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Abstract:
The reduction of a sub-bituminous coal and three lignites ,using C0 rather than H2 was investigated.
The sub-bituminous coal was mined at Colstrip, Montana, and the three lignites were mined at Savage,
Montana, and Stanton and Noonan, North Dakota. The equipment in this study consisted of a 500
ml„rocking"autoclave which operated between 380°0.' and 4500O;, and a maximum operating pressure
of 5000 psi. The analyses which were made included the conversion of the MAF coal to benzene
soluble material, gas analyses of the reaction gases, and ultimate analyses and molecular weight
determinations of the liquefied coal.

The results show that increasing pressure and temperature increase conversion, however, hydrocarbon
gas production increases with temperature as well. The best solvent that was investigated for lignite
was a mixture of alpha-naphthol and phenanthrene, and for sub-bituminous it was anthracene oil.
Grinding the coal in a mortar and pestle produced better conversion results than pulverized coal
because the coal was less oxidized in the former grinding method. Noonan lignite is more reactive than
Stanton lignite, which in turn is more reactive than Savage lignite.

The reason for these differences has been attributed to the composition of the ash in the coal. Na2CO3
was studied as a catalyst for the liquefaction of coal using C0. with quite successful results.

The tar product obtained from the coal has a hydrogen-to-carbon ratio of about.1.1 and an ash content
of less than 0.1% compared to coal’s hydrogen-to-carbon ratio of 0.8 and 7% ash. This product would
be an ideal fuel for magneto-hydrodynamics, and will overcome many of the obstacles that have
prevented magnetohydr0dynamics from becoming a reality.

TSro processes utilizing the liquefaction of coal using CO were designed and studied economically.
One process produces CO from char, H2O and 02, while the other produces the CO from CO2 and the
char. The first process is competative with existing liquefaction, processes using; hydrogen, and the
second process is more economically attractive than any liquefaction process that has been proposed
for the production of tar products. 
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ABSTRAC TC

The red u c tio n ; o f a sub-b itum inous c o a l and th re e  l i g ­
n i t e s  ,u s in g ;0,0 r a th e r  than. Hg was in v e s t ig a te d .  The sub- 
b itum inous c o a l was mined a t .  G -o lstrip , Montana, and th e ;, 
t h r e e . l i g n i t e s  were mined a t  Savage, Montana, and S tan ton  
and" Nbonan. N orth .D akota. The equipment in. t h i s  study  con­
s i s te d  of a 500 m l„ro c k in g ;a u to c la v e  which opera ted  between 
38Oo0.' and 4500O;, and a maximum o p e ra tin g  p ressu re , of 5000 
p s i .  The a n a ly se s  w hich.w ere made inc luded  th e  co nversion  
o f the.MAN. c o a l to  benzene so lu b le  m a te r ia l ,  gas an a ly se s  
of th e  r e a c t io n  g a se s , and u lt im a te  an a ly se s  and m olecu lar 
w eigh t d e te rm in a tio n s  o f th e  l iq u e f ie d  c o a l.

The r e s u l t s  show th a t  in c re a s in g  p re ssu re  and tem per­
a tu r e ,  in c re a se  co n v e rs io n , however, hydrocarbon gas p ro ­
d u c tio n  in c re a s e s  w ith  tem pera tu re  as w e ll .  The b e s t 
so lv e n t t h a t .was in v e s t ig a te d  fo r  l i g n i t e  was a m ixture of 
a lp h a -n ap h th o l and phen an th ren e , and fo r  sub-b itum inous i t ;  
was an th racen e  o i l .  G rinding th e  c o a l in . a m ortar and pes­
t l e  produced b e t t e r  c o n v e rs io n ' r e s u l t s ,  th an  p u lv e riz ed  co a l 
because th e  c o a l was l e s s  ox id ized  in  th e  form er g rin d in g , 
method. Noonan l i g n i t e  i s  more r e a c t iv e  th a n  S tan to n  l i g ­
n i t e ,  which ini tu r n  i s  more r e a c t iv e  than. Savage l i g n i t e .
The reaso n  fo r  th e se  d if fe re n c e s  has been a t t r i b u te d  to  t h e ■ 
com position, o f th e  a sh  in  th e  c o a l .  NbgOO? was s tu d ie d  as 
a c a ta l y s t  f o r  th e  l iq u e fa c t io n  o f c o a l u s in g  00. w ith , q u ite  
s u c c e s s fu l  r e s u l t s . .

The t a r  p ro d u ct o b ta in ed  from th e  co a l has a hydrogen-- 
to -c a rb o n  . r a t io  o f a b o u t .1.1 and an  ash  co n ten t, o f le s s  th a n  
O ol f i  compared to  c o a l ‘b h y d ro g en -to -carb o n  r a t i o  o f . 0 .8  and 
Tifi a s h . T his-product-w ouldl be an id e a l  f u e l  f o r  magneto- 
hydrodynam ics, and w i l l  overcome many o f th e  o b s ta c le s  t h a t  
have p reven ted  magnetohydrodynamics from becoming a r e a l i t y .

TSro p ro cesses  u t i l i z i n g  th e  l iq u e fa c t io n  o f co a l using; 
010 were d esig n ed .an d  s tu d ie d  e c o n o m ic a lly ., One p rocess p ro ­
duces 00 from c h a r , WqO an d .0 2 , w hile  th e  o th e r  produces th e  
0,0 from OlOo and th e  c h a r . The f i r s t  p rocess is, com petative 
w ith  e x is t in g  l iq u e fa c t io n ;  p ro cesses  using: hydrogen, and 
th e  second p ro cess  i s  more econom ically  a t t r a c t i v e  than, any 
l iq u e f a c t io n  p ro cess  th a t  has been, proposed f o r  th e  produc­
t io n  of t a r  p ro d u c ts .
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Ae U nited S ta te s  Energy Requirem ents

Only u n t i l  r e c e n t ly  have we been ab le  to  keep pace 

w ith  our c o u n try 's  in s a t i a b le  a p p e t i te  f o r  energya For 

th e  f i r s t  tim e in  our h is to ry  in  1970, th e re  was c o n s id e r­

ab le  d is c u s s io n  o f power sh o r ta g e s . There a re  many reasons 

f o r  th e  sh o r ta g e s , bu t th e  m ajor f a c to r s  a r e :  th e  over­

s e l l in g  o f n u c le a r  energy, mine s a fe ty  laws which r e s u l t  

in  th e  c lo s in g  o f c o a l m ines, c o a l e x p o rts , p o llu tio n s  con­

t r o l ,  and Middle E as t o i l  im port c u r ta ilm e n ts  ( I ) ,

' Not only must we supplem ent p re se n t sh o rtag e s  of 

f u e l ,  b u t we must supply  th e  expected  in c re a se  o f f u e l  

req u irem en ts  in . th e  y ea rs  to  come, ■ Since 1880, th e  United 

S ta t e s '  energy consum ption has doubled every 30 y e a rs  and 

i t  i s  expected  to  do so aga in : in  th e  n ex t 20 to  25 y ea rs ,. 

Even more im p o rtan t, th e  U nited S ta te s  1' power consum ption 

has b e e n .d o u b lin g .every  e ig h t to  te n  y e a r s , Based on. 

th e s e  p r e d ic t io n s ,  we w i l l  r e q u ire  w e ll over 125 quad­

r i l l i o n  BTUs o f energy in  th e  y ea r  2000 (2);, This in c re a se  

i s  due to  th e  p o p u la tio n  in c re a se  an d . th e  per c a p i ta  in ­

c re a se  in . energy consum ption,

In. a d d i t io n  to  th e  growth problem , we a re  now fac in g
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th e  p o s s i b i l i t y  of sh o rtag es  in  p re s e n tly  used f u e l s .  For 

example, th e  n a tu r a l  gas and petro leum  r e s e r v e s - to -  

consumption: r a t io s :  have been d ec reas in g  f o r  th e  l a s t  

s e v e ra l  y e a rs , and even, th e  A laskan o i l  f in d  w i l l  n o t 

re p la c e  th e  expected  sh o rtag es  ( 3 ,4 ) ,  Known reco v e rab le  

U nited S ta te s  re s e rv e s  of o i l ,  g as , and uranium  each 

could  supply  abou t 300 q u a d r i l l io n  BTUs o f energy o r a 

t o t a l  o f 900 q u a d r i l l io n  BTUs,. About te n  p e rc e n t o f the 

f o s s i l  f u e l  consum ption i s  a lso  used as  a feed  s to c k  fo r  

th e  o rgan ic  chem ical in d u s try .  Because of th e  in c re a se  in  

f u tu re  energy req u irem en ts  and th e  p o te n t ia l  sh o rtag e s  of 

p re s e n tly  used f u e l s ,  we must obv iously  f in d  new and more 

e f f e c ie n t  ways o f producing  energy and o rgan ic  chem icals .

The most d e s ira b le  s o lu t io n  to  t h i s  problem  would 

be atom ic fu s io n , and a t  t h i s  tim e th e  Atomic Energy 

Commission i s  convinced th a t  fusion -pow er r e a c to r s  a re  no t 

b locked by laws o f n a tu re .  "Depending: o n .o n e 's  u n d erly in g  

assum ptions, or th e  le v e l  of th e  e f f o r t  and th e  d i f f i c u l ­

t i e s  ahead, th e  tim e i t  would tak e  to  produce a la rg e  

p ro to ty p e  could  range from as  much as 50 y ea rs  to  as l i t t l e  

.as ten ; y ea rs  ( 5 ) ."  This would in d ic a te  th a t  commercial 

hydrogen^powered r e a c to r s  may be developed by th e  tu rn , of 

th e  c e n tu ry , which i s  much too  long to  w a it f o r  a s u i ta b le
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s o lu t io n  to  th e  energy problem s fo r  th e  n ea r fu tu re  0 

B reeder r e a c to r s ,  which; w i l l  make more e f f i c i e n t  use of 

n u c le a r  f u e ls ,  a re  more prom ising  and. may be used on a 

com m ercial s c a le  by 1984 (6).„

B3, F o s s i l  Fuel P o te n t ia l

F o s s i l  f u e ls  w i l l  con tinue, to  p lay  a very  im portan t, 

r o le  in  s a t i s f y in g  our energy demands ,• p a r t i c u la r ly  ini the  

t r a n s p o r ta t io n  s e c to r .  More e f f i c i e n t  methods of g en e r­

a t in g  e l e c t r i c i t y  from  f o s s i l  f u e l s ,  and new p ro cesses  to  

u t i l i z e  o r c o n v e r t .h e re to fo re  unused f o s s i l  f u e ls  in to  

u sab le  f u e ls  w i l l  have to  be in v e s t ig a te d .  The th re e  m ajor 

sou rces o f th e se  f u e ls  a re  c o a l,  t a r  sands, and o i l  sh a le , 

b u t each o f f e r s  advan tages and d isa d v a n ta g e s .

The advantage o f t a r  sands i s  th a t  th e  o i l  i s  easy 

to  e x t r a c t  from th e  sand . The o i l  a f t e r  e x tra c tio n !  r e ­

q u ire s  only  sm all amounts of hydrogen, to  o b ta in , a s y n th e t ic  

crude o i l .  Tdr sands a re  u n d e s ira b le  in  th a t  they  a re  

lo c a te d  in  n o rth ern .C an ad a , which i s  a c o n s id e ra b le  d i s ­

tance, from m arkets in  th e  U nited S ta te s .  The ore co n ta in s  

only  15 p e rc e n t.c a rb o n , bu t n o n e th e le ss  Sun O il O b rp o ra tio n  

has a 45,000 bbl/dayy p la n t  p ro cess in g  t a r  san d s.

O il sh a le  techno logy  i s  f a i r l y  w e ll developed and the



re s e rv e s  a re  f a i r l y  la rg e  (th ey  c o n ta in  about 80 b i l l io n ,  

b a r r e l s  o f o i l ) „ U n fo rtu n a te ly , th e  crude o i l  .is  o f 

r a th e r  poor q u a l i ty  and th e  sh a le  o i l  re se rv e s  a re  no t 

c lo se  to  p ro cess in g  w ate r so u rc e s ,.

When compared to  o th e r  f o s s i l  f u e l s ,  we no te  th a t  

th e re  a re  huge re s e rv e s  of co a l in  th e  U nited S ta te s ,  or • 

abou t 4 ,600 q u a d r i l l io n .  B3?Us. Obal re se rv e s  a re  a sh o r t 

d is ta n c e  from m ark e t; a re  cheap to  o b ta in . in  many a re a s , 

and p rov ide a g re a t  v e r s a t i l i t y  o f u s e s . However, th e  b ig  

d isad v an tag e  i s  th a t  techno logy  has n o t been f u l ly  develop 

ed in  o rd e r to  make use o f many o f co a l p o te n t ia ls  e - 

Thus, w ith  fu tu re  improvements in .c o a l  techno logy , and 

w ith  u t i l i z a t i o n  o f i t s  v a s t  re s e rv e s  and v e r s a t i l i t y ,  

c o a l w i l l  p la y  a m ajor ro le  in  supp ly ing  energy f o r  t h e - 

f u tu r e .  F a c to rs , o th e r  than  te c h n o lo g ic a l f a c to r s ,  which, 

w i l l  d ic ta t e  when c o a l w i l l  be used f o r  th e  p ro d u c tio n  of 

hydrogenated co a l p ro d u c ts  in c lu d e : c o s t of money, taxes

on m in era l e x t r a c t io n ,  a s s ig n in g  of r o y a l t i e s  f o r  co a l 

le a s e s ,  and g u id e lin e s  f o r  o i l  im port quotas ( T f ) ' .

One o f th e  l a r g e s t  re se rv e s  o f co a l in., th e  world i a  

th e  F o rt Union form ation: (F igure I ) .  I t  co n ta in s  about 

700 b i l l i o n  to n s  of sub-b itum inous co a l and l i g n i t e ,  or 

abou t seven., p e rcen t o f th e  w o rld '6 known, re s e rv e s  ('25:
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p e rce n t o f th e  U nited S t a t e s ’ 'r e s e r v e s ) .  Montana sh a res  

abou t 220 b i l l i o n : to n s  of t h i s  c o a l,  of which abou t 20 

b i l l i o n  to n s can be s t r i p  mined' econom ically  today*

The P o rt Union co a l w i l l  p robab ly  have fo u r  major 

uses b efo re  th e  tu rn  of th e  c e n tu ry . It. w i l l  be l iq u e f ie d ,  ' 

g a s i f i e d ,  used to  o b ta in .c h e m ic a ls , and burned f o r  e le c t r ic ,  

power g en era tio n *  I n . f a c t  many e la b o ra te  system s u t i l i z in g :  

th e se  p ro cesses  have been proposed (9 ,1 0 ) .

l iq u e fa c t io n :  to  g a s o lin e , a v ia t io n  f u e l ,  and syn­

t h e t i c  crude o i l  has been s tu d ie d  fo r  many years* . !Because 

o f i t s  im portance to  th e  d i r e c t i o n . th a t  t h i s  p ro je c t  took , 

th e  h i s t o r i c a l  developm ents o f l iq u e fa c t io n :  w i l l  be d i s ­

cussed  in  th e  n ex t c h a p te r .  Chem icals and carbon p roducts 

a re  produced from c o a l by e s s e n t i a l l y  th e  same methods as- 

l iq u e f a c t io n .  D uring th e  e a r ly  1950’s , Union C arbide had 

a la rg e  p i l o t  p la n t  in  West V irg in ia  to  ob ta in , chem ical

fe e d s , bu t th e  Bhrgius p rocess t h a t  they  used proved to  be.
- /

uneconom ical (1 1 ) . Hew concep ts of o b ta in in g  chem icals ■ 

from  c o a l v ia  h yd rogenation  have s in ce  been proposed ((12}* 

C h s i f i c a t i o n . i s  becoming in c re a s in g ly  im p o rtan t and. 

a g re a t  d e a l o f re s e a rc h  i s  being  conducted in ; th e  United 

S ta te s  (13,14,15!.). The p ro cesses  a re  designed to  rep la ce  

n a tu r a l  gas w ith :a  h ig h .HTUJgas c o n ta in in g  m ostly  m ethane.
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M&.ny o i l  companies have r e a l iz e d  th e  im portance of 

c o a l,  p a r t i c u la r ly  in . th e  F o rt Union, reg ion ., C o n so lid a tio n ' 

Coal Company merged w ith ;C o n tin e n ta l O il; P i t ts b u rg  and 

.Midway Coal Gbmpany w i th ,GUlf O il O brpo ra tio n , and Is lan d  

Creek Cbal Company merged w ith .O c c id e n ta l Petro leum . Im 

■ a d d i t io n ,  S tandard  O il o f Hew Je rse y  has sp en t 25 m il l io n  

d o l la r s  le a s in g  c o a l land  in  I l l i n o i s ,  Montana, and 

Wyoming; ( 16) 0 S h e ll  O il has bought co a l le a s e s  in- 

Montana as  w elle  r

Producing e l e c t r i c i t y  from c o a l i s  a lre a d y  a b ig
'  1 ‘ , r

b u sin e ss  in . Montana and th e  su rround ing  s t a t e s 0. A new 

p ro cess  fo r  g e n e ra tin g  e l e c t r i c i t y  from f o s s i l  f u e ls ,  

which i s - c u r r e n t ly  being  s tu d ie d  by the  Avco C o rp o ra tio n , 

prom ises to  be more e f f i c i e n t ,  th e re b y  producing  le s s  

■ pollu tion  th an  th e  co n v en tio n a l steam  g e n e ra tin g  method. 

