec t  of en t rance  requi rements ,  between U.K. and American 
Un ive r s i t i e s .  
counterpar t s  on en te r ing  a un ive r s i ty .  
t h ree  o r  four s u b j e c t s  appropr i a t e  t o  t h e  a r e a  of u n i v e r s i t y  study they wish t o  
pursue. For ins tance ,most  s tuden t s  wishing t o  e n t e r  Chemical Engineering Schools 
w i l l  have s tud ied  Maths, Phys ics  and Chemistry. Each u n i v e r s i t y  and u n i v e r s i t y  
department is then  free t o  s e t  whatever en t r ance  requirements i t  f e e l s  necessary 
f o r  s p e c i f i c  degree courses .  E l i g i b i l i t y  f o r  en t r ance  i s  then  judged on t h e  b a s i s  
of ind iv idua l  s tuden t s  performance i n  n a t i o n a l  examinations conducted by indepen- 
dent examining bodies .  Ent rance  requirements are consequently somewhat more 
s t r i n g e n t  in t h e  U.K.,and the  s tuden t s  a r e  equipped t o  commence t h e i r  undergraduate 
degree courses a t  
As  a r e s u l t  most Undergraduate courscs  a r c  only  t h r c c  yca r s  i n  dura t iox , lcading  
t o  the  Bachelors degree.  By t h e  t i m e  of en t rance ,  s tuden t s  have a l ready  chosen 
t h e i r  subjec t  a r e a s ,  and s p e c i a l i s t s  courses  i n  t h e  appropr i a t e  sub jec t s  a r e  giben 
during t h e  f i r s t  year .  

The scheme of s tudy  at undergraduate l e v e l ,  o f f e red  by t h e  Department of 
Chemical Engineering and 
of courses  du r ing  t h e  f i r s t  two yea r s  w i th  o p t i o n a l  s u b j e c t s  i n  the  f i n a l  under- 
graduate  year. S tudents  are r equ i r ed  t o  o b t a i n  s a t i s f a c t o r y  r e s u l t s  i n  a l l  pre- 
s c r ibed  sub jec t s  a t  t h e  end of t h e  second yea r  before  being allowed t o  proceed t o  
t h e  f i n a l  year. Progress  i s  monitored e s s e n t i a l l y  by formal w r i t t e n  examination 
a t  the  end of each year .  The r e s u l t s  of t hese  examinations determine whether o r  
not t h e  s tudent  i s  cons idered  f o r  an Ordinary o r  Honours degree. 

gene ra l  engineer ing  cour ses  and in t roductory  courses  t o  Fuel Technology and Chemi- 
cal Engineering which r e p r e s e n t  about 20% of t h e  t o t a l  course load. These courses  
are designed t o  equip t h e  s tuden t  f o r  t h e  more advanced courses  i n  t h e  second 
and f i n a l  year's scheme 
s tuden t s  t o  many of t h e  p r a c t i c a l  a spec t s  of Fue l  Technology inc luding  p r o p e r t i e s  
and t e s t i n g  of s o l i d ,  l i q u i d  and gaseous f u e l s .  During the  second y e a r  t h e  
p re sc r ibed  scheme o f  s tudy  c o n s i s t s  of courses  i n ,  

In gene ra l  U.K. s t uden t s  are a year  o l d e r  than  t h e i r  American 
They w i l l  have spent  two yea r s  s tudying  

a h i g h e r  academic l e v e l  t han  freshmen i n  American Un ive r s i t i e s .  

Fue l  Technology a t  t h e  Univers i ty  of Shef f ie ld ,  c o n s i s t s  

F i r s t  year sub jec t s  a r e  mostly ex tens ion  of Maths, Physics and Chemistry, 

o f  s tudy .  Laboratory classes i n  the  f i r s t  yea r  in t roduce  

Fuel  Technology Mechanical Engineering Maths 
Chemical Engineering Elector-Technology Chemistry 

The Fuel  Technology and Chemical Engineering courses  occupy approximately 50% 
of t h e  course work. At t h i s  s t a g q  Chemical Engineering courses  d e a l  e s s e n t i a l l y  
wi th  t h e  fundamentals of Heat,  Mass and Momentum Trans fe r  a t  q u i t e  an advanced 
l eve l .  
Fuels inc luding  handl ing  and process inr ,and  in t roduc t ion  t o  some o f  t h e  more 
p r a c t i c a l  problems a s soc ia t ed  wi th  t h e  combustion of d i f f e r e n t  types  o f  f u e l s .  
After success fu l ly  completing t h e  f i r s t  two y e a r s  of p re sc r ibed  undergraduate 
courses ,  s tuden t s  then  have the  op t ion  of choosing between f i n a l  year  schemes of s tudy  
i n  e i t h e r  Chemical Engineering and Fuel  Technology o r  Environmental Chemical 
Engineering. 
below; 

The F u e l  Technology courses  d e a l  wi th  some of t h e  gene ra l  a spec t s  of 

The p resc r ibed  courses  of s tudy  f o r  t h e s e  two opt ions  are given 
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E i t h e r  (i) Chemical Engineering and Fuel  Technology 

Chemical Engineering Operations Fuel  Processing 
Control and Instrumentat ion 
Nuclear Reactor Engineering Combustion Theory 
Business Economics Ref rac t ions  Technology 

Di rec t  E l e c t r i c i t y  Generation 

o r  ( i i )  Environmental Chemical Engineering 

Chemical Engineering Operations P ro jec t  Evaluat ion w i t h  r e s p e c t  t o  
Control and Instrumentat ion P o l l u t i o n  Control 
Environmental Chemical 
Engineering of P o l l u t i o n  

Medical and Legal a s p e c t s  

t oge the r  with any t h r e e  of t h e  fol lowing advanced top ic s :  

F lu id  Dynamics 
Advanced Combustion Theory wi th  G a s  Dynamics 
Heat Exchanges 
High Temperature Chemical Engineering 
Process and P ro jec t  Engineering 
Advanced Topics 

I n  add i t ion  during t h e  f i n a l  yea r  s t u d e n t s  a r e  r equ i r ed  t o  undertake e i t h e r  
an experimental  i n v e s t i g a t i o n  
Engineering o r  Fuel Technology. 

be included a s  a major element i n  a Chemical Engineering curr iculum a t  under- 
graduate  l e v e l .  
on f u e l s  is contained i n  t h e  f i n a l  yea r  of s tudy,  and a s  such , the  o v e r a l l  e f f e c t  
is t o  provide b a s i c  co re  of Chemical Engineering courses  around which t h e  s u b j e c t s  
of Fuel  Technology,and i n  par t icular ,Combust ion a r e  handled p r imar i ly  from a 
Chemical Engineering and Processing p o i n t  of view. 

In common wi th  most o t h e r  U.K. Universi ty  Departments, the Department of  
Chemical Engineering 
research programs r equ i r ing  no formal course work. However an advanced course on 
Combustion Science and Po l lu t ion  Control  is a l s o  offered,which l e a d s  t o  t h e  award 
of a Diploma o r  Master's Degree by examination. 
terms of l e c t u r e s ,  seminars and experimental  work on t o p i c s  which inc lude :  

a design s tudy of some problem of Chemical 

These course d e t a i l s  c l e a r l y  show t h a t  t h e  s u b j e c t  of Fuel Technology can 

However,it should be r e a l i z e d  t h a t  much of t h e  course m a t e r i a l  

and Fuel  Technology o f f e r s  ba th  Masterb and Doctorate  

The course c o n s i s t s  of two f u l l  

Physical  Chemistry of Combustion 
Connective Heat Transfer  
Radiat ive Heat T rans fe r  
Theory and Technology of Combustion Process  
Minor Const i tuents  of Flames and Combustion Gases 
Combustion Ndise and O s c i l l a t i o n s  
Flame and Plasma Reactors 
Open Flames, F l a r e s  and I n c i n e r a t o r s ,  Plume Dispersion 
Furnace Ref rac to r i e s  
Measurement and Control  i n  Flames (Experimental  Techniques) 
Mathematical Models of Combustion Systems. 

I n  add i t ion ,  s tuden t s  prepare a d i s s e r t a t i o n  i n  e i t h e r  a design s tudy o r  a 
research p r o j e c t ,  which i s  completed a f t e r  t h e  course work and can s e r v e  a s  an 
in t roduc t ion  t o  a Ph.D. course.  

and mathematics. 
This Master's course i s  open t o  graduates  i n  engineer ing,  phys i c s ,  chemistry 
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E The Department of Fuel  and Combustion Science a t  the Universi ty  of Leeds. 

I n s t r u c t i o n  and r e s e a r c h  i n  f u e l  s c i ence  have been provided by t h e  Un ive r s i ty  
of Leeds s i n c e  1906, and cour ses  are c u r r e n t l y  o f f e r e d  a t  t h e  undergraduate l e v e l  
i n  Fuel  and Energy Engineer ing and i n  Fuel and Combustion Science.  The courses  a r e  
o f f e red  by t h e  Department of Fuel  and Combustion Science which i s  t h e  only Uni- 
v e r s i t y  Department i n  t h e  U.K. t o  o f f e r  undergraduate schemes of s tudy devoted 
exclusively t o  t h e  s u b j e c t  of f u e l s .  The department pov id ing  these  schemes of 
s tudy i s  t h e  founding member of t he  Houldsworth School of Applied Science.  
The school i t s e l f  c o n s i s t s  of f i v e  departments which, a l through independent i n  
themselves, have so much i n  common t h a t  they have e l e c t e d  t o  work toge the r  a s  
a group. These departments  a r e  Fuel  and Combustion Science,  Chemical Engineer ing,  
Metallurgy, Ceramics and Mining and Mineral  Sciences.  The schoo l  o rgan iza t ion  
al lows the va r ious  departments  t o  sha re  l e c t u r e  rooms, t h e  l i b r a r y ,  common rooms, 
workshops and many i tems of c o s t l y  equipment which could not  e a s i l y  b e  provided 
separately.  I n  a d d i t i o n , t h e  departments provide c a r e f u l l y  t a i l o r e d  s e r v i c e  courses  
i n  s p e c i f i c  s u b j e c t  a r e a s  f o r  s t u d e n t s  from o t h e r  departments  w i th in  t h e  school .  