This new method i s  c a l le d  magnetohydrodynamics (MH-Dl)0 

The d e t a i l s  o f th e  o p e ra tio n , a re  g iv e n  i n  s e v e ra l  a r t i c l e s  

(1 7 ,1 8 ) , and need n o t be g iv e n  h e re . However, some gen­

e r a l  d is c u s s io n  o f th e  p ro cess w i l l  be g iv e n  i n  o rd e r to  

o r ie n t  th e  re a d e r  to  some a s p e c ts  of t h e . p rocess,,.

- A sim ple diagram  of th e  MHD. system  i s  shown- i n  

F igure  2 „ , As in, th e .s te a m  g en era tin g ;m eth o d , a conduc­

t o r  must be passed  th rough  a m agnetic f i e l d  i n  o rd e r to
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produce an  e l e c t r i c  c u r r e n t .  In  th e  MED; system  ani e le c - , 

t r i b a l  conducting  plasma i s  passed  th rough  a g e n e ra to r  a t  

su p e r-so n ic  sp eed s. Around th e  g e n e ra to r  i s  a supercon­

d u c tin g  magnet to  supply  th e  magnetic., f i e l d .  Thus, by th e  

movement•of th e  conducting  plasma through th e  m agnetic 

f i e l d ,  .'an, e l e c t r i c  c u r re n t  i s  produced. MHGEL i s  more 

e f f i c i e n t  i n . t h a t . th e  steam  tu rb in e  and g e n e ra to r  a re  

e lim in a te d .

The plasma i s  produced by burn ing  f u e l  w ith  com­

p re sse d , ; p rehea ted , a i r . (o r  oxygen.) and a seed co n ta in in g : 

po tassium  i s  added to  in c re a se  th e  p lasm a’s e l e c t r i c a l  

c o n d u c tiv i ty . B it th e  po tassium  must be recovered  by 

e l e c t r o s t a t i c  p r e c ip i t a to r s  in . o rd e r to  make th e  process 

econom ical. This s o r t  of e l e c t r i c a l  g e n e ra tio n ,h a s  an 

e f f ic ie n c y  o f about 6 0 ^ 'a s  compared to  abou t 40$ w ith: 

steam  g e n e ra t in g ;system s.

Goal i s  th e  most l ik e ly  f u e l  to  be used in . th e  MHH 

p ro cess  because o f i t s  g re a t  abundance, bu t i t  does p re ­

s e n t problem s. The b ig g e s t o b je c t io n . i s  th a t  th e  a s h . in  

th e  c o a l i s  very  e ro s iv e  to  th e  g e n e ra to r  a t  h ig h  tem per­

a tu r e s ,  and i t  i n t e r f e r e s  w ith  po tassium  reco v e ry . There­

fo re  &■ c le a n e r  f u e l  needs to  be proposed fo r  e l e c t r i c a l  

g en e ra tio n , by MHBi
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Methane, a n d 'o i l  a re  c le a n  f u e l s ,  bu t they  c o n ta in  

a c o n s id e rab le  amount o f hydrogen which has poor e l e c t r i ­

c a l  c o n d u c t iv i ty e . What i s  needed th e n . i s  a f u e l  f r e e  of 

ash  and low in  hydrogen c o n te n t.

The problem  w ith  th e  use of co a l i s  th a t  p re se n t 

p ro cesses  a re  found to  be uneconom ical, lew, unique 

te c h n o lo g ic a l advances w i l l  be re q u ire d  to  h e lp  so lv e  the 

U nited S ta t e s ' energy demands and to  h e lp  u t i l i z e  Montana "s: 

c o a l r e s o u rc e s . The i n d u s t r i a l  developm ent f o r  th e  s ta te  

o f Montana based o n .c o a l w i l l  g ive  th e  s ta te  an economic 

base th a t  w i l l  h e lp  to  a le v ia te  th e  f r u s t r a t i n g  economic 

s i t u a t i o n  th a t  th e  s t a t e  now f a c e s .

Os. Oloal S tru c tu re  and Com position

Goal in  i t s e l f  i s  n o t a chem ical, bu t r a th e r  i t  i s  a 

mixture", th a t  i s  found to  be non-uniform  and very  complex:. 

One o f th e  a n a ly se s  o f c o a l i s  c a l le d  th e  proxim ate 

analysis^ .w hich  b reaks c o a l down: to  w ater,, v o l a t i l e  m a tte r , 

f ix e d  carbon , and a s h . The v o l a t i l e  m a tte r  i s  th a t  

m a te r ia l  which w i l l  v ap o rize  when h ea ted  to  a h ig h  tem per­

a tu re  (SK)O0C)), exc lud ing  w a te r . The rem aining o rgan ic  

m a tte r  a f t e r  h e a tin g  i s  c a l le d  f ix e d  carbon, and th e  

in o rg an ic  m a tte r  i s  c a l le d  a s h . , •
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The c o a l can be f u r th e r  broken down by means of 

th e  use o f th e  u lt im a te  a n a ly s is .  This de term ines the  

amount o f carbon , hydrogen, s u l f u r ,  n itro g e n , and by d i f ­

fe re n c e , oxygen in  th e  o rgan ic  p o r t io n  of th e  c o a l .

The s t r u c tu r e  o f c o a l i s  r e a l l y  n o t v ery  w e ll known1, 

p a r t i c u la r ly  f o r  th e  low er grade c o a ls  such as  sub- 

b itum inous and l i g n i t e .  However, in :o rd e r  to  g e t some 

s o r t  of an id ea  o f th e  complex s t r u c tu r e  we a re  working' 

w ith , a ty p ic a l  s t r u c tu r e  o f a h ig h  v o la t i l e  c o a l i s  

shown in  F igure  3 , .

The arrangem ent o f ash  im  c o a l i s  very  complex and 

i s  n o t f u l l y  u n d e rs to o d . However, th e  elem ents in ; the: 

a sh  a re  known.; i t  c o n ta in s  s il ic o n - , aluminum, iron:, 

t i ta n iu m , phosphorus, ca lc ium , magnesium, sodium, p o ta s ­

sium, s u l f u r ,  and many o th e r  t r a c e  elem ents in c lu d in g : 

uranium .

In  o rd e r to  make ch em ica ls , s y n th e tic  crude o i l ,  

g a s o lin e , o r n a tu r a l  g as , th e  ash  a long  w ith  th e  oxygen^ 

s u l f u r ,  and n i tro g e n  must be removed. At th e  same tim e, 

th e  huge s t r u c tu r e  of c o a l must be b roken  down in to  

sm a lle r  fragm ents and hydrogen added to  th e se  frag m en ts .
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A0 Obal L iq u e fa c tio n : IHrough I 960

Ito. o rd e r to  u n d erstan d  why t h i s  re se a rc h  p ro je c t  

took th e  d i r e c t io n ,  th a t  i t , d i d  ta k e , i t  would be most 

h e lp fu l  to  u n d erstan d  th e  h i s t o r i c a l  background o f co a l 

co n v e rs io n , Our prim ary concern  i s  c o a l l iq u e f a c t io n ,  so 

t h i s  to p ic  w i l l  be d isc u sse d  in , some d e t a i l .

The f i r s t  s u c c e s s fu l a ttem p t to  co n v e rt c o a l to  an., 

o i l  was ach ieved  by C harles B e r th e lo t in. th e  1860 1 s ,. He 

re a c te d  th e  c o a l w ith .hyd rogen  io d id e  in: a sea led  g la s s  

tubej a t .  270°C’ f o r  24 hours (21)., Under th e se  c o n d itio n s , 

h is  method was f a r  from being  an a c c e p ta b le  com mercial 

p ro cess  and rem ained a la b o ra to ry  c u r io s i ty  u n t i l  1910,

At t h i s  tim e Germany became concerned about sh o rtag es  

which were deve lop ing  In i t h e i r  h ig h  grade c o a ls ,  and they 

asked: B ergius to  in v e s t ig a te  th e  p ro d u ctio n , o f c o a l from 

p e a t , ' During th e  co u rse  o f th e se  experim en ts , he re a c te d  

h is  c o a l p roduct from th e  p ea t th rough  th e  use o f hydrogen 

in; a h ig h  p re ssu re  au to c la v e  (2 ,000 p s i )  a t  a f a i r l y  ’ 

h igh , te m p e ra tu re . (450°0') to  form an o i l .  In  1913 he 

ap p lied , f o r  a p a te n t  f o r  th e  p ro d u c tio n  of o i l  from  c o a l, 

and a s  a r e s u l t  he re ce iv ed  a HObel p r iz e .
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A fte r  th e  F i r s t  World War, I.. Farben. (a German,

dye t r u s t )  o b ta in ed  th e  B srg iu s p a te n ts  and developed th e  . . 

p ro cess  to  th e  p o in t t h a t . i t  was te c h n ic a l ly  f e a s ib le  to  

make o i l  from c o a l ,  I .  Gf; Farben jo in ed  w ith  S tandard 

O il o f lew  Je rse y , Royal D u tch -S h ell Ob*, and th e  B r itis h , 

Im p eria l Ohemical In d u s tr ie s  to  form th e  in te r n a t io n a l  

H ydrogenation P a te n ts  Ltd.* The p ro cess  th a t  th ey  had 

lic e n s e d  was c a l le d  th e  B ergius p ro cess  * This p ro cess  i s  

showm in  F igure  4 .

T he,B ergius p ro cess  has been." th e  s tan d ard  method of 

c o a l hydrogenation -and  in . r e c e n t  y ea rs  many m o d if ic a tio n s  

of th e  p ro cess  have been made in .o r d e r  to  make i t  more 

economical* Because of i t s  im portance, th e  p ro cess  w i l l  

be d iscu ssed  in  some d e ta i l*

There a re  two b a s ic  s te p s  im  th e  B ergius p ro cess;- 

th e  f i r s t  s te p  i s  th e  liq u id -p h a s e  h y d ro g en atio n .an d  the 

second s te p  i s  th e  vapor-phase h y d ro g en a tio n . In  th e  

l iq u id -p h a s e , c o a l i s  p rocessed  m ostly  to  a m iddle f r a c ­

t io n  o il .  which, b o i l s  below 325°Cf, This o i l  i s  then , se n t 

to  th e  vapor-phase hydrogenation , u n i t  where i t  i s  p rocessed  

to  g a so lin e  a n d .a v ia t io n :fu e l*

In. th e  l iq u id -p h a s e  h y d ro g en a tio n ,. c o a l and a c a t ­

a l y s t  (which: in c re a s e s  conversion , o f c o a l to  o i l )  a re
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Fe catalyst IO ton Raw brown coal 247 ton

Water 129 ton

18 ton

Pasting-oil
127 ton

109 ton

Coal paste 255 ton

Make-up hydrogen ( 9 6 % ) Off-gas 26 ton
( + 1.9 ton light gasoline)2 9 4 0  Mscfh

HOLD 81 ton
_ Cold catchpot product 
(moisture free) 132 ton 20  ton61 ton

Thinning oil Diluted HOLD 106 ton
4 5  ton

106 ton

Centrifuge /  
residue 4 4  ton

^ r -  Coker feed 6 4  fon

Heavy coker oil 27 ton
Middle-oil 3 2 5  C 
and gasoline 51.1 ton
Light gasoline 1.9 ton 
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Light coker 
oil 3 ton

Coke and gas
3 4  ton

—  ► - - -

3 8  tonDistillate heavy-oil 83  ton

COKER

CENTRIFUGES

DRYING

COAL

DISTILLATION

PREPARATION

PASTE

5 9 0 0  Cf CONVERTER VOLUME

LIQUID PHASE STALLS

F ig u re  4. L iq u id -p h a s e  H y d ro g e n a tio n  i n  th e  B e rg iu s  P r o c e s s . (22 )



added' to  a p a s tin g  o i l ,  which forms a s lu r r y .  A s lu r ry  i s  

used because i t  can e a s i ly  be tra n s p o r te d  to  th e  r e a c to r ,  

and conversion : i s  in c re a se d  i f  th e  co a l i s  in  an  o i l  

medium.

The s lu r r y  p asses  in to  a c o n v e r te r  where i t  i s  

co n tac ted , w ith  hydrogen f o r  one hour a t  4500OJ and 10,000 

p s i ,  A f te r  th e  r e a c t io n ,  a  c o n s id e ra b le  amount o f l i g h t  

o i l  and gas pass ou t o f th e  r e a c to r .  The l i g h t  o i l  i s  

then;, condensed and saved f o r  th e  vapor phase h y d rogenation  

The l iq u id s  and s o l id s  a re  passed th rough  c e n tr ifu g e s  to  

s e p a ra te  th e  u n reac ted  co a l from th e  heavy o il . .  Most of 

t h i s  heavy o i l  i s  used as th e  p a s tin g  o i l  and th e  c e n t r i ­

fuge re s id u e  i s  s e n t to  th e  co k e r. There, coke i s  p ro ­

duced, which p rev en ts  th e  p a s tin g  o i l  and th e  c o a l s lu r ry  

from becoming too  v isco u s  to  be pum ped,,

The hydrogen., i s  su p p lied  by r e a c t in g  c o a l and w ater 

to  form hydrogen, and carbon monoxide. The carbon:m on­

oxide i s  then, re a c te d  w ith  w ate r to  form more hydrogen 

and carbon  d io x id e , w ith  th e  l a t t e r  being  removed.