The Department c u r r e n t l y  o f f e r s  f o u r  undergraduate degree programs, 

* B. Sc. Fuel  and Combustion Science - B. Sc. Fuel and Energy Engineering 
* B. Sc.  Chemistry/Fuel and Combustion Science 
* B. Sc. Fuel  and Energy/Management S tud ie s  

The f i r s t  two of t h e s e  schemes involve only t h e  Fuel  and Combustion Science 
Department. 
common but a r e  v a r i e d  t o  c a t e r  t o  t h e  i n d i v i d u a l  a b i l i t y  and i n t e n t i o n s  of t he  s t u -  
den t .  The Fuel  and Combustion Science cour se  con ta ins  r a t h e r  more b a s i c  sc i ence  than 
t h e  Fuel  and Energy Engineer ing course,  which as i t s  name impl i e s ,  is b ia sed  more 
towards engineer ing and t echno log ica l  a spec t s .  Broadly,  but  no t  exc lus ive ly ,  t h e  
former i s  intended t o  equip graduates  f o r  e n t r y  i n t o  the  r e sea rch  and develop- 
ment s e c t o r s  of t h e  i n d u s t r i e s  supplying and using f u e l s  and t h e  l a t t e r  i s  intended 
f o r  fu tu re  des igne r s  and b u i l d e r s  of p l a n t  and equipment f o r  t h e  l a rge - sca l e  
processing o r  use of f u e l s .  

j o i n t l y  with t h e  Departments of Chemistry and Management S tud ie s .  
Fuel  and Combustion Science scheme of s tudy allows t h e  chemistry-minded s tuden t  
t o  c a r r y  t h i s  s u b j e c t  f u r t h e r  while  a t  t h e  same time r ece iv ing  sound t r a i n i n g  i n  
t h e  sc i ence  of  f u e l  and combustion. 
ment s tud ie s  i s  aimed a t  providing both a f i r m  t echno log ica l  and eng inee r ing  
apprec i a t ion  of  f u e l s  and energy f o r  s t u d e n t s  wishing t o  fol low convent ional  
courses  i n  Management S tud ie s .  This  combination of courses  i s  hoped t o  provide 
t h e  co r rec t  blend of t echno log ica l  and managerial  knowledge r equ i r ed  f o r  t h e  new 
generat ion of f u e l  and energy managers. 

Fuel  and Energy Engineer ing a r e  given below. 
F i r s t  Year- cour ses  are e s s e n t i a l l y  common f o r  both degree schemes. 

Both a r e  e s s e n t i a l l y  t h r e e  yea r  courses  and have a b a s i c  theme i n  

The last two undergraduate  degree schemes a r e  combined courses  o f f e r e d  
The Chemistry/ 

The combined course i n  Fuel and Energy/Manage- 

TheHonour's degree schemes of s tudy  f o r  both Fuel  and Combustion Science and 

Fuel  and Energy Sources Maths 
Fuel  and Energy U t i l i z a t i o n  Physics  
M a t e r i a l s  Science Physical  Chemistry 
Computational Techniques 

Second Year- aga in  t h e  ma jo r i ty  of f u e l  courses  a r e  common, t h e  only d i f f e r e n c e s  
being i n  t h e  subs id i a ry  s u b j e c t s .  

I 
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Fuel and Combustion Science Fuel and Energy Engineering 
Combustion Technology * 
Fuel Processing and Flow of Materials * 
Power Generation I * 
Instrumentation and Control * 
Fuel and Energy Economics * 
Applied Physical Chemistry * 
Heat Transfer I * 
Chemical Engineering (Unit Operations) * 

Physics Mathematics 
Chemistry (Organic) Engineering (Mechanical 

(* Common Courses) 
Third Year- all courses are given by the Department. 
Fuel and Combustion Science 

and Electrical). 

Fuel and Energy Engineering 
Combustion Aerodynamics and Heat Transfer * 
The Efficient Use of Energy * 
Management and Organization of the Energy Industries * 

Combustion and Explosion 
Petroleum and National Gas Science Fuel and Combustion Plant Design 
Coal and Carbon Science Power Generation I1 

(* Common Courses) 
conduct an experimental research project on some aspect of fuel and combustion 
science or energy engineering. 

Courses for the combined degree schemes in Chemistry/Fuel and Combustion 
Science and Fuel and Energy/Management Studies consist of combinations of 
some of the above courses with selections of standard courses in the Departments 
of Chemistry and Management StudieS respectively. 

Petroleum and National Gas Engineering 

In addition to the above course$ students are required to 

Schemes of study are also offered at graduate level leading to 

- M. Sc. Combustion and Energy 
* M. Sc. Environmental Pollution Control. 

The latter course is 
though combustion and fuels-related pollution aspects are covered by the depart- 
ment. 
which draws upon the expertise of the Departments of Fuel and Combustion Science, 
Mechanical Engineering and Physical Chemistry. Both of these graduate programs 
take one complete academic year and include both course work and a research ex- 
ercise. 
Discussion 

in the three Departments discussed here are ones of scope and breadth of coverage. 
Treatment at graduate level without any prior introduction to the subject of Fuels 
leads inevitably to a considerable degree of specialization, usually in some area 
amenable to a qualitative and analytical approach, such as combustion. The in- 
clusion of Fuel Science and Engineering courses at undergraduate level can 
readily be integrated into 9 Chemical Engineering curriculum without seriously 
affecting the basic elements essential for education in Chemical Engineering. 
This approach can eliminate the need for specialization in one particular area 
and can lead to a well-rounded appreciation of the engineering significance of 
fuels. 
provide an extremely broad training in all aspects of Fuel Science and Engineering. 
The major advantage of this approach is that it provides sufficient coverage of 
many important qualitative, practical and technological aspects in all areas 

run in conjunction with several other university departments, 

The former course is offered by the Center for Combustion and Energy Studies 

The major differences in approach to education in Fuel Science and Engineering 

Undergraduate schemes of study devoted exclusively to the study of fuels 
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of Fuel  Science and Engineering. 
i n c l i n e d  s tuden t s  a b l e  t o  Pursue ca ree r s  i n  r e sea rch  and development, bu t  t h e  more 
pract ical ly-minded s t u d e n t s  a r e  w e l l  prepared t o  e n t e r  t h e  o p e r a t i o n a l  s i d e  of 
many i n d u s t r i e s  making o r  using f u e l s .  It is  o f t e n  a t  t h i s  l e v e l  where many 
important  dec i s ions  a f f e c t i n g  f u e l  and energy usage a r e  made p a r t i c u l a r l y  i n  t h e  
small t o  medium s i z e  i n d u s t r i e s .  

than t h e  foundation of any p a r t i c u l a r  i n s t i t u t i o n .  Consequently i t  is f e l t  t h a t  
any charges deemed necessary i n  t h e  educat ion of  Fuel  Science and Engineering i n  
t h e  U.S.A. w i l l  t a k e  p l a c e  predominately in graduate  schools  by a l t e r a t i o n  of 
e x i s t i n g  courses  or implementation of new courses .  However, it is f e l t  t h a t  
many of the important  s u b j e c t s ,  p a r t i c u l a r l y  f u e l  and energy u t i l i z a t i o n ,  can 
b e s t  be included at undergraduate  l eve l .  

Engineering curr iculum and t h e  p rov i s ion  of such courses  could c e r t a i n l y  he lp  t o  
provide the t echno log ica l  background s o  o f t e n  missing i n  graduate  l e v e l  courses .  

Hence not  only a r e  t h e  more academically 

It i s  always e a s i e r  and u s u a l l y  s a f e r  t o  a l t e r  t h e  s u p e r s t r u c t u r e  r a t h e r  

Fuel  Science and Engineer ing courses  can e a s i l y  b e  i n t e g r a t e d  i n t o  a Chemical 
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FUEL Q1E:IISTRY 
tindergraduate and Graduate Fuel  Science and Engineer ing 

Education a t  Kest V i r g i n i a  t in ivers i ty  

Duane R. Sl.idniore 

College of : t inera1 and Energy P.esources 
I ies t  V i r g i n i a  Univers i ty  

213 I h i t e  1:all 
:Iorgantovn, I’v 26506 

In t roduct ion  

Fuels  s c i e n c e  and enpineer ing  a t  Uest V i r g i n i a  Univers i ty  r e f e r s  
t o  those  e d u c a t i o n a l  a c t i v i t i e s  i n  engineer inp  and s c i e n c e  p r o g r a m  whose 
s u b j e c t s  d e a l  w i t h  t h e  e x t r a c t i o n  and u t i l i z a t i o n  of f o s s i l  f u e l s .  In 
t h i s  broader  sense ,  f u e l s  s c i e n c e  and ene ineer ing  a r e  involved wi th  
a l l  a s p e c t s  of f o s s i l  f u e l s .  
conversion,  coking and t h e  u t i l i z a t i o n  of coa l ,  o i l  s h a l e  and ta r  sanc!s. 
In a narrower sense, t h e  s u b j e c t  covers  chemical and phys ica l  ciianges 
involved i n  f u e l  u t i l i z a t i o n .  The purpose of an educa t iona l  endeavor  
i n  t h i s  s u b j e c t  a r e a  i s  t o  develop t h e  p o t e n t i a l  i n  a b l e  and i n t e r e s t e d  
people  f o r  s o l v i n g  conplex problems of f u e l  u t i l i z a t i o n .  The need f o r  
sucii educa t iona l  programs is expected t o  i n t e n s i f y  i n  t h e  n e a r  term. 