The p roduct from  th e  l iq u id -p h a s e , m id d le .o i l ,  goes 

to  th e  vapor-phase hydrogenation , system  which c o n s is ts  of 

a h ig h  p re s su re  h y d ro g e n a tio n  r e a c to r  w ith  ,a f ix e d  bed of 

an  expensive c a t a l y s t , ( n i c k e l ,  tu n g s ten .) , The prim ary
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p ro d u c ts  a f t e r  t h i s  tre a tm e n t a re  g a so lin e  and av ia tio m  

f u e l  o

Euring^W orld War 11, Germany had tw elve such co a l 

hydrogenation; p la n ts  (most of w hich.had minor m o d ifica ­

t io n s )  w hich ..supplied  f u e l  f o r  th e  Ghrman A ir Force and 

Armyi,/ The p la n ts  were n o t very , la rg e  and a l l  tw elve 

p la n ts  combined produced only IOO9OOO b b l/d ay  o f  l iq u id  

hydrocarbon, p ro d u c ts» A s in g le  la rg e  U nited S ta te s  re> 

f in e r y  today w i l l  e a s i ly  produce an. e q u iv a le n t amount of 

o i l  p ro d u c tso-

A fte r  th e  w ar, a  g re a t  d e a l of i n t e r e s t  in  co a l 

l i q u e f a c t i o n  developede . R ussia (which; has abou t one-half: 

o f th e  w orld 1S known c o a l r e s e rv e s )  moved many o f the; 

Ghrman p la n ts  to  S ib e r ia  fo r  re s e a rc h  i n  co a l co n v ers io n  

(23))» England used i t s  la rg e  B ergius p ro cess  in d u s try  to  

m anufacture o i l  and i n  t h i s  way c u t down on  o i l  im p o rts ; 

and i n  th e  U nited S ta te s ,  th e  B hrgius p ro cess  was demon­

s t r a t e d  by th e  U nited S ta te s  Bhreau o f Mines u s in g  Ameri­

can  co a ls . (24,25:) - > Most o f th e  in fo rm a tio n  used to  build , 

th e  d e m o n s tra tio n  p la n t  was cap tu red  from th e  Germans,

The Union. Cjarbide O hrporationvused th e  Bhrgfus pro­

ce ss  f o r  s e v e ra l  y e a rs  to  o b ta in , chem icals from c o a l ,  

Hbwever9 a f t e r  1953 th e re  was. n o t a s in g le  B ergius p la n t
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I i t  o p e ra tio n . The reaso n  f o r  t h i s  was th a t  th e  o i l  and: 

gas companies were e a s i ly  m eeting demands by co n v en tio n a l 

methods o f p ro d u c tio n : and by im porta tion*  The o th e r  f a c ­

to r s  r e s u l t in g  in  th e  d e c lin e  o f th e  B brgius p ro cess  were 

economic in  n a tu r e «,

There a re  s e v e ra l  reaso n s f o r  th e  economic.1...fa ilu re: 

of th e  BTergius p r o c e s s , . Perhaps th e  b ig g e s t o b s ta c le  was; 

th e  h ig h  p re ssu re  o f 10,000 p s i  and th e  long re s id e n c e  

tim e th a t  were re q u ire d  in  th e  p r o c e s s , . This re q u ire d  a 

la rg e  amount o f s t e e l ,  la rg e  com pressors and pumps, which 

i n  tu rn  meant a la rg e  c a p i t a l  in v e s tm e n t,. In  th e  19 4 0 's , 

18 to n s  o f s t e e l  and 13,000 d o l la r s  o f investm ent per 

b a r r e l  o f g a so lin e  p er day were re q u ire d  in i th e  p ro c e s s . 

To make g a so lin e  from c o a l u sin g  th e  B ergius p ro c e ss , i t ,  

c o s t  22,6 c e n ts /g a l lo n ,  w hereas g a so lin e  from an  o i l  r e ­

f in e r y  would c o s t  abou t 6 cen ts /g a llo n .: (21 ) , .  The o th e r  

s e r io u s  se t-b a c k  i s  th e  c o s t  f o r  th e  p roduction , o f the 

h y d ro g en ,. I n . some ca ses  t h i s  can account - f o r  o n e - th ird  

o f th e  c o s t  of th e  e n t i r e  p la n t .

O ther minor o b s ta c le s  in c lu d ed  pump f a i l u r e s  due to  

th e  a b ra s iv e n e ss  o f th e  c o a l s lu r r y ;  t h i s  i s  p a r t i c u la r ly  

s e r io u s . to  h igh  p re s su re  pum ps,. The o th e r  m echanical 

problem  was tha t:, th e  o i l  could  n o t e a s i ly  be se p a ra te d
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from th e  s o l id s  in... th e  C e n tr ifu g e s 0

using  only  th e  liq u id -p h a s e  hydrogenation ; im  the: 

B hrgius p ro cess  and m ild er c o n d itio n s , a t a r  could  be 

produced®' This i s  what th e  Ghr mans> d id  in  o rd e r  to  form 

an  e s s e n t i a l l y  ash  f r e e  p roduct w hich :could  be used to  

produce e le a tro d e  carbon; fo r  t h e i r  aluminum process® This:- 

m o d if ic a t io n ;o f th e  B ergius p ro cess  became known: a s  the; 

Fott-B hoche p ro ce ss , and had v ery  l i t t l e  s ig n i f i c a n t  im­

p o rtan ce  a f t e r  World War I I  ( 26l) „.

A t, th e  same tim e th a t  th e  B hrgius p ro cess  was being- 

developed , Germans by th e  names o f F isc h e r  and TTopsch. 

developed th e  p ro cess  o f u sin g  carbon  monoxide and hydro­

gen to  make o i l ,  where th e  OJO and Hg.-.are re a c te d  a t  2SO0Oi 

by u sin g  n ic k e l ,  c o b a l t ,  and i r o n  as  c a t a l y s t s » The. syn­

t h e t i c  crude o i l  produced was n o t o f v ery  good q u a l i ty ;

- however, th e  sy n th e tic : D ie se l f u e ls  and Iuhe o i l s  were: 

s a t i s f a c to r y .  The F isch e r-T ro p sch  p ro cess  ra n  in to  the 

same f in a n c ia l  tro u b le  as  th e  B hrgius p rocess had , but 

p re s e n t ly  th e re  i s  s t i l l  a Fischer-Thqpseh.. p la n t  in . South 

A f r ic a »

Between 1953 and 1960 th e re  .was r e a l ly  v ery  l i t t l e  

i n t e r e s t  in  c o a l c o n v e rs io n .w ith  th e  e x c e p tio n  o f th e  

i n t e r e s t  shown; by th e  U nited S ta te s  Bureau o f Mines which.
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t r i e d  to  make improvements im  th e  H ergius and F iso h e r-  

T ro p sch .p ro c e s se sp For th e  B erg ius p rocess they  t r i e d  to  

f in d  more a c t iv e  c a ta ly s t s  f o r  th e  liq u id -p h a s e  hydrogen­

ation). in: o rd e r to  d ec rease  th e  p re ssu re  req u irem en ts  of th e  

re a c tio n *  This was done, but. th e  c a ta ly s t s  were very  

expensive and would have had to  have been Recovered from 

th e  p ro d u cts  a f t e r  com pletion, of th e  re ac tio n *

Bi . CKoal L iq u e fa c tio n  from 196:0 -  1970

Bscause o f th e  p re d ic te d  d ec rease  In i U nited S ta te s  

o i l  and gas r e s e r v e s , . th e  o i l  companies were s tim u la te d  to  

r e in v e s t ig a te  th e  c o a l co n v e rs io n  p rocesses* . The O ffice  

o f O'oal R esearch was formed - w ith in ; th e  Departm ent o f Th?* 

t e r i o r  in  o rd e r to  p rov ide  fu n d s , f o r  th e  improvement of 

p ro cesses  u t i l i z i n g  coal* As a r e s u l t  of t h i s ,  funds 

were a p p ro p r ia te d  f o r  m ajor m o d if ic a tio n s  of th e  B O rgius■ 

p ro cess  in : o rd e r to  make s y n th e tic  crude o i l  com peta tive . 

w ith  crude o il*

T here.w ere th re e  major m o d if ic a tio n s  w h ich .have . been 

re sea rch ed  and s tu d ie d  econom ically  to  a t  l e a s t  th e  p i lo t  

p la n t  s t a t e .  Eerhaps th e  p ro cess  most f o re ig n  to  th e  

B ergius p ro cess i s  P ro je c t  O.OBDj (Char, O il and Energy 

Development.); shown: i n  F igure  5* . I t , i s  b a s ic a l ly  a carbon*
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i z a t io n  p rocess which d r iv e s  o f f  a l l  v o l a t i l e  m a tte r  in  

m u lt i- s ta g e  beds w ith .h y d ro g en  gases going in : c o u n te r-  

c u r re n t flow  to  th e  c o a l and c h a re The th re e  p roducts  

th a t ,  a re  formed, in  . th i s  p ro cess  a r e :  g as , a h ig h  grade

s y n th e tic  c ru d e , and ch ar f o r  b o i le r  feed  (27?)}«» (Conver­

s io n , to  gas and o i l  i s  n o t v ery  h ig h , b u t i t  does e lim in a te  

a g re a t ;  d e a l of th e  h ig h  p re s su re  equipment needed in i the?1 

B erg ius process*  A la rg e  amount o f ch a r i s  produced and 

ch a r i s  g e n e ra l ly  co n s id e red  to  be an u n d e s ira b le  product,* 

HHtoal (H igure 6) i s  a  s in g le  s ta g e  p ro cess  u s in g  

an  eb u la te d  bed o f a v ery  ex p en siv e , r e a c t iv e  c a ta l y s t  

(2 8 )o This p ro cess  can .be . o p era ted  a t  2 ,5 0 0 .p s i  to  o b ta in  

9 0 ^ 'co n v e rs io n , to  an. o ily , product: and 7 0 ^ 'y ie ld  to  a , 

middle, o i l  which, could  be used as  a r e f in e r y  feed  stock*

The re d u c t io n :o f  r e a c to r  o p e ra tin g  p r e s s u r e . p lu s  th e  

s im p l i f i c a t io n  o f th e  p ro cess  r e s u l t in g  in: a r e d u c t io n  of. 

p la n t c a p i t a l  in v estm en t, a re  im p o rtan t f a c to r s  which 

makes t h i s  p ro cess  q u ite  a t t r a c t i v e „

The p ro cess  re c e iv in g  th e  g r e a te s t  f in a n c ia l  support 

i s  th e  Ohnsol E roaess (F igure  7); developed by O Jonsolidation; 

OJoal Oompanye . This p ro cess  y ie ld s  a 70%? conversion , of 

c o a l to  a sy n th e tic , crude o i l  w ith  th e  rem aining  being  a 

ch a r b y -p ro d u c t . . In  th e  f i r s t , s t e p ,  o i l  from th e  second
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s tag e . i s  added' to  th e  co a l and hydrogenation , ta k e s  p lace, 

a t  low p re ssu re  and f a i r l y  h igh  tem pera tu re  by means of 

hydrogen- t r a n s f e r  from th e  seco n d -stag e  o i l  to  th e  co a l,.

IDhe heavy o i l  p ro d u ct is .r e c o v e re d  from th e  f i r s t  s tag e  by- 

cyc lones ( th e  p i l o t  p la n t  i s  having d i f f i c u l t y  w ith ; th i s  

p a r t i c u la r  s te p )  and th e n . i s  passed th rough  high, p re ssu re  

f ix e d  bed r e a c to r s  w ith  c a ta ly s t s  to  produce a h ig h  q u a lity -  

s y n th e tic  crude and th e  re c y c le  o i l . -

P ro je c t  HMioal and th e  Qonsol P rocess have improved 

th e  s t a t e - o f - t h e - a r t  to  th e  p o in t  th a t  th e  c o s t o f syn­

t h e t i c  crude o i l  i s  approach ing  th e  c o s t  o f co n v en tio n a l 

crude o i l ,  b u t because of th e  h ig h  c a p i ta l  c o s ts ,  no com­

pany would want to  tak e  th e  r i s k  of producing crude o i l  

from  c o a l .

The o th e r  m ajor o b je c tio n s  to  th e  new concep ts  i n ­

c lude  th e  h ig h -c o s t  o f th e  hydrogen and th e  p ro d u c tio n  of 

u n d e s ira b le  c h a r ..  The improvements th a t  were made, however, 

in c lu d e  th e  red u c tio n ; of p ressu re , by means of new c a ta ly s t ,  

methods and s im p l i f ic a t io n s  in . th e  Bbrgius p ro c e s s .

During t h i s  tim e p e rio d , s l i g h t  m o d if ic a tio n s  o f the  

Pott-BToche p ro cess  which, r e s u l te d  in- th e  p ro d u c tio n  of a 

low s u l f u r  and ash  p roduct fo r  use in  making e le c tro d e  

carbon  and f o r  use in . steam' g e n e ra tin g  p la n t s , . w ere. made

- 2 5 -



bgr the.: P i t ts b u rg  and Midway Goal O'ompany

CR, • F u tu re  P o te n t ia l  P rocesses .

F urther, r e s e a rc h  o f new p ro cesses  w i l l  c e r t a in ly  be 

o f a d d i t io n a l  v a lu e  and h a s te n .th e  day when hydrogenated 

c o a l p ro d u cts  w i l l  be p roduced» Ebw concep ts a re  being, 

in v e s t ig a te d , . and an. a r t i c l e  w ritten *  by G* Alex M ills ,  

which t h i s  a u th o r  c o n s id e rs  to  be a c la s s ic  in  c o a l l iq u e ­

f a c t io n ,  d e s c r ib e s  new concep ts which may produce a new 

g e n e ra tio n  o f c o a l co n v ers io n  p ro cesses  (3 0 ), A v ery  b r i e f  

d e s c r ip t io n  of each of th e se  new concep ts w i l l  be g iv en ,

Gemplexes o f t r a n s i t io n ,  m eta ls  used as  h yd rogenation  

c a ta ly s t s  have been s tu d ie d  by th e  Bureau o f M ines,. The, 

r e s u l t s  show s e l e c t i v i t y  and a c t i v i t y  a t  a r e l a t i v e l y  low 

tem p era tu re  (£00°G;),

M assive amounts o f h a l id e  c a t a l y s t s ,  developed by 

Oenso l i d a t ion; Obal p ro v id es th e  prom ise of p roduction , of a 

l i g h t  o i l  from c o a l in  only one s te p .  However, "a com­

m e rc ia l p rocess u s in g  m etal h a l id e  c a ta ly s t s  must provide 

a v ia b le  method f o r  regenera tion*  o f th e  c a ta ly s t .  (30K tl 

The Ghemical E ng ineering  Departm ent a t  Montana S ta te  Uni­

v e r s i t y  i s  working to  so lv e  th e  re g e n e ra t io n  problem .

O rgan ic . hydrogen, donor s o lv e n ts . have . been , s tud ied .
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f o r  y ea rs  and w ith : f u tu re  in v e s tig a tio n !  i t .  i s  p o s s ib le  

th a t ,  a s a t i s f a c to r y  so lv e n t w i l l  be found . A lso , a lk a l i ,  

m e ta ls  a re  being  exp lo red  th ro u g h .th e  use of s e v e ra l  d i f ­

f e r e n t  m ethods, The: Bureau o f H ines i s  u s in g  a l k a l i ,  

m e ta ls  as a hydrogen: a c t iv a t io n :  c a t a l y s t , . r e d u c t io n  byr 

a l k a l i  m eta l am ines, and. e le c tro c h e m ic a l re d u c tio n  o f coal* 

R eductive a lk y la t io n :  i s  a n o th e r  method being  in v e s tig a te d ,-

Di Water-Ghs S h i f t  R eaction: on .OJoal

The o th e r  p ro cess  which M ills  supported  as g iv in g  

c o n s id e ra b le  prom ise as a new g e n e ra t io n  p ro cess  was the  

use o f th e  w a te r-g as  s h i f t  r e a c t io n  (0.0 + R̂ Q.: — ^  +

OJO12 )' w ith  coa l* . R ather than , adding  hydrogen to  th e  r e a c ­

t o r ,  carbon monoxide and w ater were added w ith ,th e  s h i f t  

r e a c t io n . ta k in g  p la c e , th u s  producing  th e  hydrogen. Since 

th e  hydrogen i s  produced in ; s i t u , i t  i s  a v a i la b le  to  the 

c o a l in  a n a scen t form . Hence, i t  i s  much more reac tiv e - 

than: gaseous hydrogen and g iv es  g r e a te r  conversion , in : a 

s h o r te r  p e rio d  of tim e th an  does th e  m olecu lar hydrogen,, 

The f i r s t :  time" th a t  t h i s  r e a c t io n  was used on co a l 

was i n  1921 by F is c h e r , who n o te d : th a t  th e  s h i f t  r e a c t io n  

on. c o a l . l iq u e f ie d  more o f th e  c o a l th an  gaseous hydrogen 

l iq u e f ie d  („31)« More work was done d u rin g , th e  e a r ly
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1 92011 s , which: showed: th a t  i t  d id  work w e ll on c o a l bu t 

experim en ta tio n , s t i l l  d id  n o t succeed in. hydrogenating  

a s p h a l t  ('32,33),*. "A lthough th e  e a r ly  r e s u l t s  looked pro-, 

m ising , th e  r e l a t i v e l y  low co n v e rs io n s , th e  em phasis om a 

one-step? p ro cess  f o r  co n v e rtin g  c o a l to  g a s o lin e , and the  

im pact of th e  P ischer-iihopsch . r e a c t io n  caused th e  carbon 

monoxide p lu s  w ate r approach to  be ignored  a f t e r  19253 

(3 4 )o"

The r e a c t io n :w ith  c o a l was n o t in v e s t ig a te d  a g a in

u n t i l  abou t 1968 when; th e  U nited S ta te s  Bureau of Mines
■

decided  to  r e in v e s t ig a te  th e  re a c tio n *  Because of the 

reac tio n ,* s in c re a se d  co n v ers io n  over , th a t  which, used g as­

eous hydrogen and because of th e  advent of new hydrocrack­

ing" c a ta ly s t s  which;would co n v e rt th e  c o a l p ro d u ct of the: 

s h i f t  re a c tio n ; to  g a s o lin e , th e  s tu d y  was in s t ig a te d  by 

th e  Bureau of Mines*

S ev era l runs were made u sin g  carbon, monoxide and 

w ate r w ith .b itu m in o u s c o a l and Mbonan, H brth Dakota l i g ­

n i t e  u s in g  a lp h a -n ap h th o l and phenanthrene as so lv en ts*

The most s t r ik in g  curve th a t  they  ob ta in ed  i s  shown in  

F igure  8*. This f ig u re  i l l u s t r a t e d  th e  com parison o f the; 

co n v ers io n , o f . c o a l to  a benzene so lu b le  m a te r ia l  when. 00) 

and H3r>0' a re  used in  th e  r e a c to r  and when hydrogen alone

3



Run C o n d i t io n s :

380 C 
5000 p s i
A lp h a -n a p h th o l  and P h e n a n th re n e  
B a l l - m i l l e d  Noonan

T e m p e ra tu re :
P r e s s u r e :o5 50 S o lv e n t :
C o a l: L ig n i te

O W ater P lu s  Carhon M onoxide as R educing  Agent

•  H ydrogen Gas as R educing  A gent

TIME (m inutes)

F ig u re  8. C oal C o n v e rs io n  R e s u l ts  O b ta in e d  by  The U n ite d  S t a t e s  B u reau  o f  M ines. ( 3 h )

‘6
3-



was used in . th e  re a c to r* , When; and' HL0' a re  used the
2

c o n v e rs io n s .to o k  p lace  in : a much .s h o r te r  tim e and th e  con­

v ers io n ; was much g r e a te r  than  "when, hydrogen: was used .

Thus, h ig h  conversion : was ach ieved  in  a s h o r t  time, w ith o u t 

th e  a id  o f c a t a l y s t s . , A nother paper em inating from th e  

Bhreau.' 6 work (35 ')’ was p u b lish ed  l a t e r  ( th i 's  .is  n o t found 

i n  th e  l i t e r a tu r e ^ ) '. . In. th is ;  p ap e r, A ppell and Wender 

d isc u sse d  h y d ro g en atio n  o f d i f f e r e n t  m a te r ia ls  by using . QXJ 

and They were t r y in g  to  u n d erstan d  why th e  r e a c t io n

works on c o a l .  They th en  p o s tu la te d  some p o s s ib le  mech­

anisms.. . The co n c lu s io n s  t h a t  th e y  reached w ere : I ) th a t

th e  r e a c t io n : i s  e f f e c t iv e  because of th e  h y d ro g en a tio n  

w i th .a c t iv a te d  hydrogen produced by th e  w a te r-g as  s h i f t  

r e a c t io n ,  2) t h a t  th e  in t r o d u c t io n  of a lk y l  groups i n  th e  

c o a l a id s  th e  r e a c t io n ,  and 3) t h a t  carbon.m onoxide has: a 

unique a b i l i t y  to  c leav e  c e r t a i n  types of bonds, o r to  

i n h ib i t  condensation ; r e a c t io n s  le ad in g  to  b en zen e -in so lu b le  

m a te r ia l s .  -A t.th e  tim e th a t  t h i s  in v e s t ig a t io n  was in ­

s t ig a te d  a t  Montana S ta te  U n iv e rs ity , th a t  was a l l  the. 

in fo rm a tio n  abou t th e  s h i f t  r e a c tio n , o n  co a l t h a t  could be 

o b ta in e d . Mb l i t e r a t u r e  has been  pub lished  s in c e  that:, 

tim e .

The r e s u l t s  o f t h i s  w ork,, p a r t i c u la r ly  F igu re  8,,

- 3 0 -
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prompted us to  in v e s t ig a te  p ro cesses  which could  use th i s  

r e a c t io n ,  th e re b y , h o p e fu lly  red u cin g  th e  c o s t  o f co a l 

h y d ro g en a tio n . B efore a p la n t  could  be designed  and 

econom ically  e v a lu a te d , ex p erim en ta l runs had to  be made:, 

cm v a r io u s  ty p es of c o a l in ; th e  P o rt Uriiom reg ion , using- 

s e v e ra l  d i f f e r e n t  c o n d itio n s  to  see how w e ll they  re a c te d  . 

and to  see what c h a r a c te r i s t i c s  th e  p ro d u cts  would p ossess



I I I r9, RESEARCH OBJEOI IVES

The prim ary  o b je c tiv e  o f t h i s  p ro je c t  was to  develop ' 

a c o a l l iq u e fa c t io n ,  p ro cess  which would: I). h e lp  r e l ie v e

presen t, and fu tu re  energy problem s of the  U nited S ta te s ,

2) in c o rp o ra te  th e  w a te r-g as  s h i f t  r e a c t io n  because of 

i t s ' r a p i d  r e a c t io n  and because o f i t s  e l im in a tio n  o f .a  

c a t a l y s t ,  by-product, ch a r and o f gaseous hydrogen produc­

t io n  in  th e  p ro c e s s , 3) u t i l i z e  th e  c o a l in , th e  P o rt 

Union fo rm a tio n , p a r t i c u la r ly  th e  sub-b itum inous co a l and 

l i g n i t e  o f Montana, and 4) be econom ically  a t t r a c t iv e *

Supporting, re s e a rc h  had to  be conducted in  o rd e r to  

meet th e  prim ary  o b je c tiv e*  V arious ty p es of c o a l were: 

re a c te d  u sin g  s e v e ra l  d i f f e r e n t  c o n d itio n s  i m o rd er to  

o b ta in :d a ta  f o r  a p la n t  design* A lso , th e  q u a l i ty  and 

q u a n t i ty  of th e  g as , l iq u id ,  and s o l id  p ro d u c ts  produced 

by th e  r e a c t io n  had to  be in v e s tig a te d *  The p ro p e r t ie s  of 

th e  hydrogenated  p ro d u c t had to  be s tu d ie d  to  determ ine, i t s  

u se s , o r th e  need f o r  f u r th e r  p ro cess in g  which would r e s u l t ,  

in  th e  p ro d u c tio n  o f a u sab le  product*

I t  was a ls o  hoped th a t  a d d i t io n a l  in fo rm a tio n  could: 

be o b ta in e d , which would g ive a c lu e  as to  why or how the 

s h i f t  re a c tio n ,h y d ro g e n a te d  c o a l much.more e f fe c t iv e ly .
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thanL did  the  p ro cess  which used gaseous hydrogen.



IW .,' MATERIALS,. EQUIPMENT; AND PROOEDUREC

A, M a te r ia ls  and A n a ly s is  o f M a te r ia l s ■

Four c o a ls  were u s e d . in  th e  ex p erim en ta l runs e Sub„- 

b itum inous c o a l,  which; was o r ig in a l ly  mined n e a r  G io lstrip , 

Montana, was o b ta in ed  from th e  s team -g en e ra tin g  p la n t in. 

B i l l i n g s Pif., The sub-b itum inous c o a l could  be o b ta in ed  in. 

e i th e r  p u lv e riz ed  form  (minus 200 m esh), o r in . crushed 

form (minus one in c h ) » The o th e r  c o a ls  were l i g n i t e s  

which came from S idney , Montana (Savage, Montana m ine), 

Noonan, N orth .Dakota, and S tanton^ North D akota, Of the  

l i g n i t e s ,  only Savage l i g n i t e  could  be o b ta in ed  in , a p u l­

v e r iz e d  fo rm ,. The u l t im a te , p rox im ate , and ash  an a ly ses  

f o r  each of. th e  c o a ls  a re  g iven  in . TAble If,

The p u lv e riz e d  c o a l had l o s t  a c o n s id e ra b le  amount 

o f w ate r s in c e  i t  was tra n s p o r te d  w ith  h o t a i r  in  th e  

s te a m -g e n e ra tin g ;.p la n ts , bu t th e  c o a l was k ep t enclosed  

in , m eta l drums to  p rev en t f u r th e r  ag ing  (w ater lo s s  and 

o x id a tio n )  by a i r .  The crushed  c o a l was k ep t i n  la rg e  

p la s t i c  bags w ith  as  much a i r  a s  p o s s ib le  being  fo rced  out 

of th e  b ags.

The a n a ly s is  of co a l which .v a ried  th e  most even when, 

th e ,c o a l  came from th e  same mine, was th e  proxim ate anal™
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T3LBLE I .  P rox im ate , U ltim a te , and Ash A nalyses f o r  C-'ol- 
s t r i p  Sub-bitum inous and Savage, Ubonan and 

> S tan ton . L ig n ite s  =

OJoals: O o ls tr ip Savage Stanton:. Hbonan
S ub-b itum inous; L ign ite- L ig n ite L ig n ite

Proxim ate

M oisture 23 .9# 37.9#" 38.4#: 35.4#:
V o la t i le M atte r 30 .9 25.1
Fixed Oarbon 37e6u 29.66
Ash. 7 .6 7 .4 . 7 .5 , ■ 6'.'9

U ltim ate 1

M oisture. 23.9#: 37.9#% 38.4# 35.4#.
• Carbon 50.3 39 .2 38.4 42 .2
Hydrogen. 3 .4 2 .6 2 .7 2 .9
H itrogen. 0 .7 0.65 0.5': 0.7:
S u lfu r 0 .4 0 .5  - 0 .4 0 .3
Oxygent ■ . 13.7. ' 11.7 12.1 11.6 :
Aslf 7 .6 7 .4 7 .5 6 .9

Ash A n aly s is o f Manor Components

SiO2 3 6 .4 # ' 2 7 .1 0 36.0#% 30.0#%
AlpO-z 17.6 J 18.5 14.0 11.0
EeoOi 4 .6 ) 5.1 7 .2 6 .6
IlO 12 0 .4 0 .7 . 0 .5 0 .6
1Si0S 0 .8 0 .2
OaO 22.7 15.6 18.0 21 .0
MgO 9 .4 6:. 6 4.7,
HhpO 0 .3 0 ,2 5 .4 11.0
K20 0 .5 0 .4 1 .3 0.65

14.9 14.6,



y s is  because of the. v a r i a b i l i t y  o f th e  w ater and ash  con--, 

t e n t s e Ihe w ater c o n te n t was determ ined by u sin g  the 

ap p a ra tu s  shown, in ; E ig u re . 9B3, Ib lu en e  and a known amount 

o f c o a l were added, to  the  b o i l i n g ; f l a s k a Ihe w ate r from: 

th e  c o a l and th e  to lu en e  v ap o riz ed ; condensed in  th e  con=- 

d en se r , and c o l le c te d  i n  a g rad u ated  re c e iv e r  with., the 

to lu e n e  r e tu rn in g  to  th e  b o il in g  f l a s k » Ihe volume of 

w ate r c o l le c te d  was recorded- and a  sim ple r a t i o  c a lc u la t io n  

was made to  determ ine th e  p ercen tag e  o f w ater p re se n t in  

th e  c o a l .  The ash  a n a ly s is  was made sim ply by adding; a 

known amount of c o a l to  a covered p o r c e la in .c ru c ib le .

A fte r  a l l  o f th e  v o l a t i l e  m a tte r  was d riv en  o f f ,  th e  l i d  

on th e  c ru c ib le  was removed and th e  rem aining  f ix e d  carbon  

was burned o f f .  Ihe ash  was weighed and a c a lc u l a t i o n  was-, 

made to  determ ine th e  p ercen tag e  o f ash  p re s e n t in  th e  co a l

The amount o f v o l a t i l e  m a tte r  and f ix e d  carbon; was:: 

n o t determ ined s in c e  i t  w as.o f l i t t l e  va lue  to  u s . The 

Bureau of Mines in  Grand Forks perform ed u lt im a te  and:ash; 

an a ly se s  by u sin g  s ta n d a rd  equipment and p rocedures (36.). 

EUffman la b o ra to r ie s  in . W heatridge, Colorado d id  some 

u lt im a te  an a ly se s  using; m icro tech n iq u es  o n  some o f th e  

c o a l h y d ro g en a tio n  p ro d u c ts .

The p u lv e riz e d  c o a l was used as i t  was. re c e iv e d  even



S o x h le t  E x t r a c t i o n  E quipm ent Used t o  D e te r ­
m ine C oal C o n v e rs io n

CONDENSER

GRADUATED RECEIVER

TOLUENE PHASE

WATER PHASE

RHEOSTAT FLASK

COAL and 
TOLUENE/

B. E quipm ent U sed t o  D eterm ine  MANTLE
W ater C o n te n t in  th e  C oal.

F ig u re  9• G lassw are  and E quipm ent f o r  C oal D e te rm in a t io n s



though- it:, had l o s t  a c o n s id e ra b le  amount of w ater (as much, 

a s  50$:)* However, th e  crushed, co a l was ground e i t h e r  by- 

u s in g  a b a l l  m il l  o r by u sin g  a m ortar and p e s t l e „

The p o r c e la in . l in e  b a l l  m il l  had abou t a 15 gallonx 

c a p a c ity  and s t e e l  b a l l s  were u sed . The g rin d in g  la s te d  

• f o r  about 24 h o u r s , . and th e  c o a l was th en  pu t in to  c lo sed  

s t e e l  drums fo r  s to r a g e .  ' I f  th e  c o a l was ground u sin g  th e  

m ortar and p e s t l e ,  a b o u t .10O grams was p repared  one hour 

b e fo re  th e  ru n  was made. This was done to  p rev en t any aging: 

o f  th e  c o a l caused by extended c o n ta c t w ith  th e  a i r .

In  n e a r ly  a l l  o f th e  runs a so lv e n t f o r  th e  co a l was-

u sed . The s o lv e n ts  t r i e d  in c lu d ed  a lp h a -n a p h th o l, phenan-

th re n e , a t a r  p roduct from a coking p ro ce ss , an th racen e

o i l ,  and is o q u in o l in e . The t a r ,  which was p ro cessed  from

a. .bitum inous-B:! c o a l,  was ob ta ined , from th e  U nited S ta te s

Bureau o f -Mines 1 coking p i l o t  p la n t  i n ■ Grand.. P o rk s . The

an th racen e  o i l  was o b ta in ed  from th e  R e i l l y /Thr and Ohem=

c i a l  O brpo ra tio n . I t  . i s  a d i s t i l l a b l e  o i l  f r a c t io u i  from

co k in g .o v en s, and has th e  fo llo w in g  com position :

B luorene 9^'
A n th racen e . " 9ft
O arbazole 9 ft
Phenanthrene 35ft 
U n id e n tif ie d  "38^ '

The rem ain ing  chem icals and so lv e n ts  such .as sodium.
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c a rb o n a te , i r o n ;o x id e , benzene, to lu e n e , carbon monoxide, 

and hydrogen were a l l  te c h n ic a l  g ra d e e . ~

I n  a few runs th e  m a te r ia l  being re a c te d  was Esso. 