West V i r g i n i a  Univers i ty  is a land-grant u n i v e r s i t y  and t h e  compre- 
hensive s t a t e  u n i v e r s i t y  f o r  l jes t  V i r g i n i a .  T u i t i o n  i s  one of  t h e  lowest  
i n  t h e  n a t i o n  and admissions a r e  open. 
an acadenica l ly  o r i e n t e d  s t u d e n t  body as descr ibed  by collexe-bound test 
scores  and high school  grades.  
W U  o f f e r s  programs i n  p r o f e s s i o n a l  schools  and graduate  departments .  
Agr icu l ture ,  d e n t a l ,  encincer ing.  l a w ,  f o r e s t r y ,  medicine, minera ls ,  nurs ing ,  
and pharmacy schools  are supported by graduate  programs i n  b a s i c  sc iences .  

The u n i v e r s i t y  i s  i n  !:organtown, Nonongalia County; a county which 
c u s t o n a r i l y  ranks f i r s t  o r  second among t h e  c o u n t i e s  i n  t h e  s t a t e  i n  c o a l  
product ion.  i k s t  V i r g i n i a  has  ranked f i r s t  o r  second i n  c o a l  product ion  
among tile states f o r  many years .  
conxnercially . 

In p a r t i c u l a r ,  they d e a l  wi th  c o r b u s t i o n ,  

S e l f - s e l e c t i o n  by s t u d e n t s  provides  

As t h e  comprehensive state u n i v e r s i t y ,  

Other energy resources  are a l s o  recovered 

The need f o r  fue ls -or ien ted  programs is v a r i o u s l y  viewcd. In t h e  
s c i e n t i f i c  and engineer ing  d i s c i p l i n e s ,  t h e  s t a t e ,  rep iona l ,  and n a t i o n a l  
dependence on imported f u e l s  a r e  considered important  reasons f o r  s tudy;  
f a c u l t y  have acqui red  a p p r o p r i a t e  i n t c r c s t s  and s1:ills civer tiic yenrs ,  
and s tudent  dcniand has remarkably s t renothened over n f i v e  y e a r  per iod .  
Personnel  i n  t h e  sc ience  and engineer ing  proprams a r e  a d d i t i o n a l l y  motivated 
by t h e i r  i n t e r e s t  i n  new and improved understanding of n a t u r e ;  a d e s i r e  t o  
publ ish,  and t h e  increased  a v a i l a b i l i t y  of  u n i v e r s i t y ,  s ta te ,  and f e d e r a l  
support .  
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Jobs a r e  a v i a l a b l e  i n  i n d u s t r y ,  Ivovernment, and academia. Pressure  
f r o n  r e c r u i t e r s  has been s t r o n p  and e r f e c t i v e .  S tudents  and f a c u l t y  
a l i k e  l ime received o f f e r s  of h iph  s a l a r y  and o p t i m n  worl.iny condi t ions .  
An i r iportant  co-ef fec t  has been t h e  d s r u p t i o n  of t r a d i t i o n a l  ivory  
tover  i n c l i n a t i o n s  and r e d u c t i o n  of  l e i s u r e  t o  ruminate  arionp i d e a s  
and over  problems. 

Iiisto_yy_ o f  On - Coiny L f f o r t  - ------- 
Differen t  programs throughout  t h e  u n i v e r s i t y  have a d i f f e r e n t  h i s -  

t o r i c a l  p a t t e r n  of  response  t o  t h e  perceived e d u c a t i o n a l  needs i n  f u e l s .  
Programs vary g r e a t l y  in t h e i r  longevi ty .  l e v e l s  of s o p h i s t i c a t i o n ,  
and o r i e n t a t i o n  torrnrd a s r e c i f i c  f u e l .  Some stress s c i e n c e  and soinn 
a r e  enpineer ing o r i e n t e d .  

A s  an example of a s c i e n c e  department, geology i s  of s p e c i a l  
i n t e r e s t ,  Ti le  f a c u l t y  o f f e r  t h r e e  courses  i n  which c o a l  is of primary 
concern. Two of t h e s e  c o u r s e s  - Coal Geoloey and Coal Petroyrenhy- 
were approved formal ly  w i t h i n  t h e  l a s t  tvo y e a r s .  Considerable  j u r i s d i c -  
t i o n a l  d i scuss ion  hnd ensued betireen f a c u l t y  i n  r;eology .md those i n  t h e  
Co1ley.e of :!inera1 and Energy Kesourccs. 
o f fe red  i n  Petroleum Ceology. Geol.op.ica1 research  on f u e l s  i s  centered  
on c h a r a c t e r i z a t i o n  and on resource  o r  r e s e r v o i r  d e f i n i t i o n .  h new and 
major research  e f f o r t  on jias from Devonian Siiale i s  c u r r e n t l y  undcr- 
way. Tile f u e l s  work. i n  geology is o f t e n  done i n  cooperat ion v i t h  t h e  
Lies t VirEinin S t a t e  Geologica l  and Economic Survey. 

A sinfl1.e peo1or;y course i s  

In e n p i n e f r i n r  proprams, course  o f f e r i n g s  centered  on f u e l s  a r e  
ex tens ive .  ILining, petroleum, ci ienical ,  mechanical, and n i n e r a l  pro- 
cess ing  e n g i n e e r i q  as s u b j e c t  areas a r e  l a r g e l y  c o m i t t e l  t o  design.  
opera t ion ,  cons t ruc t ion  and r e s e a r c h  d e a l i n g  wi th  f u e l s  e x t r a c t i o n  m d  
u t i l i z a t i o n  processes .  

Cheudcal e n g i n e e r i n g  o f f e r s  two courses  on coal  conversion a t  t h e  
undergraduate l e v e l .  
s e q u e n t i a l  undergraduate  course  on conversion and a praduate  course i n  
s y n t h e t i c  l i q u i d  f u e l s .  E l e c t r i c a l ,  nechanica l ,  mininr  and petroleum 
engineer ing  have s u b s t a n t i a l  research  i n t e r e s t  and funding i n  prol lems 
of f u e l s  a p p r o p r i a t e  t o  t h e i r  general. charge. 

: i i n e r a l  p rocess ing  enyineer ine  o f f e r s  another  

Fuels  P.esea& 

3 e f o r e  1973, l i t t l e  a c t i v i t y  bras apparent  i n  f u e l  research.  
From t h e  e a r l y  1960's. Llie state had supported e f f o r t s  f r o n  a seni- 
autonoc:ous Coal Kcsearch Bureau t o  f ind ,  develoy, and i n c r e a s e  r a r k e t s  
f o r  West Vi rg in ia  c o a l .  The fund supported academic research  and tech-  
nologica l  development t o  a c e r t a i n  e x t e n t .  S ince  1976. iiowever. a 
cons iderable  and i n c r e a s i n g  p o r t i o n  of an ever - la rger  budget has  been 
a l l o c a t e d  under a new charter t o  academic researchers  working i n  an 
independent mode. The a d m i n i s t r a t i o n  of t h e  research  p a n t  procedure 
has  been placed under the d i r e c t i o n  of a Provost  and a committee of 
u n i v e r s i t y  f a c u l t y  and a d m i n i s t r a t o r s .  
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Tile e f f e c t  has  y e t  t o  be eva lua ted .  tiowever, many excellent aca- 
deniicians ciiose t o  a r p l y  t:ieir e x p e r t i s e  t o  tile s o l u t i o n  on f u e l s  o r i e n t e d  
problem.  Broad, univers i ty-wide.  r e p r e s e n t a t i o n  amonx t h e  r e s e a r c h e r s  
has become apparent .  “is p a r t  of t h i s  e f f o r t ,  tiie c i ien is t ry  department  
and tile phys ics  departoiexit expanded their rescarch  e f f o r t s  on i u c l s .  
Chei-is t r y  has  aimed toward f u e l s  coi:ibustion niechanises nnd has  addi -  
t i o n a l  suppor t  from i n d u s t r y  and covernrient. Supported by state funus,  
physics  is i n v e s t i g a t i n g  magnetic e f f e c t s  i n  p y r i t e  as a f u n c t i o n  oE 
temperature. 

Addi t iona l  ILe9onse t o  Need _ - ~ _ -  
Two goals  were v i s u a l i z e d  f o r  tlie LVU f u e l s  s c i e n c e  and enrineerinc! 

programs i n  tiie l i c h t  o f  s o c i e t y ’ s  need f o r  enercy and chemical feed-  
s t o c k s  and t h e  s t u d e n t s  need f o r  p r e p a r a t i o n  i n  a cha l lenging  and re- 
warding c a r e e r .  

S o c i e t y ‘ s  need i s  l i k e l y  t o  be  met by u t i l i z a t i o n  of a p l e n t i f u l  
f u e l  resource  o r  by the conversion of a p l e n t i f u l  r e s e r v e  t o  a resource ,  
Tne a r e a s  of need t o  be served are f o r  process  p l a n t  and u t i l i t y  f u e l ,  
n ie ta l lurg ica l  coke, s u b s t i t u t e  n a t u r a l  gas  and s y n t h e t i c  petroleum. Tile 
area of cha l lenge  i s  extended through t h e  s c i e n c e  and technology of  
u t i l i z a t i o n  b u t  w i t h  p a r t i c u l a r  a t t e n t i o n  t o  tlie chemical r e a c t i o n s  in-  
volved. 

The f u e l s  s c i e n c e  and engineer ing  programs a t  1WJ are c a r e e r  
or ien ted .  O r i e n t a t i o n  f o r  a c a r e e r  i s  t o  be  viewed w i t h i n  t h e  
broad framework of  degree  candida tes  who w i l l  s o l v e  technologica l  
p r o b l e m  which are real and p r e s e n t .  The expec ta t ion  i s  h izh  t h a t  the  
c a r e f u l  s e l e c t i o n  of  s t u d e n t s ,  e s p e c i a l l y  a t  t h e  graduate  l e v e l s ,  and 
t h e  stress i n  t h e  programs upon p r i n c i p l e s  and t h e i r  r i z i d  a p p l i c a t i o n  
w i l l  produce f u t u r e  problem s o l v e r s .  

The e d u c a t i o n a l  phi losophy a t  the  u n i v e r s i t y  has  been one o f  per- 
missiveness ,  f l e x i b i l i t y ,  and encouragement r a t h e r  than coerc ion  i n  t h e  
motivat ion and d i r e c t i o n  of  s t u d e n t s .  

Organizat ion 

Organiza t iona l  responses  have been q u i t e  v a r i e d .  

Fue ls  s c i e n c e  prop,rams and c o u r s e s  at hW are concent ra ted  i n  t h e  

Some programs 
cross  o r g a n i z a t i o n a l  l i n e s  whi le  o t h e r s  are w i t h i n  academic u n i t s .  

College of  H i n e r a l  and Energy Resources; t h e  College of Engineer ing,  and 
t h e  College of A r t s  and Sciences.  The College of X n e r a l  and Energy 
Resources w a s  au thor ized  i n  January  1575 t o  o f f e r  programs l e a d i n g  t o  
t h e  Bachelor of  Science,  and Naster of Science Degrees i n  minera l  pro- 
c e s s i n g  engineer ing ,  complenenting long e x i s t i n g  degree programs i n  
mining engineer ing  and petroleum engineer ing .  In 1576, access  t o  t h e  i n -  
t e r d i s c i p l a i n a r y  Ph.U decree  wi th  t h e  Col lege  of Engineer ing w a s  
au thor ized .  Two o p t i o n s  a r e  s t r e s s e d :  one i s  i n  c o a l  p r e p a r a t i o n  
and t h e  o t h e r  i s  i n  c o a l  conversion.  Considerable  support  i n  t h e s e  
e f f o r t s  were r e q u i r e d  and obta ined  from t h e  Department of Chemical 
Engineering. 
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EDUCATION I N  FUELS ENGINEERING 
AT lHE UNIVERSITY OF UTAH 

David M. Bodily 

Department of Mining, Metallurgical and Fuels Engineering 
University of Utah 

Salt Lake City, U t  84112 

The Fuels Engineering Program a t  the University of Utah was 
established i n  1946. 
specialized training i n  foss i l  fuel technology . 
W.D. degrees were offered through the Department of Fuel Technology 
which became par t  of the State College of Mines and Mineral Industries. 
The Department rapidly distinguished i t s e l f  for research and graduate 
stusy, aithough student enroilments were not large. 
inception, 13 B.S. degrees, 1 2  M.S. degrees, and 44 Ph.D. degrees have 
been granted. During recent years, the program has grown i n  s ize  and 
the undergraduate program has been revitalized and strengthened. Recent 
enrollment trends a re  shown i n  table 1. The name of the degree has been 
changed from Fuel Technology to Fuels Engineering and the program is now 
part  of the Department of Mining, Metallurgical and Fuels Engineering. 

The need was recognized for  students w i t h  
The B.S., M.S., and 

Since its 

Undergraduate Program 

With the influx of students into the undergraduate program, the 
curriculum has been revised and new courses have been inst i tuted.  
students take a common core program w i t h  Chemical and Metallurgical 
Engineers during the Freshman and Sophomore years and about one-half of 
the Junior years. 
of the University; general, organic and physical chemistry; mathematics 
through calculus and different ia l  equations; engineering physics; and 
engineering courses such as  process engineering, thermodynamics, strength 
of materials, mass transfer, f luid mechanics and heat transfer. 'During 
the Junior and Senior years t he  student takes required advanced under- 
graduate fuels courses from the l ist  shown i n  table 2 .  
17 courses are  required. 
requirements from fuels  or related courses. 

Fuels 

This consists of the Liberal Education requirements 

Eleven of the 
The student also must f i l l  technical elective 

The energy problems of the United States have brought attention to 
energy studies and at t racted many students to  fuels engineering. 
scholarships are available to  outstanding students. 
students of high a b i l i t y  to the program. 

students as par t  of the Liberal Education program. 
when it was first introduced i n  1970, but i n  recent years i t  has been 
offered each quarter to large enrollments. 
to provide non-technical students with a background concerning energy 
problems so that they may function more effectively as citizens and as  
energy consumers. 

Several 
This has at t racted 

"Energy and Man'' is a course designed for non-science or engineering 
Enrollments were low 

The purpose of this  course is 

300 



-2-  

Graduate Program 

Graduate students enter the program with degrees primarily i n  
chemical engineering or  chemistry. 
basic engineering courses in  addition to the graduate degree requirements 
About one-third of the course work for an advanced degree must come 
from outside fuels engineering. 
student m u s t  also have representation from outside fuels engineering. 
Graduate courses are shown i n  table 2. 

Chemistry majors must take several 

The graduate committee of each graduate 

Major areas of research for graduate degrees a t  the present time 
include liquefaction and gasification of coal, analysis of coal-derived 
liquids, upgrading of synthetic liquid fuels, t a r  sand processing, coal 
structure and reactions, and catalysis. 

The Fuels Engineering program attempts t o  t ra in  professionals 
w i t h  a basic background i n  engineering and the physical sciences and 
specialized training inthe chemistry and processing of foss i l  fuels. 
I t  is experiencing rapid growth a t  both the undergraduate and graduate 
level. The teaching and research faculty has grown to nine persons. 
Future growth is d i f f icu l t  to predict due to  many uncertain factors. 
demand for professionals With this type of training is expected to be 
strong . 

The 

TABLE 1. - Fuels Engineering Enrollment 

73/74 74/75 75/76 76/77 

Freshman 1 4 1 2  18 
Sophomore 1 6 8 1 2  
Junior 2 2 8 6 
Senior 1 2 4 7 

Total undergraduate 5 1 4  32 43 

M.S. candidates 7 7 1 0  15 
Ph.D. candidates 1 4  13 16 1 7  

Total graduate 2 1  20 26 32 
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TABLE 2 .  - Fuels Engineering Courses 

Lower Division 

Introduction to Process Engineering 
Energy and Man 
Fundamentals of Process Engineering 
Physical Chemistry of Mineral Systems 

Advance Undergraduate and Beginning Graduate 

Senior Project 
Field Trip 
Introduction t o  Heterogeneous Catalysis 
Recovery of Fossil Fuels 
Chemicals from Petroleum 
Catalyst Preparation, Characterization, and Testing 
Catalysis Laboratory 
Chemistry of Fossil Fuels 
Mineral Fuel Testing 
Mineral Instrunentation 
Conversion of Coal to Other Energy Forms 
Energy Resources and Their Utilization 
Modern Petroleum Refining 
Flames, Combustion and Combustion Reactions 
Fuels and Lubricants 
Laboratory Safety 
Corrosion of Metals, Theory and Practice 

Advance Graduate 

Theoretical and Applied Aspects of Catalysis 
Kinetics and Interretation of Catalytic Reactions 
Chemicals from Petrolem 
Fundamental of Coal Liquefaction and Gasification 
Properties and Reactions of Coal and Coke 
O i l  Shale and Bituminous Sands 
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Education i n  Fuels  and Combustion: Needs f o r  t h e  Future  and t h e  
Pennsylvania State  U n i v e r s i t y  Program 

Robert H. Essenhigh 

Combust ion  Laboratory 
The Pennsylvania  State  Univers i ty  

Univers i ty  Park ,  Pa. 16802 

INTRODUCTION 

Fuels  Science and Engineer ing i s  a wide ranging t o p i c  t h a t  has  been 
descr ibed  a s  t h e  i n t e r d i s c i p l i n a r y  s u b j e c t  par exce l lance .  
o f t e n  divided i n t o  t h r e e  pr ime t o p i c s :  Product ion of  f u e l s ;  Fue l  p r e p a r a t i o n  
and Benef ica t ion ;  and U t i l i z a t i o n .  Product ion covers  mining of c o a l ,  and 
petroleum and n a t u r a l  gas r e s e r v o i r  engineer ing .  P r e p a r a t i o n  c o v e r s  c l e a n i n g ,  
crushing,  gr inding ,  and r e l a t e d  a s p e c t s  of coa l  b e n e f i c a t i o n ,  w i t h  r e f i n e r y  
engineer ing  and r e l a t e d  o p e r a t i o n s  f o r  o i l  and gas .  U t i l i z a t i o n  is t h e  f a c e t  
t h a t  f u e l s  educat ion most commonly focuses  on, and i s  p r i m a r i l y  concerned wi th  
combustion and r e l a t e d  u s e s  of a l l  f u e l s  i n  a l l  a p p l i c a t i o n s .  The proper  
conten t  of  f u e l s  educa t ion  i s  d iscussed  i n  more d e t a i l  below: t h e  broad scope 
of t h e  s tudy of f u e l s  from t h e  s c i e n t i f i c  t o  t h e  engineer ing  a s p e c t s  i s  o f t e n  
t i t l e d  Fuel  Technology*. 