Bunker 0) f u e l  o i l  and 85/IOO p e n e t r a t io n  a sp h a lt;  cement 0 

In sp e c tio n s  o n  th e se  sam ples a re  g iven , i n  Table IZ9 and 

were determ ined by Bdso R esearch  and E ng ineering  a t . l in d e n ,  

Ehw J e rs e y 6-,

B30 Equipment and . P rocedures f o r  Making- Runs

The r e a c to r  used f o r  t h i s  study  was a 500 m l, P a rr  

ro ck in g  s t a in le s s  s t e e l  au to c la v e  w hich-rocked a t  about 

36: s tro k e s  p e r minute* I t  was r a te d  a t  400°0: and about 

8 ,000  p s i  a t  room tem p era tu re , a lth o u g h  i t  was f re q u e n tly  

run. a t  4500Cje The au to c la v e  and th e  ro c k in g -h e a tin g , sy s­

tem a re  sh o w n .in .F ig u re  IO0.

The p re s su re  was in d ic a te d  by th e  p re ssu re  gauge on  

th e  au to c la v e  v a lv e  b lo ck ; t h i s  was p e r io d ic a l ly  checked 

w ith  o th e r  gauges in  th e  system . Tem perature was d e te c te d  

by an  iro n -c o n s ta n ta n  therm ocouple which;was p laced  in . the  

therm ocouple w e ll o f th e  a u to c la v e . The tem p era tu re  was; 

th e n  reco rd ed .o n , a c h a r t  re c o rd e r . The therm ocouple and 

c h a r t  re c o rd e r  were checked by p la c in g  th e  therm ocouple 

in  m olten z in c  and l e t t i n g  th e  z in c  co o l to  form  a so lid *

- 3 9 -
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TABLE IT . In sp e c tio n s  on Samples o f  BUnker 0; and 85/ 100 
P e n e tra tio n ; A sphalt Oement.

______ • Sample________

V is c o s ity  @ I 22°P SPS 

V isco s ity , @ 275°P- SPS. 

V isc o s ity  @ 140°P^ pf.. 

P en e tra tio n , @ 77®p;

Pen, R atio  39.2°/77,0 

Sp..(Pcc @ 6o/60°Er 

P la sh . 0Rr p . m.,

B3?U/#

Ash,

Pour P o in t, 0F

Hi

B

Si

O

*
E stim ated  from o th e r  d a ta .

BUnker 0' P e n e tra t io n  Asphalt, 

213

190

1 ,8 0 0

98

36o

0 .970  1 .015 .

225: 500?

18,570

0 .04

153

8 6 :i 86 .0

11.0 10.4

0 . 3 0 .5

1.9 2 .8

0 .4 0 . 6?
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Bomb Heater Details
F igure  10. Rocking A utoclave Assembly Diagram. (38)
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Bsoause o f th e  la te n t :  h e a t of fu s io n , th e  tem pera tu re  

would remain, c o n s ta n t f o r  abou t a m inu te0 This c o n s tan t: 

tem p era tu re  was checked w ith  th e  m e ltin g  p o in t o f z in a  a t  

4 19°Gs (3 9 ) .

Because o f .EOX̂ re g u la t io n s  th e  carbon, monoxide was: 

sh ipped in  1,500 p s i  c y l in d e r s . In  . o rd e r to  make maximum 

use of th e  0:0, a p r e s s u r iz a t io n  u n i t  was used to  m a in ta in  

th e  OJO p re ssu re  between 1,500 and 3,000 p s i .  _ The u n i t  i s  

shown in . Eigure: I l 0 ,

The com m ercial CKO c y lin d e rs  were connected to  the 

system , and some o f .the 00 .was added to  th e  high, p re ssu re  

c y lin d e r*  Then, h y d ra u lic  o i l  was pumped in to  th e  h ig h  

p re ssu re  c y l in d e r ,  and sim ply by d isp lacem en t, th e  OiO . 

p re s su re  was in c re a se d  to  th e  d e s ire d  p re ssu re '. When most 

o f th e  0.0 from , th e  c y lin d e r  was consumed th e  o i l  was 

d ra in e d , more 0:0 was added, and th e  cy c le  was re p e a te d .

Ihi o rd e r to  make a ru n , th e  m a te r ia l  (which g e n e ra l­

ly  c o n s is te d  o f c o a l ,  s o lv e n t, and w ater)\w as weighed to  

th e  n e a re s t  one one-hundred th  o f a gram and added to  the  

a u to c la v e . The au to c la v e  was th en  sea led  and p laced  in  

th e  ro c k e r -h e a te r  p o r t io n .o f  th e  equipm ent„ The 00: was: 

th en .added  from th e  h ig h  p re ssu re  c y l in d e r  to  the. au to c lav e  

u n t i l  th e  d e s ire d  p re s su re  was reach ed . .The i n i t i a l
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p re ssu re  of most runs was between 1,350 and 1,500 p s i 0 

The equipment, was l e f t  a t  s t a t i c  co n d itio n s  fo r  

abou t te n  m inutes; to  check f o r  leaks*  As a s a fe ty  p recau­

t io n ,  a Bacharach Q-O d e te c to r  was always r e a d i ly  a v a ila b le  

in; case  any le a k  d id  develop* I f  th e re  were no le a k s , the 

h e a te r s  and ro ck e r  were tu rn ed  ..on* A ty p ic a l  h e a tin g  

aurve f o r  a 15' m inute run  i s  shown, in. Figure;: 12*. I t ;  took 

abou t 40 to. 50 m inutes f o r  th e  au to c lav e  to  reach  tem per­

a tu r e ,  and once reached,-' th a t  was co n sid ered  a r e a c t io n  

tim e equal to  zero* The o p e ra tin g  p re ssu re  was in i the • 

4 ,000 to  5000 p s i  range® A fte r  th e  d e s ire d  r e a c t io n  time 

had p assed , th e  h o t au to c la v e  was p u lle d  out of th e  h e a te rs : 

(by.means o f th read ed  p u l l  ro d s ) ,  and s e t  u p r ig h t on b rick s: 

to  co o l overn igh t*

0), R eac tio n  P roduct A nalyses

In  most of th e  ru n s , th e re  were two prim ary purposes 

f o r  th e  an a ly se s  * F i r s t ,  th e  a n a ly s is  o f th e  r e a c t io n  

gases was made in. o rd e r to  determ ine the  q u a l i ty  and quan­

t i t y  of e a c h .c o n s t i tu e n t  * The second, and most im portant- 

o b je c t iv e , was to  determ ine th e  c o n v e rs io n  o f th e  c o a l 's  

o rg a n ic  m a tte r  to  a benzene so lu b le  m a te r ia l* . Obal i t s e l f  

i s  n o t so lu b le  in. b e n z e n e ,, bu t t a r  and o i l  dfc* T h erefo re ,
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we a re  a b le  to  t e l l  how muoh of th e  c o a l had converted  to 

t a r ,  o i l ,  o r ‘gas by th i s  method. P roduct q u a l i ty  could 

a ls o  be f u r th e r  determ ined by checking  th e  s o lu b i l i t y  of 

th e  product; in  hexane, That w h ich . i s  so lu b le  ini benzene 

b u t no t in ; hexane i s  d e fin ed  as a s p h a lte n e s , and th e  m ater­

i a l  so lu b le  in .b o th  benzene and hexane i s  d e fin ed  as. o i l .  

Hexane s o l u b i l i t e s  were n o t made because i t  tu rn ed  out 

th a t  n e a r ly  a l l  of th e  l iq u id  m a te r ia l  was hexane in s o l ­

u b le , A b lock  diagram  of th e  a n a ly t i c a l  procedure i s  

shown:, in : E igure I 3» .

I , .  Equipment and , procedure f o r  gas a n a ly s e s :

A 20 g a l lo n  drum was equipped w ith  p ip in g  and valves; 

so th a t  i t  could  be e v a c u a te d j. r e a c t io n  gases were added 

from th e  au to c la v e  to  th e  drurn^ and samples were ta k e n .o u t 

o f th e  drum th rough  th e  use o f a gas s y r in g e . A fte r  the  

au to c la v e  had cooled  o v e rn ig h t th e  gas was slow ly  b led  ( to  

p rev en t foaming o f l i q u i d ) to  th e  20 g a llo n ;d ru m ,. E in a l 

p re s su re s  v a r ie d  from rum to  run?; because o f t h i s ,  th e : 

f i n a l  p re ssu re  in . th e  drum d id  n o t always re a c h  atm ospheric, 

p r e s s u r e , , As a consequence, a i r  was added to  ach iev e  the 

n ec essa ry  p re s s u re ,  At th e  m ost, 25^1 of ■ the'; gas in ; the 

drum was a i r .  The drum was them  tak en  to  th e  gas chroma-

- 4 6 -
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tographi to  ana lyze  th e  q u a n t i ty  and q u a l i ty  pf the  reac tio n , 

g a se s ,

E i r s t  a system  had to  be developed which would de­

t e c t  0.0, OO2, Hj2 , O2 , F^, OH4 , Oi2H-̂ , Oi3Hg, and O4Hj q0 Im 

o rd e r to  make th e  a n a ly s is  w ith  th e  equipm ent t h a t  we had 

a v a i l a b le , th e  a n a ly s is  system  re q u ire d  two columns in. 

p a r a l l e l  in .o n e  gas chrom atograph. One column;was packed 

w ith  Porapak Q and th e  o th e r  w ith .a  Linde 5A m olecu lar 

s e iv e .  The Porapak Q column (1 /4 "  xc 6 .*). d e te c te d  OO2 and 

th e  hyd ro carb o n .g ases w hile  th e  Linde 54 column. (1 /4 "  x 

9 *) d e te c te d  00, O2 , a n d ,Hg. The oven tem pera tu re  was 

m ain ta ined  a t  75°0i f o r  bo th  columns and th e  hydrogen flow  ■ 

r a t e  was 40 ec /m in . S ince hydrogem was th e  c a r r i e r  gas' 

f o r  bo th  columns, th e  q u a n ti ty  of hydrogen p re se n t had to  

be c a lc u la te d  by d i f f e r e n c e .

A ll  gas sam ples were 500 ja l, and two s ta n d a rd  gases 

were used , one c o n ta in in g  OOV OO2 , a n d .H  ̂ w hile  th e  o th e r  

co n ta in ed  th e  h y d ro carb o n . g a s e s , hydrogen, and n itrogen ...

A ir  was used to  s ta n d a rd iz e  th e  oxygen and n i tro g e n  peaks. 

Then sam ples from th e  r e a c t io n  gases were in je c te d  in to  

th e  chrom atograph. The re c o rd e r  had an. in te g r a to r  which: 

reco rd ed  th e  a re a  under each peak and gas c o n c e n tra tio n s  

were c a lc u la te d  by r a t i o s  of th e  peak a re a .
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2 . Equipment and procedure f o r  co n v ers io n  a n a ly s e s : 

A f te r . th e  gas had been, removed, th e  au to c la v e  was 

opened, benzene was added and s t i r r e d  to  make a S lu r ry e 

The s lu r r y  was th e n  added to  a n in e  cnu BTuchner f i l t e r  

(w ith  a Wattiaan #2 f i l t e r ,  p a p e r) under a vacuum,,..

The re s id u e  re m a in in g ;in  th e  f i l t e r  was allow ed to  

a i r  d ry  fo r  abou t 12 hours to  f a c i l i t a t e  easy and c lean , 

rem oval» The re s id u e  was then:, p laced  , in. a weighed 100 x:

153 mm„ double th ic k n e ss  c e l lu lo s e  th im b le , and th e  th im ble 

was th en  p laced  in . a S oxh le t e x t r a c t io n  u n i t  (Figure; 9A)»
' ■ j
The m a te r ia l  in , th e  th im b le  which , i s  So lub le ini b o ilin g : 

benzene i s  th en  removed and added to  th e  b o il in g  f la s k  of 

benzene«, The u n i t  was rum  for. 24 hours or u n t i l  th e  ben­

zene was c o l o r l e s s 0 A fte r  e x t r a c t io n ,  th e  th im b le  was 

removed and p laced  in  a steam  h ea ted  d ry e r f o r  24 hours*. 

The d ry  th im ble and re s id u e , were weighed and co n v e rs io n  

was c a lc u la te d * .

By knowing th e  amount o f ash  and w ater in  th e  c o a l, 

th e  amount o f m o istu re  and ash  f r e e  (MAF) c o n te n t of the  

c o a l was known. S u b tra c tin g  th e  ash :fro m  th e  re s id u e  in.

th e  dry  th im ble gave th e  MAF/ c o n te n t .o f  the  r e s id u e .  Then
. ,  - -

by u s in g ’ t h e . equation.:*
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M E 1 -  MJLEf
0 =  ...... e 100^ v

where Os.= p e r c e n t . of th e  organic.: m a tte r  im
co a l which, becomes benzene so lu b le ,

M Pj_ = w eight o f m o istu re  and ash. free.;
m a te r ia l  in . th e  co a l.ad d ed  to  the; 
r e a c to r ,

MP.£ =. w eight of m oistu re  and ash . f re e  
’ m a te r ia l  in : th e  re s id u e  rem aining  

in  th e  th im b le „.

O ther a n a ly t i c a l  p rocedures were t r i e d  in ; an  e f f o r t  to  

determ ine th e  conversion : bu t t h i s  method was by f a r  the 

most r e l i a b l e  and c o n s is te n t  method*

Di Runs w ith  S p e c ia l O b je c tiv e s :

Same runs were n o t done p r e c is e ly  in  th e  manner de­

sc r ib e d  above because a s p e c ia l  o b je c tiv e  had to  be met*

In- some runs sodium ca rb o n a te  was used as a c a t a l y s t  in  an 

e f f o r t  to  determ ine i f  th e  sodium ca rb o n a te  would h e lp  to  

in c re a s e  th e  co n v e rs io n  o f co a l to  o i l .  I n  th e se  ru n s , an 

aqueous sodium ca rb o n a te  s o lu t io n  was added to  c o a l which 

had been p re v io u s ly  ground by use o f th e  m ortar and p e s t l e «, 

A f te r  l e t t i n g  th e  c o a l a i r  dry  o v e rn ig h t,, a  w a te r  a n a ly s is  

had to  be perform ed on. th a t  p a r t i c u la r  sample o f c o a l be­

cause th a t  sample o f c o a l would c e r t a in ly  n o t have the  

same w ater c o n te n t as  mined c o a l .  The run  was th en  c a r r ie d
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out ini th e  u su a l manner „

S ev era l tim es i t  was d e s ire d  to  o b ta in  a sample of 

th e  hydrogenated  p ro d u ct from th e  c o a l f o r  a n a ly s is *  In  

th e se  ru n s , no so lv e n t was used to  p rev en t i t s  i n t e r f e r ­

ence in  th e  p roduct an a ly ses* . The p roduct was then, p laced  

d i r e c t ly  in  th e  S o x h le t .e x tra c tio n , th im ble * A fte r  e x tra c ­

t io n ,  th e  benzene was th en , d i s t i l l e d  (rising; a h o t w ater 

b a th )  from th e  product*  The p roduct.w as th e n  poured in to  

v i l e s  and se n t to  Huffman L ab o ra to rie s*



Y 0 RESULTS AED;: DISCUSSIOE

A. R e su lts  and D iscu ss io n  of (Conversion. Analyses.

W ell over 10O ru n s were made w ith ,th e  o b je c tiv e  of 

o b ta in in g  in form ation!w hich .w ould  a llow  th e  d es ig n  o f a 

p la n t  which! would u t i l i z e  th e  w ate r-g asj s h i f t  re a c tio n !  fo r  

th e  red u c tio n , o f c o a l .  V a riab le s  such as s o lv e n ts ,  tem­

p e ra tu re ,  p re s s u re , ty p e  of c o a l,  and tim e had to  be in v es­

t ig a te d .  Hew id eas  were t r i e d  in! an e f f o r t  to  reduce the 

c a p i t a l  and o p e ra tin g  c o s ts  of th e  p o te n t ia l  p r o c e s s e s . , 

A lso , i t  was hoped supp lem ental in fo rm a tio n .c o u ld  be added 

abou t th e  re d u c tio n  of c o a l th rough  th e  use of th e  w a te r-  

gas s h i f t  r e a c t io n .  The e a s ie s t  and f a s t e s t  method of 

making th e se  d e te rm in a tio n s  was by f in d in g  ou t what th e  

c o n v e rs io n .o f  co a l to  benzene so lu b le  m a te r ia l  w as. Unless; 

o th e rw ise  in d ic a te d , 30 grams o f c o a l were used and the 

w a te r - to -c o a l  r a t i o  f o r  th e  ru n s was 0.5».