PERSPECTIVE 

The t o t a l  scope i s  

To t h e  o u t s i d e r  viewing Fuel  Technology i n  t h e  contex t  of todays energy 
famine i t  must s u r e l y  appear  to  be t h e  s u b j e c t  of  g r e a t e s t  t e c h n i c a l  importance 
i n  t h e  curr iculum of any u n i v e r s i t y  o r  s imi la r  t r a i n i n g  i n s t i t u t e .  Such a view 
is  n o t  supported by t h e  f a c t s ,  however. 
anomalous p o s i t i o n .  Although f u e l  technology h a s  been a rewarding s u b j e c t  f o r  
s tudy  and a p p l i c a t i o n  f o r  many decades -- one  might even s a y ,  c e n t u r i e s  -- it 
has  s t i l l  never  had t h e  academic prominence o r  even r e c o g n i t i o n  of o t h e r  tech-  
nologies  such a s  chemical engineer ing ,  meta l lurgy ,  ceramics ,  and so f o r t h .  
There a r e  be l ieved  t o  be less than h a l f  a dozen u n i v e r s i t i e s  o r  i n s t i t u t e s  i n  
t h e  world wi th  formal  academic programs l e a d i n g  t o  degrees  i n  Fuel  Technology. 
Fue l  Science,  o r  Fue ls  Engineer ing,  and t h e  numbers, i n  f a c t ,  have been d e c l i n i n g .  
There is  l i k e w i s e  no c e n t r a l  recognized p la t form o r  j o u r n a l  f o r  t h e  t o t a l  range 
of t h e  t o p i c s  of concern i n  Fuel Technology. I n t e r e s t  is s c a t t e r e d  over  many 
semi-special ized Socie ty  d i v i s i o n s  and j o u r n a l s .  In  a word, Fue l  Technology 
does not ,  a t  p r e s e n t ,  have t h e  r e c o g n i t i o n  of  be ing  a formal  academic d i s c i p l i n e  
wi th  a formal body of knowledge (even though t h i s  e x i s t s )  t h a t  p r a c t i t i o n e r s  
should know i f  they  are t o  claim t h e  a u t h o r i t y  o f  speaking as f u e l  t e c h n o l o g i s t s .  
Only i n  s p e c i a l i z e d  cases  such as power and propuls ion  systems ( a  m i n o r i t y  branch 
of f u e l  technology) does something l i k e  a formal  t r a i n i n g  exist. I n d u s t r i a l  
p r i n c i p l e s  and a p p l i c a t i o n s ,  which r e p r e s e n t  over  40% of  n a t i o n a l  energy use,  
are mostly unknown and untouched. 
p a s t ,  p a r t l y  by d e f a u l t ,  of appoin t ing  f u e l  engineers ,  managers, s u p e r v i s o r s ,  
o r  c o n t r o l l e r s ,  from those  i n  t h e  ranks  of o t h e r  engineer ing  p r o f e s s i o n s  such 
as chemical, m e t a l l u r g i c a l ,  ceramic, and mechanical engineer ing .  

Fue ls  educa t ion  i s  i n  a c u r i o u s l y  

I n d u s t r y  has  t h e r e f o r e  had t h e  h a b i t  i n  t h e  

The problem has  been t h a t  s i n c e  f u e l s  w a s  everyone 's  b u s i n e s s ,  i t  was 
no-one's bus iness .  In each i n d i v i d u a l  segment o f  i n d u s t r y  t h e  t o p i c  of  f u e l  use  
w a s  e s s e n t i a l l y  a n  appendage, with i n d i v i d u a l  s o l u t i o n s  t o  very  s i m i l a r  problems 
be ing  developed i n  t h e  d i f f e r e n t  process  s e c t o r s  -- f e r r o u s  and non-ferrous 
o p e r a t i o n s ,  g l a s s ,  ceramics ,  r e f i n e r y  s t i l l s ,  cement manufacture ,  and s o  f o r t h .  

*"Technology" i s  used h e r e  i n  t h e  same s e n s e  a s  i n  M . I .  of Technology, o r  C . I .  
of Technology, e t c .  
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In u n i v e r s i t y  c u r r i c u l a ,  where process  meta l lury  and ceramics ,  and t h e  l i k e ,  
a r e  s t i l l  thought t o  b e  impor tan t ,  f u e l s  a r e  d iscussed  most ly  i n  t h e  contex t  
of t h e  single indus t ry .  In t h e  o t h e r  engineer ing  a r e a s ,  emphasis tends  t o  
be s o l e l y  on power systems and, as observed by Smith and St inson  (1) 25 y e a r s  
ago: "It has been (our )  o b s e r v a t i o n  t h a t  t h e  genera l  t rea tment  of f u e l s  and 
combustion is many t imes  s l i g h t e d  i n  engineer ing  c u r r i c u l a ,  even though t h e  
combustion process  i s  a v i t a l  l i n k  i n  power c y c l e s .  
f u e l s  and combustion a r e  p r e s e n t e d ,  in  p a r t ,  through courses  i n  s team power, 
internal-combust ion engines ,  h e a t i n g  and v e n t i l l a t i n g ,  and l a b o r a t o r y ,  wi th  
l i t t l e  coord ina t ion  o r  c o n t i n u t y  of  t h e  m a t e r i a l  p resented  i n  t h e  v a r i o u s  courses .  
The r e s u l t  many t i m e s  i s  an incomplete  coverage of  e i t h e r  f u e l  technology o r  
combustion, and u s u a l l y  a meager concept i s  obta ined  of t h e  a c t u a l  chemical 
processes  of burning."  T h i s  o b s e r v a t i o n  would s t i l l  seem to b e  s u b s t a n t i a l l y  
t r u e .  Only i n  t h e  p r o p u l s i o n  s p e c i a l t i e s  (gas  t u r b i n e s  and r o c k e t s )  would t h e r e  
seem t o  have been any s i g n i f i c a n t  change. 

Frequent ly  t h e  t o p i c s  of 

, 
This f ragmenta t ion  of f u e l  technology,  however, does not  seem t o  have 
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development h a s  r e a l l y  been h indered  by t h i s .  So does it mat te r  f o r  t h e  f u t u r e ?  
The answer woidd see3 t o  b e  a decided:  Pes !  The p a t t e r n  of t h e  d i s t a n t  indus t -  
r ial  p a s t  was a g e n e r a l l y  a c c e l e r a t i n g  use  of f u e l ,  i n i t i a l l y  of wood and char- 
c o a l  and subsequent ly  of  c o a l ,  during which t h e r e  was ample time (decades)  f o r  
t h e  most p a r t  t o  develop n e c e s s a r y  techniques by e s s e n t i a l l y  unt ra ined  i n v e n t o r s  
and developers  (who o f t e n  became h i g h l y  s k i l l f u l  by on-the-job t r a i n i n g ) .  
p a t t e r n  of t h e  more r e c e n t  p a s t  ( t h e  l a s t  50 y e a r s )  was then  a process  of f u r t h e r  
i n d u s t r i a l  development based ,  f i r s t ,  on o i l ,  then on gas.  The t r e n d  was t o  more 
e a s i l y  used and p r o p o r t i o n a t e l y  cheaper  f u e l s .  A r e t u r n  t o  c o a l  o r  coal-based 
f u e l s  means r e v e r s i n g  t h a t  t r e n d .  The f u e l s  w i l l  be more expensive and more 
d i f f i c u l t  t o  use .  It is  n o t  s imply a mat te r  of r e v e r t i n g  t o  p a s t  t echnologies .  
The u s e  of o i l ,  and p a r t i c u l a r l y  gas  allowed ( l a r g e l y  ad-hoc) improvements i n  
p r e c i s i o n  of f i r i n g  furnaces :  temperature  c o n t r o l ,  meter ing,  burner  c y c l i n g ,  
and so f o r t h ;  and o p e r a t o r s  w i l l  cont inue  t o  expec t ,  o r  demand a s  e s s e n t i a l ,  
s i m i l a r  p r e c i s i o n  and e a s e  of f i r i n g .  The s c a l e  of t h e  problem, i n  terms of 
f u e l  tonnages consumed h a s  a l s o  increased:  
quadrupled i n  t h e  last  h a l f  cen tury .  
t h a t  makes r e t u r n  t o  c o a l  s o  much more d i f f i c u l t .  

The 

t o t a l  energy consumption has  almost 
There a r e  a l s o  environmental  c o n s t r a i n t s  

A s  a r e s u l t  o f  th i s  p a t t e r n ,  t h e r e  is indeed evidence now of a n  
i n c r e a s i n g  demand f o r  f u e l s  s p e c i a l i s t s  wi th  a much h i g h e r  l e v e l  of educa t ion .  
The p a s t  p r a c t i c e  of  on-the- job t r a i n i n g  (which l e d  t o  many re - invent ions  of 
t h e  wheel) can b e  expected t o  d isappear .  It t a k e s  too  long;  i t  can l e a v e  t o o  
many gaps in knowledge; it is l i k e l y  t o  b e  t o o  s p e c i l i z e d  which makes f o r  
i n f l e x i b i l i t y ;  and t h e r e  i s  u s u a l l y  time only  t o  a t t a i n  a r e l a t i v e l y  elementary 
l e v e l  of understanding t h a t  can  b e  f a r  s h o r t  of what i s  r e q u i r e d  today. 

The demand must i n c r e a s i n g l y  be m e t  by t r a i n i n g  a t  t h e  u n i v e r s i t y  l e v e l ,  
bu t  t h i s  p r e s e n t s  s e v e r a l  problems. There a r e  t o o  few s c h o o l s  a t  p r e s e n t  wi th  
even a pre tence  a t  a r e a s o n a b l e  coverage of  t h e  f i e l d  of knowledge t h a t  can be  
c a l l e d  Fuel Technology, and t h e s e  schools  a r e  almost unknown t o  l a r g e  s e c t i o n s  
of indus t ry ,  t o  o t h e r  u n i v e r s i t i e s ,  and to  v i r t u a l l y  a l l  p r o s p e c t i v e  s t u d e n t s .  
There i s  even ignorance i n  some academic q u a r t e r s  of what academic o r  formal  
t r a i n i n g  coverage can be  provided  i n  t h e  f i e l d  of f u e l  technology so t h a t  p lans  
to expand course coverage can b e  he ld  up or w i l l  be  incomplete  on account  of t h a t  
l a c k  of  knowledge, and l a c k  of necessary  t e a c h i n g  manpower. (This ,  f u r t h e r ,  
ignores  t h e  p r e s e n t  c o n s t r a i n t s  on u n i v e r s i t y  funding t h a t  makes curr iculum 
enlargement d i f f i c u l t  t o  i m p o s s i b l e  in  may c a s e s . )  
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It is  understood t h a t  t h i s  Meeting (on Fuels  Science and Engineer ing 

In  t h i s  paper ,  c o n t r i b u t i o n s  t o  t h r e e  a s p e c t s  a r e  presented .  
Education) a t  which t h i s  paper  i s  presented  is designed t o  develop s o l u t i o n s  t o  
t h e s e  problems. 

WHAT I S  FUEL TECHNOLOGY? 