Io , Accuracy o f co n v ers io n . a n a ly s e s ;

The f i r s t  e ig h t ,runs were made,, f o r  two re a s o n s . One 

was to  le a r n . th e  te ch n iq u e  of d e te rm in in g .th e  c o a l conver­

s io n  and th e  o th e r  was to  determ ine how much accuracy  

could  be expected ...from th e  tech n iq u e  being; used ., A fte r  

th e  f i r s t ,  f iv e  runs were.m ade, i t ,w a s  f e l t . t h a t . a  s a t i s -



f a c to ry  tech n iq u e  had been a c q u ire d „. The l a s t  th re e  runs 

were each.made under th e  same c o n d itio n s  and th e  l im i ts  o f 

accu racy  were determ ined  to  b e .-  3 ^ on: th e  co n v ers io n  

a n a ly s e s .
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2,* E f fe c t  o f a d d i t io n a l  w a te r :

■ Water i s  a lre a d y  a v a i la b le  Im  th e  c o a l;  however, i t  

was d e s ire d  to  le a rn  w hether a d d i t io n a l  w ate r would be of 

any b e n e f i t  to  co n v e rs io n . S ince a d d i t io n a l  w ater would 

in c re a s e  th e  o p e ra tin g  p re s s u re , a  red u c tio n , of i n i t i a l  0:0 

p re s su re  had to  be made i n  o rd e r to  m a in ta in  c o n s ta n t 

o p e ra tin g  p re s s u re ,

GSfO s e ts  o f runs were made, one s e t  having  runs of 

one hour r e a c t io n  tim e u sin g  sub-b itum inous c o a l and th e  . 

o th e r  s e t  u s in g  Fbonan l i g n i t e  c o a l w ith  a 15 m inute re a c ­

t io n  tim e (F igure  14 ), From th e  r e s u l t s ,  when O o ls tr ip  

sub-b itum inous co a l was used , i t  appears th a t  s u f f ic ie n t ,  

w a te r i s  a v a i la b le  in  th e  c o a l to  o b ta in  co n v ers io n s nearly ,

equal, to  the  co n v ers io n s ob ta ined  when a d d i t io n a l  w ater ■»
was added. However, f o r  th e  15 m inute runs on; l i g n i t e ,  

th e  a d d i t io n a l  w ater does in c re a se  conversion, s i g n i f i c a n t l y , 

The reaso n , f o r  th e se  o b se rv a tio n s  seems to  be th a t: 

d u rin g  th e  i n i t i a l  p a r t  o f th e  ru n s , th e  a d d i t io n a l  w ater ■
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Run C o n d i t io n s :

C o a l: 30 Grams Noonan L ig n i t e
( Ground in  M o rta r  and 
P e s t l e )

T im e: 15 M inu tes

50 Grams C o l s t r i p  S u b -b itu m in o u sJ 
( B a l l  M il le d )

'C o a l:

T im e: I  Hour

P r e s s u r e : 3000 p s i
S o lv e n t : A lp h a -n a p h th o I  and Phenan-

th re n e

P r e s s u r e :  5000 p s i
S o lv e n t : A n th rac e n e  O il

WATER-T0-C0AL RATIO

F ig u re  l4 .  C onversion V ersus W a te r- to -C o a l R a tio .



makes more n ascen t hydrogen a v a i la b le  f o r  re a c tio n , thereby- 

in c re a s in g  co n v e rs io n . Btit in  tim e ( a t  l e a s t  in  an  hour) 

enough h y d ro g en .is  e v e n tu a l ly ,a v a i la b le  to  reach  conver­

s io n s .e q u a l  to  th e  co n v ers io n s found where a d d i t io n a l  w ater 

was addedo I t .  i s  f e l t  th a t  in . a o:o;ntlnuQUs ^ rs ac/t;or-;-.wher e . 

th e  c o n ta c t between th e  gas and th e  s lu r r y  would be much, 

b e t t e r  th an  in  a ro ck in g  a u to c la v e , th e  conversion , would 

be th e  same w ith  o r w ith o u t th e  a d d i t io n  o f w a te r, even fo r  

sh o r t  tim e ru n s .

3 o E f fe c t  o f -pressure on: co n v e rs io n :

In  a  p o te n t ia l  c o a l co n version , p ro cess  i t  would be 

d e s ira b le  to  have th e  o p e ra tin g  p re ssu re  as  low as  p o ss ib le  

to  reduce s t e e l ,  pump, and com pressor c o s ts .  The conver­

s io n . v e rsu s  o p e ra tin g  p re ssu re  cu rve  f o r  a b a l l -m il le d  sub- 

b itum inous c o a l a t  two d i f f e r e n t  tem p era tu res  i s  shown, in  

F igure  15» The maximum p re ssu re  th a t  was f e l t  to  be a 

sa fe  o p e ra tin g  p re s su re  f o r  our equipment was 5,000 p s i ,  

e s p e c ia l ly  a t  450°07. P re ssu re  Was found to  have a very  

s ig n i f i c a n t  e f fe c t :  on.' c o n v e rs io n  th roughout th e  p re ssu re  

gange s tu d ie d .

• 4 . E f f e c t  o f tem p era tu re , on, co n v e rs io n :

The e f f e c t  of tem pera tu re  on co n v ers io n  was in v e s t -

- 5 5 -
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ig a te d ’ ,qu ite  e x te n s iv e ly  and w i l l  be shown as a v a r ia b le  

in; many o f th e  r e s u l t s .  , Four hundred and f i f t y  degrees 

OJentigrade was th e  tem pera tu re  l im i t  o f the  equipment th a t  

was used and below 380°0> th e  conversion .w as n o t v ery  s ig ­

n i f i c a n t ,  e s p e c ia l ly  when th e  r e a c t io n  would be increased , 

w ith .in c re a s in g  tem p era tu re  (F igure  15 ).

5 . - E f fe c t  o f c o a l so lv e n ts  on. conversion:;

Most of th e  s tu d ie s  on so lv e n ts  were done using- 

ground sub-b itum inous c o a l and a few runs were made w ith  

ground. Nbonan l ig n i te *  The fo u r  so lv e n ts  s tu d ie d  w ere : 

an th racen e  o i l ,  a 50-50 m ixture o f a lp h a -n ap h th o l and 

phenanthrene (ANP.); th e  t a r  from- a coking p ro c e s s , and 

is o q u in o lin e .

The b e s t  so lv e n t f o r  sub-b itum inous c o a l was i s o ­

q u in o lin e  and a c lo se  second was an th racen e  o i l  (F igure,

16 ) .  The a lp h a -n a p h to l -  phenanthrene (ANP)' m ixture wasg 

n o t as  good as th e  f i r s t  two e s p e c ia l ly  du rin g  th e  sh o rt; 

tim e runs (15 m inu tes)* . The t a r  was b y zfa r th e  most in ­

f e r i o r ;  in ; f a c t  i t  was found to  be worse than, u s in g  no. 

so lv e n t a t  a l l * .

For. long; tim e runs (one hour) a t  low p re s s u re , an ­

th rac en e  o i l  was always q u ite  s u p e r io r  to  ANP.; w hile  at. -
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h ig h  p re ssu re  th e  co n v e rs io n -o b ta in ed  when th e  two- s o l ­

v en ts  were used were about th e  same (,llgu re  17)».

When; so lv e n t s tu d ie s  were made o n .Bbonan l i g n i t e , . 

th e  r e s u l t s  were q u ite  su rp ris in g - . This tim e ABP: w as. 

found to  be th e  s u p e r io r  so lv e n t when i t  was compared to  

an th racen e  o i l  (F igure, 18,)'. A b o u t.th e  same co n v ers io n  

le v e l  was o b ta in ed  w ith .is o q u in o lin e  as w ith .a n th ra c e n e  

o i l  as  so lv e n ts  which i s  th e  same r e s u l t s  seen. when, sub- 

bitum inous.. c o a l i s  u s e d . .

Perhaps th e  rea so n  AMP works b e t t e r  on l i g n i t e  th an  

i t  does om sub>bitum inous i s  because a lp h a -n ap h th o l i s . a  

b e t t e r  so lv e n t f o r  th e  hydrogenated p roduct from l i g n i t e .  

I t  i s  no ted  th a t  l i g n i t e  has much more oxygen p e r  carbon, 

atom than : does sub-b itum inous c o a l (Table I;)'. I t  i s  a lso  

p o s s ib le  th a t  a lp h a -n ap h th o l r e a c ts  w ith  th e  l i g n i t e  1S ■ 

o rgan ic  s t r u c tu r e  in  some manner, b u t i t  does n o t r e a c t  

w ith  th e  sub-b itum inous co a l s t r u c tu r e  in  th e  same manner.. 

P robably  th e  reason , th a t  the  t a r  was such, a poor so lv e n t 

Was th a t.so m e of th e  t a r  was benzene in so lu b le  to  b eg in  

w ith . . At t h i s  p o in t  it:,!Would seem .th a t, a p roduct re cy c le  

a s  a so lv e n t. (.; when t a r  was. th e ; s o lv e n tX would, be unde- ■ 

s i r a b le  in .a  com m ercial p la n t because t h i s  would, r e s u l t  

i n  low co n v e rs io n s . , Perhaps th e  b e s t ,s o lv e n t  would, be
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F ig u re  17* I n te r a c t io n  o f  O p era tin g  P re s su re  and S o lv en t on C onversion .
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F ig u re  18. C onversion  V ersus Type o f  S o lv en t w ith  Noonan L ig n i te .
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an th racene , o i l  s in c e  i t ,  does g ive  good co n v ers io n s and isj 

inexpensive  when' compared to  th e  c o s t of iso q u in o lin e  and 

A R . .

6% * E f fe c t  of. 0,0; cy c le s  on c o n v e rs io n :

One method" th a t  was e x p lo re d .in  an a ttem p t to  in ­

c re a se  conversion..was. to  add f r e s h  OB to  th e  re a c tio n , from 

tim e to  tim e . This was done by m aking.a norm al r u n  and 

then, removing th e  gas, from th e  r e a c to r  a f t e r  i t  had co o led . 

Then a f r e s h  supply  of OJO was added to  the  au to c la v e  and a 

second fun.w as made, o r two c y c le s  o f 00 were added.

At f i r s t  i t .a p p e a re d  th a t  we were o b ta in in g  q u ite  

s a t i s f a c to r y  r e s u l t s  th rough  th e  use o f t h i s  method (F igure 

19)» a n d .s e v e ra l  runs were made. But th e  t o t a l  re s id e n ce  

tim e o f the co a l in  th e  au to c la v e  in c re a se d  and t h i s  had 

to  be tak en  in to  account:.

A run  u sin g  one cy c le  and a th re e  hour re s id e n c e  

tim e was made and was them  compared to  a run  made w ith, 

th re e  c y c le s , each one hour lo n g . The th re e  c y c le s  run. 

produced co n v ers io n s th a t  were abou t te n ,p e rc e n t  h ig h e r 

th an  th e  co n v ers io n  seen  in . th e  one cy c le  run. ( F igure  20) 

Then, a th re e  cy c le  run  w ith  th e  re s id e n c e  tim e o f each; 

cy c le  l a s t in g  te n  m inutes was made and conversion; was about
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F ig u re  19.
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C o n v e rs io n  V ersus Number o f  C ycles o f  CO A d d itio n  t o  th e  A u to c la v e .
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te n  p e rc e n t low er th an  th e  co n v ers io n  o b ta in ed  from a one 

c y c le , one hour ru n . T h erefo re , i t  does a p p e a r , th a t  th i s  

s o r t  o f cy c le  method does have some advan tage , bu t i t  i s  

hard  to  be d e f in i t e  abou t th e  s ta te m e n t. The r e a s o n ,i s  

th a t ,d u r in g  th e  h e a tin g  o f th e  au to c lav e  to  tem p era tu re , 

r e a c t i o n . i s  ta k in g  p la c e .  T h ere fo re , a te n  m inute run. may 

have s ig n i f i c a n t  r e a c t io n  ta k in g  p lace  f o r  an a d d i t io n a l  

30 m inutes w h ile  th e  au to c la v e  i s  h e a tin g  and c o o lin g .

Thie reaso n  f o r  th e  s l i g h t  in c re a se  in  co n v ers io n  would p ro­

b ab ly  be due to  th e  f a c t  th a t  th e  w ate r-g as s h i f t  re ac tio n : 

would be ta k in g  p lace  q u ite  r a p id ly  a t  th e  s t a r t  o f a,new 

c y c le , th e re b y  making more n ascen t hydrogen a v a i la b le  to  

th e  c o a l .

7 . E f fe c t  o f g r in d in g  methods on c o n v e rs io n :

At f i r s t  p u lv e riz e d  c o a l was used bu t i t  was thought: 

th a t  ag ing  (o x id a tio n  and lo s s  of m o is tu re ) o f th e  co a l 

may have had an ad v erse  e f f e c t  on co n v e rs io n . T h erefo re , 

c o a l ground in  a b a l l  m ill  was used and compared w ith  the 

r e a c t io n  of p u lv e riz e d  co a l (F igu re  2 1 ). An improvement 

was n o te d .

The b a l l -m il le d  c o a l, when.compared to  sub-bitum inous 

c o a l ’s, b la ck  c o lo r ,  s t i l l  looked., b ro w n .a fte r  i t  came out
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o f th e  b a l l ,  m i l l ,  so th e  c o a l was then , ground using ' a mor­

t a r  and p e s t le ,  hoping to  p rev en t a g in g e . Again an  improve­

ment was no ted  which was probably, due to  s h o r te r  c o n ta c t 

w ith , a ir*

In  a com m ercial p ro cess  o f c o a l l iq u e fa c t io n ,u s in g  

th e  w ate r-g as  s h i f t  r e a c t i o n ; i t  would be d e s ira b le  n o t to  

d ry  the  co a l b e fo re  i t . i s  added to  th e  r e a c to r  i n  o rd e r to  

p rev en t aging* A lso , g r in d in g .sh o u ld  be k ep t to  a minimum*

8*. E f fe c t  o f  c o a l type on co n v e rs io n :

The r e s u l t s  o b ta in ed  when d i f f e r e n t  types o f co a l 

were examined under th e  same c o n d itio n  i s  shown in  th e  

same manner as used in  F igure  21 (see  F igure 2 2 ). The 

r e s u l t s  show th a t  l i g n i t e  i s  more r e a c t iv e  th a n  s u b -b itu ­

m inous, but ev en  th e  th re e  l i g n i t e s  g ive q u ite  d i f f e r e n t  

r e s u l t s ,  Eoonan l i g n i t e  i s  more r e a c t iv e  th a n  S tan to n

l i g n i t e  which i s  more, r e a c t iv e  th a n  Savage l ig n i te *  The 
■ .1 *' 

dashed l in e s  in d ic a te  what co n v ers io n s based on; experim en­

t a l  r e s u l t s  would be expected  by u sin g  o th e r  g r in d in g  

m ethods.

The reaso n s  f o r  th e se  d if fe re n c e s  w i l l  be d iscu ssed  

a f t e r  th e  r e s u l t s  o f th e  gas an a ly se s  a re  described*
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F igure 22. E ffe c t o f  Type o f Coal and Type o f Grinding on Conversion.
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9 o E f fe c t  of. O O -to-coal r a t i o  oai co n v ers io n ,:

Even though, th e  au to c lav e  had., a volume o f 500 ml, due 

to  th e  p h y s ic a l s t r u c tu r e  of th e  au to c la v e  and th e  foaming 

o f th e  l iq u id  p ro d u c ts , only  50 grams of co a l cou ld  be 

r e a c te d e I f  l e s s  than_ 3Q grams was used , i t  was f e l t  th a t  

t h i s  would r e p re s e n t an. in s u f f i c i e n t  amount o f m a te r ia l  on 

which an a c c u ra te  a n a ly s i s .o f  co n v e rs io n .co u ld  be made0

In c re a s in g  th e  c o a l charge from 30 g ram s,to  50 grams: 

made v ery  l i t t l e  d if fe re n c e  in  c o n v e rs io n  r e s u l t s *  Under 

th e  same c o n d itio n s , th e  c o n v e rs io n  fo r  30 grams was 

and 6 5 ,4 ^  fo r  50 grams *

The C 'O -to-aoal r a t i o  in . th e  au to c lav e  was c a lc u la te d  

to  be I *74 grams f o r  0.0' per gram of c o a l when 30 grams of 

c o a l were u sed , and I *20 grams o f 00 p er gram of c o a l when 

50 grams of c o a l were used* The minimum th e o r e t i c a l  r a t io  

to  o b ta in  90^( c o n v e rs io n  has b ee n  c a lc u la te d  to  be 0*11 

grams of 00' p e r gram of c o a l .  T h ere fo re , even w ith . 50 

grams o f c o a l,  i t ,a p p e a r s  th a t  th e re  i s  more th a n  enough 

00 a v a i la b le  in  th e  au to c la v e  to  obtain.maximum co n version  

under g iven  co n d itio n s*  I t  i s  d e s ira b le  to  have th e  OO-to- 

c o a l r a t i o  as  sm all as p o s s ib le  s in c e  i t  would reduce th e  

s iz e  of th e  r e a c to r  t h a t  would be n e e d e d ,.
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10« S ffe o t of mixinK on co n v ers io n !.:

THe rook ing  mechanism o n .th e  au to c lav e  was q u ite  slow, 

b u t we s t i l l  wanted to  see what th e  e f f e c t  would be i f  no 

ro ck in g  a c t io n  was used ( s t a t i c  c o n d itio n .)„

With a l l  co n d itio n s , be ing ; th e  .same, a 39»8$ c-onver- 

s io n . was ob ta ined , w ith , th e  r e a c to r  in , a s t a t i c  co n d itio n , 

and a 60«5^cconversion.w as o b ta in ed  w ith .th e  ro ck e r  on„ 

D uring th e  p re lim in a ry  runs:, a ru n  was made w ith  hydrogen 

on. Savage l i g n i t e  under th e  same c o n d itio n s  as  were used 

in :a n o th e r  re s e a rc h  p ro je c t  where a s t i r r e d  au to c lav e  was; 

used* Ba th e  ro ck in g  bomb experim ent, 35o5/^"conversion! 

was o b ta ined  w h ile  in i th e  s t i r r e d  au to c lav e  abou t 8 5 $ 'con­

v e r s io n  was o b ta in ed  (40)« A lthough-no c a ta ly s t  was used 

in  e i th e r  o f th e  exp erim en ts , th e  s t i r r e d  au to c la v e  was 

used f o r  c a t a l y t i c  s tu d ie s  from tim e to  tim e and may have: 

had c a ta l y t i c  co n tam in a tio n .fro m  p rev io u s ex p e rim en ts0 

Wbneth e le s s ,  th e se  f a c t s  do p o in t out th a t  th e  conversion: 

r e s u l t s  o b ta in ed  from th e  rock ing  au to c lav e  should  be con­

s id e re d  as  very, c o n s e rv a tiv e . The reason : f o r  t h i s  i s  th a t  . 

th e  reac tion :, invo lved  a g a s - s lu r ry  type of r e a c t io n ,  and 

th e  g r e a te r  th e  m ix in g , th e  b e t t e r  th e  c o n ta c t between, the  

gas and s lu r r y .  This i s  e s p e c ia l ly  tru e  when a s h o r t  l iv e d
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in te rm e d ia te  such as n a scen t hydrogen i s  in v o lv e d .

11, O v era ll improvements in  co n v ers io n ,:'

When th e  f i r s t  runs were made, p u lv e riz ed  Savage l i g ­

n i t e  was used w ith .v e ry  l i t t l e  success*  By ap p ly in g  what, 

we had le a rn ed  from th e  above r e s u l t s ,  co n v ers io n s in ­

c rea sed  to  th e  p o in t where, i t  could  a t  l e a s t  be considered  

p o s s ib le  to  use th e  re a c tio n , i m a commercial p rocess*  By 

in c re a s in g  th e  tem p era tu re , u s in g  c o a l ground in  a m ortar 

and p e s t l e ,  and by sw itch in g  to  Ebonan l i g n i t e ,  conversions 

in  th e  80 to  90 p e r c e n t . range could  be made i n  r e l a t i v e l y  

s h o r t  r e a c t io n  tim es (F igu re  23K

12* G bneral r u n .c h a r a c t e r i s t i c s :

The m ost-com plete in v e s t ig a t io n  on any o f th e  coa l's- 

i n  t h i s  study  was made on, Woonan l ig n i te *  The e f f e c t s  o f ' 

s o lv e n t,  tim e, and tem p era tu re  a re  a l l  shown, in ;F ig u re  24, 

I t  appears th a t  a t  abou t one hour r e a c t io n  tim e th e  conver­

s io n  i s  e s s e n tu a l ly .com pleted s in c e  th e  co n v ers io n  a f t e r  

one hour i s  about., th e  same as i t  i s  a f t e r  two h o u rs . A lso, 

th e  amount of c o n v e rs io n .th a t  ta k e s  p lace  b e fo re  r e a c t io n  

tem p era tu re  has b een .reached  i s  shown f o r  450°0; and. 380°G:» 

From th e  above r e s u l t s  th e  tre n d s  of c o n v e rs io n .fo r  Eoonan. 

l i g n i t e  were f a i r l y  w ell determ ined.*,' It:: was ra'88ume(l'''%hat.:'
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Savage l i g n i t e  a n d .O n ls tr ip  sub-bitum inous c o a l would be­

have in i a s im ila r  manner» However, a d d i t io n a l  in fo rm a tio n  

abou t th e  co n v ers io n  of Savage l i g n i t e  and O d ls tr ip  sub- 

b itum inous c o a l was needed0 The runs made on th e se  two 

c o a ls  where co n v ers io n s were expected  to  be below 60^:' or 

w hich re q u ire d  re a c t io n .t im e s  o f g r e a te r  th an ,o n e  hour were 

co n s id e red  to  be u n d e s ira b le  f o r  use i n  a com m ercial p lan t, 

d e s ig n  s tu d y . F igure  25 does show th a t  co n v ers io n  i s  le s s  

f o r  Savage l i g n i t e  th a n .fo r  Hbonan l i g n i t e  when th e  same 

c o n d itio n s  a re  u sed . O Jolstrip  sub-b itum inous does n o t con­

v e r t  to  as  much benzene so lu b le  m a te r ia l  as  th e  l i g n i t e  

c o a ls  do . This i s  e s p e c ia l ly / t r u e  a t  h ig h e r  tem p era tu res 

(F igure  26 ) . .  The o th e r  t r e n d , of co u rse , i s  th a t  a n th ra ­

cene o i l  i s  a  b e t t e r  so lv e n t th a n .AHP f o r  sub>bitum inous 

c o a l and v ice  v e rsa  f o r  l i g n i t e s .

EE. R e su lts  and D isc u ss io n , of Gas A n a ly ses .

The gas an a ly se s  proved to  be very  v a lu a b le  ini d e te r ­

mining what was happening in s id e  th e  a u to c la v e . U hfortuf- ■ 

n a te ly ,  gas an a ly se s  were n o t being  made du rin g  th e  f i r s t  

35 runs s in ce  th e  gas a n a ly s is  system  was being  designed 

and developed a t  th a t  t im e . ,
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Run C o n d i t io n s :

C o a l: M o rta r  and P e s t l e  C o l s t r i p  S u b -b itu m in o u s
P r e s s u r e :  1+500 p s i

Q S o lv e n t: I s o q u in o l in e□ S o lv e n t :  A n th rac e n e  O il

S o lv e n t : ARP

TIME ( minutes)

F ig u re  2 6 .  E f f e c t  o f  T im e, S o lv e n t ,  and T em p era tu re  on C o n v e rs io n  o f  C o l s t r i p  S u b -b itu m in o u s .
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I . E f f e c t  of S o lv e n ts , te m p e ra tu re , and tim e on: 
gas a n a ly s e s :

G as.an a ly ses  were made on a l l  o f th e  runs w hich,used 

Hoonan l i g n i t e ,  and th e  same tre n d s  in . th e  gas an a ly se s  

were no ted  f o r  th e  o th e r  c o a ls 0 T h ere fo re , only  th e  r e s u l t s  

o f th e  Hdonan l i g n i t e  and th e  G h ls tr ip  sub-bitum inous runs ' 

w i l l  be p re se n ted  i n , d e t a i l  when co n s id e rin g  th e  v a r ia b le s  

o f so lv e n t, te m p era tu re , and tim e ..

The runs in  F igure  24 a re  numbered, and th e  concen­

t r a t i o n s  of 0:0, OO2 » and Hr2 f o r  th e  runs a re  g iven  in :

Table I l I r. In  most ca ses  th e  OO c o n c e n tra t io n  d ec reases  

and OO  ̂ and c o n c e n tra tio n s  in c re a s e  w ith  in c re a s in g : 

co n v e rs io n . Thus th e  s h i f t  r e a c tio n .h a d  gone f u r th e r  to  

com pletion:w hen co n v ers io n s were h ig h e r , th e reb y  producing 

more a v a i la b le  hydrogen. A lso , some OÔ  was produced' from 

th e  c o a l its „ e lf  and under th e se  c o n d itio n s  i t  would be. 

nea rly , im possib le  to  say how much 0:02 comes from th e  co a l 

and.how much comes from th e  w a te r-g as  s h i f t  r e a c t io n .  There 

a re  methods f o r  de term in ing  th e  amount of OOg i n  th e  m inera l 

m a tte r  a s  c a rb o n a te s , b u t some OOg probably  comes from the 

o rg an ic  oxygenated m a te r ia l  i n  th e  c o a l as .,w ell..

F igure 16 - i s  a ls o  numbered, and th e  gas an a ly se s  fo r
. i

th e se  runs a re  given, i n  Table I I ir0 The same g e n e ra l tre n d s
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TABI/E IIir.. Gas. A nalyses on. a n  A ir - f re e B asis o f Noonan
l i g n i t e  and O tolstrip;;Subfbitum inous^

Rtuii M a  . £>.
Noonan L ig n ite ;

5.3*% 'I 86-480 • Ti 80
2 
• Z  'j

85. S'- 5 .4 9.-1'

4 58™6 23.4 18.0
5 52 0 3 25.65 22.2
65 . 8 5 .5 , - 5 .4 9.1
7: 70 .8

56:6':
13.65 I 5.63

8 22 .4 19.5
9 61,65 25.6 11.9

IO 39.3 31 .8 29.1
11 60 .8 28.1 9 .4
12 71 .4 1 5 .? 12.5
13 50.1 28.65 21 .0
14 55.2 38.1 ■ 25.2

O to lstrip  Sub -b itum inous '

155 .. 78 .4 14.65 7 .0
165 too M  e o  a »

17 88.8 7 .4 3 .8
18 68 ,4 15.9 15.3
19 70.1 19.0 9 .0
20 84.1 12.3 2 .9  .
21 69 .8 21 .4 7 .7
22 77 .4 11.3 11.1
23 71.1 18.5 - 9.6,
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a re  noted  f o r  sub-b itum inous c o a ls  a s  a re .n o te d  when u sin g  

Hibonan l ig n i te * .

The w ate r-g as  s h i f t  r e a c t io n  was n e a re r  e q u ilib r iu m  

w ith  th e  ro ck e r  on. . When th e  ro c k e r  was o f f ,  th e  'OX). con­

c e n t r a t io n  w as-83o whi l e  w ith , th e  ro ck er on, th e  0;Q 

c o n c en tra tio n : was 7 0 „ 8 ^  . w ith  , co rrespond ing  changes im OOg 

and Hjg co n c e n tra tio n s* .

2* - E f fe c t  o f type o f co a l bn- gas a n a ly s e s :

The co n v e rs io n :o f  co a l to  a benzene so lu b le  m a te r ia l  

and the. com pletion-:, to  e q u ilib r iu m  of th e  w a te r-g as  s h i f t  

r e a c tio n : were q u i te  d i f f e r e n t  f o r  each l i g n i t e  used* The 

runs in . w hich .gas an a ly se s  were made a re  numbered oh. f i g ­

u re  22* Even though, th e  c o a ls  were o f d i f f e r e n t  g rad es , 

th e  gas an a ly se s  f o r  sub-b itum inous and Savage l i g n i t e  were 

about th e  same ( Table IW)*. However, th e  w ate r-gas. s h i f t ,  

r e a c tio n : was more p ro d u c tiv e  w i th . S tanton: l i g n i t e  than: 

w ith  .Savage l i g n i t e  and the. re a c tio n : was even more com plete 

when. Hoonan l i g n i t e  was used*.

I t .  i s  no ted  th a t  th e . ash  i n  th e  co a l a c ts  as. c a ta ly s t s  

f o r  th e  w a te r-g as  s h i f t ,  re a c tio n *  Iron: has more o f a .-V-"-: 

c a ta ly t ic ,  e f f e c t  th a n  any o th e r  elem ent i n  th e  ash* Ih. 

f a c t  i t  was s ta te d  t h a t , PegO^ and HhgdO^ have been, shown



- 8 0 -

MBlII Hr. Gks A nalyses 
C o n d itio n s»

of D if fe re n t. OJoals a t  th e  Same

S ss.. s a . % %  .

I , 7 ,8 .4$ 1 4 . # 7 .0 $
2 79 .4 15.1" 7 .4

63.0 13.4 12.8
4 58.6$ 23.4 . 18.0
.55 96.7; 17.55 7 .8
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to  have a c a ta l y t i c  e f f e c t ,  bu t s i l i c a ,  a lum ina , o r f i r e ­

c la y  d id  n o t appear to  have t h i s  e f f e c t  ( ^ l )„ However, the 

iro n : oxide c o n c e n tra t io n  in. a l l  o f th e  co a ls  used im  t h i s : 

study  i s  abou t th e  same ( Ih b le  Ii). The m ajor d if fe re n c e  is: 

th e  Hh2O) c o n c e n tra t io n , and an  in c re a se  in : th e  sodium con­

ce n tra tio n .. in  th e  a s h .o f  th e  c o a l co rresponds to  an. in ­

c re a se  i n  co n v e rs io n . The sodium in  th e  a sh .h a s  been  shown; 

to  be evenly  d isp e rs e d  th roughou t th e  co a l in  th e  form of a 

s a l t ,  o f a humic, a c id  (4 2 ) . W ith, th e  a id  o f sodium and iro n , 

th e  s h i f t  r e a c t io n  would p ro b a b ly /ta k e  p lace  on th e  co a l 

th e re b y  making n ascen t hydrogen: r e a d i ly  a v a i la b le  a t  the 

r e a c t i o n . s i t e . ;

3 . A nalyses of. h y d rocarbon  g a s e s :

I n i a l l  of th e  co a l ru n s , hydrocarbon, gases (0^ through: 

QSiJj.) were produced in  v a r io u s  amounts depending .upon con­

d i t io n s  o f th e  r u n s . However, hy d ro carb o n  gas p ro d u c tio n  

i s  such th a t  th e  c o n c e n tra t io n  o f th e se  gases i s  le s s  th an  

th a t  - o f th e  o th e r  th re e  main, c o n s ti tu e n ts .  (QSO, 002> and! EB)); 

and i t  was v ery  hard  to  o b ta in  a n  a c c u ra te  d e te rm in a tio n  

o f c o n c e n tra t io n s . T herefore  th e re  was c o n s id e ra b le  s c a t ­

t e r  in : th e  r e s u l t s ,  bu t g e n e ra l tre n d s  could  s t i l l  be s e e n . .