The broad scope  of  f u e l  technology (or  s c i e n c e  and engineer ing)  i s  
o u t l i n e d  i n  t h e  I n t r o d u c t i o n .  It can be  summarized as: t h e  s tudy  of f u e l  i n  
s c i e n c e  and p r a c t i c e .  For t h e  development of c u r r i c u l a ,  something w i t h  g r e a t e r  
p r e c i s i o n  and more d e t a i l  i s  r e q u i r e d  f o r  s e t t i n g  t h e  boundaries  t o  t h e  f i e l d  
and f o r  i d e n t i f y i n g  i n d i v i d u a l  s u b j e c t  o r  t o p i c s .  

Fuel technology i s  broadly  concerned w i t h  t h e  u t i l i z a t i o n  of f o s s i l  
f u e l s  and of t h e i r  manufactured and r e l a t e d  d e r v a t i v e s ,  inc luding  t h e  process  
of manufacture of t h e  secondary f u e l s  (by g a s i f i c a t i o n  and l i q u e f a c t i o n ) .  It 
should a l s o  inc lude  some degree of s tudy of t h e  sources  and r e s e r v e s  o f  c o a l ,  
o i l ,  gas ,  and o t h e r  p o t e n t i a l  f u e l s  ( i n c l u d i n g  s h a l e s ,  t a r  sands ,  s o l i d  was te ,  
e t c . ) .  Also s i g n i f i c a n t  are t h e  p h y s i c a l  and chemical p r o p e r t i e s ,  methods o f  
a n a l y s i s ,  chemical s t r u c t u r e ,  and methods of p r e p a r a t i o n  (c leaning ,  dry ing ,  
gr inding ,  d i s t i l l a t i o n ,  sc reening ,  e t c . ) .  

U t i l i z a t i o n  is s t i l l  t h e  c o r e  of f u e l  technology. This  means: produ- 
c a t i o n  of power; use  f o r  process ing;  and secondary f u e l  manufacture f o r  u l t i m a t e  
use as gas, l i q u i d ,  o r  s o l i d ,  i n  power and process ing .  U t i l i z a t i o n  depends on 
knowledge of f u e l s  r e a c t i v i t y  -- React ion  K i n e t i c s  a p p l i e d  t o  s o l i d ,  l i q u i d ,  o r  
gaseous f u e l s .  
aerodynamics) and h e a t  t r a n s f e r  (mainly r a d i a t i v e ) .  S p e c i f i c  technologica l  sub- 
jects of importance t h a t  r e p r e s e n t  a p p l i c a t i o n  of fundamentals i n c l u d e ,  i n  
p a r t i c u l a r :  flame chemistry;  flame propagat ion  theory ;  carbon and c o a l  r e a c t i o n s ;  
r e a c t o r  and flame hold ing  theory;  furnace  a n a l y s i s ;  r a d i a t i v e  p r o p e r t i e s  of f lames;  
and scale-up methods f o r  p i l o t  p l a n t s .  

It a l s o  r e q u i r e s  a p p l i e d  knowledge of  f l u i d  mechanics (combustion 

These t o p i c s  are set i n  schematic  p e r s p e c t i v e  i n  F igs .  1 and 2 .  Figure  
1 i l l u s t r a t e s  t h e  o v e r a l l  p rocess  of  u t i l i z i n g  f u e l  t o  d e l i v e r  a u s e f u l  end 
product .  Input  i n c l u d e s  knowledge of  f u e l  and r a w  material s o u r c e s ,  p r e p a r a t i o n ,  
and supply t o  t h e  r e a c t o r .  Output l ists power, p rocess  use ,  manufactured f u e l s ,  
and e f f l u e n t s .  Reactor  o p e r a t i o n ,  or requirements  f o r  understanding t h e i r  
opera t ion ,  i s  i l l u s t r a t e d  i n  Fig.  2 ,  which shows t h e  r e l a t i o n s h i p  between t h e  
b a s i c  sc iences  and t h e i r  engineer ing  a p p l i c a t i o n .  

Supplementary t o  t h e  above, t r a i n i n g  i n  f u e l  technology must a l s o  
inc lude  such s u f f i c i e n t  understanding of t h e  power and process  o p e r a t i o n s  them- 
s e l v e s  t h a t  t h e  mechanical and o t h e r  a s p e c t s  of  t h e  furnaces  and engines  makes 
sense .  This  b r i n g s  i n  such a d d i t i o n a l  t o p i c s  as: h e a t  engine thermodynamics; 
furnace  thermodynamics; r e f r a c t o r y  behavior  and s e l e c t i o n ;  h e a t  t rea tment  
p r i n c i p l e s  (with emphasis on t h e  i ron /carbon diagram);  and e f f l u e n t  c o n t r o l  
(such a s ,  a i r  p o l l u t i o n  from combustion sources) .  

Fue ls  Education a t  Penn S t a t e  

In s p i t e  o f  t h e  wide ranging scope of Fuel  Technology, a t  t h e  Pennsylvania  
S ta te  Univers i ty  a l l  a s p e c t s  are covered i n  one Department or  another .  
Departments o r  S e c t i o n s  i n c l u d e  Chemical Engineer ing,  Mineral  Process ing ,  Petroleum 
and Natura l  Gas, Mining, Mineral  Economics, and t h e  Fuels  Science Sec t ion  of 
M a t e r i a l s  Science and Engineer ing wi th  some combustion and power a s p e c t s  i n  
Mechanical Engineer ing.  
and a d m i n i s t r a t i v e  u n i t  t h a t  t ies t o g e t h e r  a number of c l o s e l y  related r e s e a r c h  
a c t i v i t i e s  on c o a l  and carbons.  

Relevant  

In a d d i t i o n ,  t h e  Coal Research Sec t ion  i s  a r e s e a r c h  
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Most of t h e  t e a c h i n g  and r e s e a r c h  a c t i v i t i e s ,  however, a r e  centered  
i n  t h e  Fuel  Science S e c t i o n  of t h e  M a t e r i a l s  Science and Engineer ing Department. 
The o r i g i n a l  program s t a r t e d  n e a r l y  50 y e a r s  ago i n  t h e  Department of Fuel  Tech- 
nology, e s s e n t i a l l y  a s  an outgrowth of  graduate  courses  i n  c o a l  carboniza t ion  
and f u e l  u t i l i z a t i o n  i n  t h e  Department of  Metal lurgy.  Over t h e  per iod  1921-1931 
t h e s e  o r i g i n a l  courses  developed i n t o  an Option i n  Fuel  Technology, i n  t h a t  
Department, with undergraduate  i n s t r u c t i o n  i n  f u e l  t e s t i n g  and ca lor imet ry ,  
coking, c l a s s i f i c a t i o n  of c o a l s ,  l i q u i d  and gaseous f u e l s ,  carboniza t ion  and 
process ing  of c o a l s ,  and combustion and u t i l i z a t i o n  of s o l i d ,  l i q u i d ,  and 
gaseous f u e l s .  The s t r e n g t h  of  t h i s  o p t i o n  was such t h a t ,  i n  1932, a s e p a r a t e  
Department of Fuel  Technology w a s  c r e a t e d ,  g r a n t i n g  s imultaneously both under- 
graduate  and graduate  degrees  (B.S., M.S. and Ph.D.). In t h e  y e a r s  s i n c e  then,  
a t o t a l  of 180 s t u d e n t s  have graduated w i t h  t h e  bachelors  degree,  83 w i t h  t h e  
mas ters  degree,  and 115 w i t h  t h e  Ph.D. 

About 10 y e a r s  ago t h e  undergraduate  cur r icu lum w a s  c losed  because of 
very low enrol lment .  It w a s  then  obvious t o  everyone,  except  f o r  t h e  f a c u l t y  i n  
t h e  Fuel  Technology Department, t h a t  t h e r e  w a s  no f u r t h e r  f u t u r e  i n  c o a l ,  and 
l i t t l e  f u r t h e r  need f o r  f u e l  t e c h n o l o g i s t s  d e a l i n g  wi th  u t i l i z a t i o n  of o i l  and 
gas .  Ref lec t ing  t h a t  v i e w ,  t h e  S t a t e  L e g i s l a t u r e  dropped support  of a s p e c i a l  
c o a l  research  funding program. 
cheap t h a t  no s p e c i a l  knowledge was r e q u i r e d  f o r  i t s  ( i n e f f i c i e n t )  use .  It i s  
symptomatic of t h o s e  times t h a t ,  a s  remarked above, f u e l  engineers  i n  i n d u s t r y  
w e r e  almost u n i v e r s a l l y  drawn from t h e  ranks  of  t h e  o t h e r  engineer ing p r o f e s s i o n s ,  
wi thout  t r a i n i n g  i n  f u e l s ,  and w i t h  l i t t l e  awareness of  t h e  body of  knowledge 
t h a t  d i d  exist i n  f u e l  technology;  and t h i s ,  t o  some e x t e n t ,  i s  s t i l l  t h e  case  
today.  

In i n d u s t r y ,  f u e l  was so  easy t o  burn and so 

In 1969, t h e  f i r s t  ( p r e d i c t e d )  s h o r t a g e s  i n  i n t e r s t a t e  p i p e l i n e  gas 
supply showed up. I n  1970-1971, t h e  ( p r e d i c t e d )  peaking o f  n a t i v e  o i l  s u p p l i e s  
from t h e  lower 48 states a l s o  occurred .  
f o r  f u e l s  educat ion w a s  c l e a r l y  superb.  S ince  then ,  t h e  well-known cont roversy  
has  been rag ing  whether  t h e  f u e l  s h o r t a g e s  a r e  r e a l  o r  t h e  r e s u l t  of some con- 
s p i r a c y .  Wtih t h e  unders tanding  t h a t  t h i s  is a real problem, t h e  q u e s t i o n  of  
what i s  needed i n  f u e l s  educa t ion  is reopened wi th  dramat ic  force .  The c e n t r a l  
s i g n i f i c a n c e  of t h e  problem d e r i v e s  from t h e  c e n t r a l  s i g n i f i c a n c e  of energy i n  
d r i v i n g  t h e  i n d u s t r i a l  machine and modern c i v i l i z a t i o n ,  and t h e  awareness t h a t  
wi thout  f u e l  you are o u t  o f  bus iness .  

The t iming  on c o n t r a c t i o n  of suppor t  

I n  s p i t e  o f  the dropping of t h e  undergraduate  program, i n  t i m e  f o r  t h e  
start  o f  t h e  f u e l  s h o r t a g e s ,  (more a c c u r a t e l y ,  t h e  program dropped u s ) ,  s e n i o r  
l e v e l  and graduate  programs n e v e r t h e l e s s  cont inued.  
t h e  work the Department, bo th  undergraduate  and graduate ,  was focussed almost  
e n t i r e l y  upon c o a l  and c o a l - r e l a t e d  t o p i c s  -- what might b e  c a l l e d ,  wi thout  
p r e j u d i c e ,  c o a l  t e c h n i c s .  Following World War 11, however, t h e  scope of a l l  
programs was enlarged  t o  cover  t h e  c l a s s i c a l  range  of f u e l  technology t o p i c s :  
focuss ing  on  u t i l i z a t i o n ,  b u t  wi th  coverage increased  t o  inc lude  gaseous and 
l i q u i d  f u e l s ,  and on m a t e r i a l s  der ived  from f u e l s ,  no tab ly  carbons and g r a p h i t e s .  
Coal prepara t ion  and b e n e f i c i a t i o n  t h a t  were p a r t  of t h e  o r i g i n a l  Fuel  Technology 
Department program w e r e  moved about  t h a t  t i m e  i n t o  a new Department of  Mineral  
Prepara t ion .  

I n  t h e  e a r l y  y e a r s ,  a l l  

About t h e  t i m e  of t h e  demise of t h e  undergraduate  curr iculum, t h e  
o r i g i n a l  Department of Fuel  Technology ceased t o  be  a Department, and was absorbed 
(wi th  a small name change) a s  t h e  Fuel  Sc ience  Sec t ion  i n  t h e  (new) Department 
o f  M a t e r i a l s  Science and Engineer ing.  
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The c u r r e n t  scope of t h e  teaching  a c t i v i t i e s  i n  t h e  Fuel  Sc ience  Sec t ion  
is i l l u s t r a t e d  by Table  1 which lists, wi th  b r i e f  d e s c r i p t i o n s ,  t h e  p r e s e n t  course 
o f f e r i n g s  of  t h e  Sec t ion .  (The 400 numbers are senior -graduate  courses ,  and t h e  
500 numbers a r e  graduate  courses) .  
wi th  t h e  Fuel  Science Sec t ion  ( s e v e r a l  of whom a l s o  have a d d i t i o n a l  teaching  r e q i r e -  
ments i n  m a t e r i a l s  and r e l a t e d  s u b j e c t s ) .  There is a l s o  a r e l a t e d  c o u r s e  i n  c o a l  
petrography (Geol. 421). There are a l s o  o t h e r  c l o s e l y  r e l a t e d  c o u r s e s  on combustion, 
gas  t u r b i n e s ,  and more convent ional  mechanical engineer ing  courses  on power p l a n t s ,  
thermodynamics, and so f o r t h ,  i n  o t h e r  departments .  Inc luding  a s p e c t s  o f  petroleum 
product ion and r e f i n i n g ,  minera l  economic a s p e c t s  and r e l a t e d  t o p i c s ,  t h e r e  is a 
t o t a l  of some 1 5  t o  20 courses  a v a i l a b l e  a t  t h e  s e n i o r  and graduate  l e v e l s  t h a t  
can b e  proper ly  def ined  as p a r t  of Fuel  Technology. 

There are p r e s e n t l y  7 f a c u l t y  i n ,  o r  assoc ia ted  

The research  i n t e r e s t s  are of even wider  scope. These i n c l u d e  s t u d i e s  
of  gas lcarbon r e a c t i o n s ,  g a s i f i c a t i o n  of  carbon and c o a l ,  l i q u e f a c t i o n  of c o a l ,  
f u e l  c e l l s ,  and s o l a r  energy conver te rs .  
about  450 r e s e a r c h  papers  i n  t h e  p a s t  20 years .  

Fue ls  Education i n  t h e  Future  

The r e s e a r c h  has  been d e s c r i b e d  i n  

I f  Fuel Technology i s  s u f f i c i e n t l y  important  f o r  t h e  f u t u r e ,  t h e  
p a t t e r n  of t h e  p a s t  would sugges t  t h a t  new programs can be expected t o  come i n t o  
being,  wi th  courses  cover ing  p a r t  o r  a l l  of t h e  m a t e r i a l  o u t l i n e d  i n  t h e  Sec t ion  
d e f i n i n g  Fuel  Technology. A decade ago t h i s  would a l ready  have happened and new 
Departments would have come i n t o  e x i s t e n c e .  That t h i s  has  n o t  y e t  happened is 
almost  c e r t a i n l y  due t o  a number of f a c t o r s .  The most obvious has  been l a c k  of 
funds.  There has  a l s o  been u n c e r t a i n l y  as t o  t h e  r e a l  n a t u r e  and scope  of t h e  
f u e l s  problem, and u n c e r t a i n l y  over  t h e  real Federa l  commitment towards f u e l s .  
The t o p i c  has  lacked a c t i v i s t s  i n  t h e  manner of t h e  Environmental Spokesmen of  
a decade ago -- a f t e r  a l l ,  f u e l s  have been wi th  u s  a long t i m e :  
a s imple  problem, and d o n ' t  w e  a l r e a d y  know a l l  w e  need t o  know? Energy activists 
have tended to  promote n u c l e a r  electric (which must always b e  a minor energy source)  
o r  new developments i n  s o l a r ,  geothermal, and t h e  l i k e .  Also,  t h e r e  has  not  been 
a recognized combustion engineer ing  community o r  I n s t i t u t e  t o  speak f o r  t h e  f u e l s  
area a s  a whole. 

i s n ' t  i t  r e a l l y  

A more s u b l e  problem d e r i v e s  from t h e  c u r r e n t  small s i z e  of  t h e  f u e l s  
community. A program t h a t  w i l l  a t t r a c t  s t u d e n t s ,  and s u p p o r t e r s ,  must b e  v i s i b l e ,  
c r e d i b l e ,  and v i a b l e .  Without t h e  e x i s t e n c e  of a widely-recognized academic 
d i s c i p l i n e  a s i n g l e  Department of Fuels  l a c k s  v i s i b i l i t y ,  which makes r e c r u i t i n g  
d i f f i c u l t .  The program can a l s o  l a c k  c r e d i b i l i t y :  "If i t ' s  as important  as t h a t ,  
why a r e n ' t  t h e r e  more Departments?" Without more Departments, 
t h e  s u b j e c t  is b a r e l y  v i a b l e .  It w a s  on t h e s e  grounds t h a t  M.W. Thring on becoming 
Professor  of  Fuel  Technology a t  S h e f f i e l d  Univers i ty  (England) i n  1950 immediately 
en tered  ( successfu l )  n e g o t i a t i o n s  t o  have t h e  Department recognized as a j o i n t  
Department of Chemical Engineer ing.  

i s  a good q u e s t i o n .  

Counters t o  t h e s e  t h r e e  problems a r e  now forthcoming. The problem of 
v i s i b i l i t y  (and s i g n i f i c a n c e )  w a s  p a r t l y  so lved  by t h e  b e l a t e d  r e c o g n i t i o n  by 
t h e  Network News Anchor men t h a t  an energy problem of some s o r t  r e a l l y  d i d  
e x i s t .  C r e d i b i l i t y  w i l l  appear  when a number of f u e l s  departments ,  o p t i o n s ,  
c e n t e r s ,  programs, o r  s e c t i o n s  come i n t o  being:  t h i s  w i l l  a l s o  confer  t h e  
necessary v i a b i l i t y  t o  t h e  academic programs. 

The necessary  c e n t e r s  would a l r e a d y  appear  t o  be  i n  embryonic e x i s t e n c e .  
This  has  been e s t a b l i s h e d  i n  t h e  fo l lowing  way. We have c a r r i e d  o u t  a s e a r c h  of  

307 



t h e  l i s t i n g s  on f u e l s  and f u e l - r e l a t e d  courses  i n  t h e  Course Cata logs  of Univer- 
s i t i e s  i n  North America. We have i d e n t i f i e d  a t o t a l  of about 500 such courses  
o f f e r e d  i n  about  120 U n i v e r s i t i e s .  Although t h i s  averages 4 courses  per  Univers i ty  
about  h a l f  o n l y  o f f e r  3 courses  o r  less. About 1 / 3  of t h e  courses  a r e  o f f e r e d  
by only  1 4  i n s t i t u t i o n s ,  each o f f e r i n g  9 o r  more such courses .  These U n i v e r s i t i e s  
a r e  i d e n t i f i e d  i n  Table  2 t o g e t h e r  wi th  t h e  t o t a l  number of courses  they  o f f e r .  
Table  2 a l s o  shows two o t h e r  columns. I n  t h e  Course i n d e n t i f i c a t i o n ,  a l l  con- 
v e n t i o n a l  (though n e c e s s a r y )  courses  i n  t r a n s p o r t  phenomena, h e a t  t r a n s f e r ,  
r e a c t i o n  or chemical k i n e t i c s ,  power systems thermodynamics of h e a t  engines ,  and 
t h e  l i k e ,  were omi t ted .  Topics  on i n d u s t r i a l  combustion engineer ing ,  f lames,  
p ropuls ion ,  combustion aerodynamics, p o l l u t i o n  from combustion, and so  f o r t h ,  
were included.  I n  a f i r s t  breakdown of t h e  t o t a l ,  t h e  e s t a b l i s h e d  engine,  gas  
t u r b i n e ,  p ropuls ion ,  and r e l a t e d  power and aerospace t o p i c s  were des igna ted  a s  
a Group 11. S u b t r a c t i n g  from t h e  t o t a l  l e a v e s  Group I ( l i s t e d  i n  Table  2 ) ,  which 
a r e  mostly t h e  more i n d u s t r i a l l y  o r i e n t e d  combustion, p o l l u t i o n ,  and fundamental 
f lames courses .  I n s p e c t i o n  of t h e s e  then shows t h a t  f u e l s  and combustion w a s  
e v i d e n t l y  t h e  major t o p i c  i n  some courses ,  b u t  was of minor o r  secondary i n t e r e s t  
i n  t h e  rest. Group I A  i n  Table  2 is t h e  number of courses  i d e n t i f i e d  a s  having 
f u e i s  and combustion a s  t h e  major t o p i c  [wi th in  what could b e  i d e n t i f i e d  by t h e  
course  d e s c r i p t i o n s ) .  

Before d i s c u s s i n g  t h e  breakdown, some cavea ts  and d i s c l a i m e r s  a r e  i n  
order .  Course o f f e r i n g s  of most u n i v e r s i t i e s  were examined, b u t  n o t  a l l  (we 
were unable t o  o b t a i n  t h e  Harvard Univers i ty  Catalog,  f o r  example). The d iscrep-  
ancy between course  d e s c r i p t i o n  and course conten t  is wel l  known and r e q u i r e s  
no comment. S e l e c t i o n  of  t h e  courses  ( o r  t h e i r  omission)  involved a v a l u e  judge- 
ment t h a t  was d i f f i c u l t  t o  e x e r c i s e  i n  q u i t e  a number of c a s e s ,  p a r t i c u l a r l y  
where course d e s c r i p t i o n s  were vague, wide ranging and c u t  a c r o s s  s e v e r a l  t o p i c s ;  
members of i n d i v i d u a l  u n i v e r s i t i e s  may w e l l  make a somewhat d i f f e r e n t  s e l e c t i o n .  
The breakdown does not  d i f f e r e n t i a t e  between s e n i o r  l e v e l  courses  ( t h a t  can 
i n d i c a t e  s t r e n g t h  i n  t e a c h i n g )  from graduate  l e v e l  courses  ( t h a t  can i n d i c a t e  
s t r e n g t h  i n  r e a s e a r c h ) .  There is e v i d e n t l y  
a c o r e  of about  a dozen U n i v e r s i t i e s  wi th  s t r e n g t h  i n  f u e l s  o r  f u e l - r e l a t e d  
a c t i v i t i e s .  About h a l f  a r e  more engine o r  propuls ion  o r i e n t e d  (Cal Tech, Michigan, 
Purdue, Wayne S t a t e  i n  p a r t i c u l a r ) .  
r i a l l y  o r i e n t e d ,  o r  showing equal  weight wi th  engine /propuls ion  a s p e c t s  (notably 
Penn S t a t e ,  Georgia Tech, I I T ,  MIT). 

It would appear ,  then, t h a t  a Fuel  Technology and Combustion Engineer ing 

A c l e a r  p a t t e r n  n e v e r t h e l e s s  e x i s t s .  

The o t h e r  h a l f  a r e  more fundamental ly/ indust-  

community and c o n s t i t u e n c y  does e x i s t .  
should grow. There a r e  c o n s t r a i n t s :  funding o r  t h e  l a c k  of it is t h e  most 
impor tan t ,  b u t  t h e r e  i s  a l s o  a shor tage  of manpower. What else could happen if 
t h e  subjec t  has  been short-changed f o r  so long? It is a l s o  n o t  c l e a r  whether t h e  
c e n t e r  of g r a v i t y  of F u e l  Technology proper ly  l i e s  i n  t h e  mining, mechanical ,  
chemical ,  o r  even m e t a l l u r g i c a l  o r  some o t h e r  engineer ing  a r e a .  Perhaps t h e  b e s t  
means of expanding F u e l s  programs would be  by c r e a t i n g  Options o r  Minors i n  Fuel  
Technology i n s i d e  e x i s t i n g  Departments of d i f f e r e n t  d i s c i p l i n e s .  This  would not  
over load  the a v a i l a b l e  manpower, and would e i t h e r  provide  t ime f o r  an e v a l u a t i o n  
of  t h e  s u b j e c t  matter t o  s e e  where i t  b e s t  l i e s  o r  i t  would s o l v e  t h e  problem by 
having a d i f f e r e n t  b i a s  -- mechnaical ,  o r  chemical ,  o r  some o t h e r  -- i n  d i f f e r e n t  
i n s t i t u t i o n s .  This  may prove indeed t o  be t h e  only  f e a s i b l e  method of provid ing  
adequate  coverage of t h e  whole a r e a  of F u e l  Technology. I n  c o u r s e  of t ime,  such 
Options and Minors might expand i n t o  Sec t ions  i n s i d e  t h e  p a r e n t  Department, and 
u l t i m a t e l y  t h e  S e c t i o n s  could  become Departments. 
r e a l  need r a t h e r  than  a forced  growth based on e x p e c t a t i o n s  i s  obvious ly  a pre-  
f e r r e d  behavior .  It is probably  n o t  necessary  o r  even d e s i r a b l e  f o r  t h i s  t o  be  
accompanied by t h e  development of t h e  usua l  paraphanal ia  of Departments, r i g i d  

There can be  a ques t ion  a s  t o  how i t  

An organic  growth based on 
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curr icula ,  I n s t i t u t e s ,  J o u r n a l s ,  and t h e  l i k e ,  s o  long as t h e r e  a r e  s u f f i c i e n t  
c e n t e r s  of  Fuel  Technology t h a t  recognize  each o t h e r  and whose s t a n d i n g  is 
acknowledged and made use  o f .  The c r i t e r i a  of v i s i b i l i t y ,  c r e d i b i l i t y ,  and 
v i a b i l i t y  must be  m e t .  

CONCLUSIONS 

A coherent ,  s i g n i f i c a n t ,  and important  body of knowledge r e p r e s e n t i n g  
Fuel  Technology does e x i s t ,  t o g e t h e r  wi th  a p r a c t i c a l  reason f o r  its e x i s t e n c e .  
Between ha l f  a dozen and a dozen Fuel  Technology c e n t e r s  a l s o  e x i s t  a l r e a d y ,  a t  
least embryonically. 
research  a l s o  e x i s t s .  
and t o  be recognized as a s i g n i f i c a n t  academic and p r a c t i c a l  d i s c i p l i n e  i n  its 
own r i g h t .  

An academic framework f o r  t h e  necessary i n s t r u c t i o n  and 
It would seem t h a t  Fuel  Technology is ready t o  come of age  
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F.Sc. 421 

F.Sc. 422 

F.Sc. 424 

F.Sc. 430 

F.Sc. 431 

F.Sc. 506 

F.Sc. 512 

F.Sc. 520 

F.Sc. 522 

Table  1 

Courses i n  Fuel  Science 

Flames. Fundamentals of premixed and d i f f u s i o n a l  combustion. 

Combustion Engineer ing.  P r i n c i p l e s  of  i n d u s t r i a l  combustion and 
g a s i f i c a t i o n  engineer ing .  

Energy and F u e l s  i n  Technological  Perspec t ive .  Cri t ical  examination 
of  present-day energy technology. 

A i r  P o l l u t a n t s  from Combustion. Pol lutant-forming processes ;  p o l l u t a n t  
p o t e n t i a l  of  v a r i o u s  f u e l s  and combustors; combustion modi f ica t ion  and 
p o l l u t i o n  c o n t r o l .  

The Chemistry of Fuels .  O r i g i n s  and p r o p e r t i e s  o f  t h e  f o s s i l  f u e l s :  
c o a l s ,  o i l s ,  gas .  Coal l i q u e f a c t i o n  and g a s i f i c a t i o n .  

Carbon React ions.  Heterogeneous r e a c t i o n s  of carbons. The s c i e n t i f i c  
base  f o r  c o a i  g a s i f i c a t i o n .  

High Temperature K i n e t i c s  and Flame Propagat ion.  E q u i l i b r i a  and rate 
processes  i n  h o t  gases ;  f lames;  de tona t ions .  

Thermodynamics and K i n e t i c s  of Fuel  Ef f ic iency .  Thermodynamic and 
k i n e t i c  c o n s t r a i n t s  on e f f i c i e n c i e s  of  thermal  systems; e f f i c i e n c y  
ratios; f u r n a c e  a n a l y s i s ;  r a d i a t i o n  i n  furnaces ,  a p p l i c a t i o n s  and 
examples. 

Flame Dynamics i n  Combustors. Analysis  of mixing and r e a c t i o n  i n  h igh  
i n t e n s i t y  combustion chambers. 
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Table 2 

Nmber of Course o f f e r i n g s  i n  F u e l  Technology 

a t  D i f f e r e n t  I n s t i t u t i o n s  

T - t o t a l  Course o f f e r i n g s  i n  Fuel  Technology 

I - Courses on f lames,  combustion, p o l l u t i o n ,  e t c . ,  
and non-engine or propuls ion  t o p i c s  

IA - a s  t h e  major s u b j e c t  

T I I A  

Cal Tech 

Cinc inna t i  

Georgia Tech 

I I T  

MIT 

Michigan 

Minnesota 

N. Caro l ina  

Penn S t a t e  

Pr ince ton  

Purdue 

Stevens 

Utah 

Wayne S t a t e  

T o t a l s  

12 

9 
16 

10 
13 

1 2  

9 
S t a t e  9 

20 

10 
10  

8 

14 

10 

162 
- 

5 

8 

1 3  

8 
9 

6 

4 

4 

1 7  

7 

4 

7 

14  

7 

113 
- 

3 

8 

11 

7 

7 

3 

4 

3 

1 6  

7 

1 

4 

1 2  

5 

91 

Note: A t o t a l  of 500 courses  i n  Fuel  Technology w e r e  i d e n t i f i e d  
o f f e r e d  a t  120 d i f f e r e n t  u n i v e r s i t i e s  and s i m i l a r  teach-  
ing i n s t i t u t i o n s .  About ha l f  o f f e r  on ly  3 courses  or l e s s .  
The 14  i n s t i t u t i o n s  l i s t e d  above o f f e r  about  1 / 3  of a l l  
t h e  courses .  
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