I n  th e  f i r s t  ,few runs where gas an a ly se s  were made,



I t  was obvious th a t  th e  Oy and. 0 .̂ hydrocarbon; gases were 

produced only  im  t r a c e  am ounts, and were n o t reco rded  i n  

l a t e r  ru n s . Only c o n c e n tra tio n s  o f .methane and ethane 

were d e te rm in ed „,

The in c re a se  in .c o n v e r s io n .o f co a l to  methane and 

e thane in c re a se d  s ig n i f i c a n t ly  w ith .in c re a s e d  tim e and tem­

p e ra tu re ,  The amount o f m ethane. and ethane in  a long tim e 

and h igh  tem pera tu re  run., would be ty p ic a l ly  I ,3 ^  and 0 .3 $  

r e s p e c t iv e ly .  A ty p ic a l  a n a l y s i s .o f th e se  two v a r ia b le s  

i s  shown, in  Table VIa

Tf one p e rc e n t , o f th e  r e a c t i o n  gases i s  methane, i t ;  

was c a lc u la te d  th a t  t h i s  co rresponds to  abou t I . 5 $ of th e . 

c o a l re a c te d  to  form m ethane. ■ Thus, f o r  a long tim e, h ig h  

tem pera tu re  run. i t  appears th a t  no. more th a n  fo u r  p e rcen t 

o f th e  croal goes to  h y d rocarbon  gases and no more than, one 

p e rc e n t o f th e  c o a l co n v e rts  to  hydrocarbon  gases in  a

s h o r t . t im e , h ig h  tem pera tu re  ru n ,
\

4 .,  Ghs an a ly ses ' f o r  cy c le  r u n s :

Shown, in  Thble V/l! a re  th e  gas an a ly se s  f o r  a th re e

c y c le  ru n . During th e  f i r s t , c y c l e ,  th e  g r e a te s t  conversion.
.

ta k e s  p la c e , w ith .p e rh a p s  up to  50$-of th e  o rgan ic , p o r t io n  

o f th e  c o a l going to  a benzene so lu b le  m a te r ia l ,  then.

- 8 2 -
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TABIjB 1W0 C on cen tra tio n ' o f Ketiiane and Ethane Prom a. 
T yp ica l Run S s r i e s 6

Rum C o n d itio n s :

OJoal; Hbonan, l i g n i tej 
■ P ressu re  : 5000. p s i

S o lv e n t: ARPZ
G rinding Method: M ortar and P e s tle

Tow Tbmperature High Temperature

Short;- Time 
(15' M inutes)

methanes t r a c e  methane O„53^-
ethane t r a c e  ethane 0*09^

Long Time 
(' I Hour)'

methane ■ 0 .5 ^ ' methane I 6O^
ethane t r a c e  ethane O6 4^:'



- 8 4 -

TlBSE V.T-o R e su lts of Oas A nalyses f o r  OJjycle Runs

Il C o n d itio n s :

OJoal: O Jdlstrip Sub-bitum inous
Temperature:: 4700 p s i
P re s s u re : 450°0
S o lv e n t: AKP.
G rin d in g ; Metlaod-.: B a ll-m ille d

Sag;1 Oycle A Cycle B3 OJycle O

030.' 7 3 .9 # . 8 2 .8 # 866,5#

CM
QO

15.8 9 .8 7 .3

IF2 10,0 8 ,3 5 .8

OHi,. .0 .2 0 0.11 0 .07



"85”

co n v ers io n  w i l l  p robab ly  in c re a se  f iv e  p e rse n t in .e a c h  of 

th e  othej? two c y c le s  (F igu re  20)„ The w a te r-g as  s h i f t  

r e a c t io n , was n o t a s .  com plete in . cy c le  E a s  i t  was in . A, nor 

was i t  as  com plete in  0,' as  i t  was in  Bi However, even 

th o u g h .in c re a se  in  conversion! o f  th e  co a l was r a th e r  sm all 

in ; th e  l a s t  two in je c t io n s ,  th e  w a te r-g as  s h i f t  re a c tio n , 

was s t i l l  ta k in g ;p la c e  a t  a re s p e c ta b le  r a t e , .  This would 

in d ic a te  t h a t , t h e  c a ta ly s t s  in . th e  co a l a re  s t i l l  somewhat 

a c t iv e  to  i n i t i a t e  th e  s h i f t  re a c tio n , i n  th e  l a s t  two. c y c le s .

5 o A nalyses of gas runs w ith o u t c o a l :

S ince i t  was known: th a t  th e  sodium and iro n , in  the.: 

a sh  may have an e f f e c t  on co n v e rs io n , some runs were made 

j u s t  w ith  00 and w ate r long w ith .sod ium  ca rb o n a te  and i r o n  

o x id e .

The r e s u l t s  of th e se  th re e  runs a re  in d ic a te d  in  

TAble VHEe In  run  GAS-2, f iv e  grams of iro n , oxide were 

added to  th e  a u to c la v e , and in  GAS-3, f iv e  grams o f sodium 

ca rb o n a te  were added, .

I f  no c a ta l y s t  were used th e  s h i f t  re a c tio n : d id  not. 

tak e  p lace  to  any g re a t  d eg ree . I f ,  however, i r o n  oxide i s  

added, some r e a c t io n  does o c c u r . , Sodium ca rb o n a te  i s  

found to  be an .even .m ore e f f e c t iv e  c a t a l y s t .  This su p p o rts .
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TABLE:.?.Oo R e su lts  o f Gks Runs w ith o u t :G oal,

Run C ond itions

Time: I ,Hour .
T hm perature:; 385°0: 

; ■ P re s su re : 5000.. psi.

RUm m . SSs %  ■ C a ta ly s t:
GAS-I 93.2#- ■ 2.7#:; 3 .2 # none:
GAS-2 78.5, 5 = 2 15=4 Fh20J
GAS-3 4518 22.7 / 30.65 Ha2OO3
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th e  f a c t  th a t  th e  sodium and iron , in  th e  co a l does c a ta ly z e

th e  w ate r-g as  s h i f t ,  r e a c t io n .

Et'. i s  no ted  t h a t . in . a l l  o f th e se  runs, th e  hydrogen.

c o n c e n tra t io n  i s  h ig h e r  than , th e  ODL c o n c e n tra tio n , when

th ey  should a c tu a l ly  be th e  same. In. th e  e a r ly  gas runs.,

w ate r b o t t l e s  were used to  s to r e  th e  re a c tio n , gas sample

and i t .w a s  b e liev e d  th a t  th e  OD2 wasi absorbed- in  th e  w a te r.

This was n o t th e  case  i n . l a t e r  runs w h e n .th e -20 gallon .
.

drum was used f o r  gas s to rag ee ..

0 . P ro d u c t.,and Residue A n a ly ses .,

The hydrogenated p roduct was analyzed  by Huffman 

la b o ra to r ie s  s in c e  th ey  could  make th e  an a ly se s  th ro u g h  

th e  use o f m icro te c h n iq u e s . . Our la b o ra to ry  was n o t eq,uip>. 

ped to  make th i s  k ind  o f a n a ly s i s .  The an a ly se s  were q u ite  

ex p en s iv e ; as  a r e s u l t  only .tw o com plete an a ly se s  were made, 

one from th e  hydrogenated  p roduct produced from Savage Iig;- 

n ite -  and one from Otolstrip* .sub -b itum inous 1 'hydrogenated  

p r o d u c t . .

The u ltim a te  an a ly se s  and th e  m olecu lar w eigh t d e te r ­

m ina tions f o r  the  two c o a ls  a re  shown in . Table ¥ 1 1 .. The. 

m olecu lar h y d ro g e n - to -c a rb o n .ra tio  f o r  the  p roduct ranged, 

from 1.10 to  1 . 17 ,and the  ash  c o n te n t was very  low ( le s s
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TABLB VLHi. Proxim ate and U ltim ate A nalyses, and M olecular 
Weight D ete rm ina tions o f Hydrogenated. Product 
a n d ' Oiiar „

A n aly sis R esidue Savage L ig n ite  
P roduc t

C o ls tr ip i
Product

Proxim ate 
W ater 
V b la t i le  
Fixed Oarbom 
Ashi

U ltim ate
Ashi

I .2 #  
19.5
49.7?
29.6-

29.7 .10 .02
Hydrogen 3 .3 8.09 7.71Ohrbom 56i6v 82.88 84.10
S u lfu r 0 .3 5 .0 .24
Witrogem 1.0 . 0 .99 1.86
Oxygen 9.1 6.07 '

M olecu lar Weight 414 3655



than:. OeI ft) » Also th e  m olecu lar w eight I s  q u ite  h ig h , and i t  

ap p ears  from th e se  r e s u l t s  th a t  th e  hydrogenated product 

has the  c h a r a c te r i s t i c s  o f a t a r .  Ihi f a c t  i t  seems t h a t  

i f  we assume th e  s t r u c tu r e  sh o w n ,in .F ig u re  3 to  he s im ila r  

to  t h a t .o f  th e  c o a ls  s tu d ie d ,, i t  appears th a t  only th e  

bonds l in k in g  th e  r in g  s t r u c tu r e s  a re  b ro k e n ., Thus, the  

p roduct would p robab ly  c o n s is t  o f th e  la rg e  m u lti- r in g e d  

s t r u c tu r e s  shown i n  F ig u re  3=

Tlie only unexpected ,value o f th e se  an a ly se s  i s  the  

s u l f u r  a n a ly s is  o f th e  t a r  from th e  Savage l i g n i t e  which is : 

5 eO^' compared to  th e  expected  v a lu e  o f 0 .2 $ t The reason . 

f o r  t h i s  d isc rep an cy  can be ex p la in ed  by th e . f a c t  th a t  co a l 

c o n ta in s  b o th .p y r i t i c  s u l f u r  and o rg an ic  s u l f u r  (4 3 ) . The 

la rg e  percen tag e  o f s u l f u r  in  t h i s  sample.was p robab ly  due 

to  the  a d d i t io n a l  p y f i t i c  s u l f u r  (which sometimes i s  seen  

v is u a l ly ) ,  in : th e  p a r t i c u la r  c o a l sample used .

The proxim ate and u ltim a te  an a ly se s , of th e  ch a r pro­

d u c ts  (o r  re s id u e )  i s  g iv e n  im  Thble V lH . ¥hen compared 

to  coal* th e  hydrogen co n ten t had decreased  w hile  th e  ash  - 

co n ten t in c re ase d  c o n s id e ra b ly . I t  i s  a lso  worth, noting- 

th a t  th e  ch ar c o n ta in s  some v o l a t i l e  m a tte r  which could be 

d r iv e n  o f f  by h e a tin g  in  ,.the absence of a i r  to  o b ta in  more ■ 

t a r  a n d .o i l .  These u l t im a te  an a ly se s  a re  s im ila r  to  those

- 8 9 -



- 9 0 -

o b ta in ed  by th e  M ite d . S ta te s  Bureau of Mines, when, they" 

used Eoonan l i g n i t e  (35)'«

B0. Runs w i th .Sodium O arbonate a s  a Q a ta ly s t0,

A f te r  le a rn in g -o f  th e  d e s ira b le  e f f e c t s  o f EagOiOyi o n . 

th e  s h i f t , r e a c t i o n ,  t h i s  chem ical w as;added to  th e  co a l to  

se rv e  a s  a c a ta ly t ic ;  ag en t „ SJodium. ca rb o n a te  was added to  

O o ls tr ip  sub-b itum inous and Savage l i g n i t e  c o a ls  (both, low 

in  sodium) so th a t  th e  t o t a l  sodium c o n te n t  in. th e se  two 

c o a ls  would he th e  same as  th e  h ig h  sodium c o n te n t found 

in  Ebonan. l i g n i t e  e.

The co n v ers io n  f o r  bo th  c o a ls  in c re a se d ; t h i s  was 

no ted  e s p e c ia l ly  when, th e  O o ls tr ip  sub-b itum inous co a l was- 

used (F ig u res 27f and..28.)«, The in c re a se  was g r e a te r  fo r  

th e  sub-b itum inous c o a l because an th racen e  o i l  i s  found to  

be th e  b e s t so lv e n t f o r  t h i s  c o a l .  Savage l i g n i t e  on; the 

o th e r  hand d id  n o t in c re a se  in . conversion , as  much because 

an th racen e  o i l  i s  no t. a s  e f f e c t iv e  a so lv e n t a s  AEB- i s  fo r  

t h i s  p a r t i c u la r  c o a l .  If . AEB had been used as  a so lv e n t1;, 

f o r  th e  Savage l i g n i t e  w ith -EagOO^, th e  conversion , prob­

ab ly  would have, been m u c h .b e tte r ,;

The gas an a ly se s  show an. in c re a se d  consum ption of CO,
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Rim C o n d i t io n s :

C o a l: M o rta r  and P e s t l e  Savage L ig n i t e
S o lv e n t : A n th rac e n e  O il
T e m p e ra tu re : 1+50 C
P r e s s u r e : 5000 p s i

O Buns w ith o u t  Na^CO^ #  Buns w ith  Na^CO^

0  20  4 0  60  8 0  100 120
TIME (minutes)

F ig u re  27 . C om parison o f  C o n v e rs io n s  w ith  Sodium C arb o n a te  and w ith o u t  Sodium 
C a rb o n a te  u s in g  S avage L i g n i t e .



380 Cm 50

fiun C o n d i t io n s :

C oal: M o rta r  and P e s t l e  C o l s t r i p  S u b -b itu m in o u s
S o lv e n t : A n th rac e n e  O il
P r e s s u r e :  4500 p s i  ^

Runs w ith o u t  Na^CO^ Runs w ith  Na CO

TIME (minutes)

F ig u re  28 . C om parison o f  C o n v e rs io n s  w ith  Sodium  C a rb o n a te  and w ith o u t  Sodium 
C arb o n a te  u s in g  C o l s t r i p  S u b -b itu m in o u s .
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wMoh wag expected  ( ,Table IX ).

Be Buns w i th .M a te r ia ls  O ther Than,OJoal0

S ev e ra l runs were made w ith  c e l lu lo s e ,  Bunker 0' f u e l  • 

o i l ,  and a s p h a lt  to  see i f  any in fo rm a tio n  abou t th e  con­

v e rs io n . o f coal, to  t a r  v ia  th e  s h i f t  re a c tio n -  could  tie ob­

ta in e d  0 . Bun I ,  which used O o ls tr ip  sub-bitum inous., shown 

in . Tbtile X:, . i s  p laced  th e re  f o r  comparison^ w i th . r e s u l t s  

o b ta in ed  when, m a te r ia ls  o th e r  th a n .c o a l  were used in  the 

w a te r-g as  s h i f t  re a c tio n * .

The c e l lu lo s e  used i n  ru n  B3 was used because i t  may; 

have a s t r u c tu r e  s im ila r  to  c o a l,  and i t  co n ta in s  a sm all 

amount of a sh  and a la rg e  amount o f oxygen. The ash  con­

t e n t  of th e  c e l lu lo s e  was '0 .1 3 ^ and abou t 7 . 6 ^ of th a t  ash. 

i s  BbgOo- A sp h a lt and Bunker 6:, which, were used in  runs 0) 

and D r e s p e c t iv e ly ,  were low in i bo th  oxygen and a s h * . Bun 

B was th e  same as D excep t th a t  BbgOJÔ  was added to  a c t  as 

an. a r t i f i c i a l  a sh  .which would be h igh  in  sodium*.

The gas a n a ly s is  f o r  each of th e s e .ru n s  i s  show n.in 

th e  same t a b l e . . The r e s u l t s  o f th e se  runs tend  to  show 

th a t  th e re  i s  no .-.direct r e la t io n s h ip  between , oxygen, con ten t, 

and th e  degree to  w h ich -the w a te r-g as  s h i f t  r e a c t io n .w i l l  

tak e  p la c e . I f  t h i s  were th e  c a se , th e  c o n c e n tra tio n , of. .
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TiaiBIiB IX:. Gas A nalyses o f Oioal Runs With and W ithout Wa2OiÔ 0.

Run. Q ionditions:

Sblvent-! A nthracene O il 
P re s s u re : 4800 p s i.
Tem perature! 45;o°G-

Oioal: Sub-bitum inous Oioal: Sub-bi tuminousi
Time : 15 M inutes Time : I Hour

Without- Gas^ W ith W ithout Gas: With.
WaoOiO- Wa2OO3 . .

■ 1 " - " I llW -- ^ 2 ~ 3  ■

68 o4^ O O 5 5 .6 ^ 7 0 .1 # OiO 38^6#
15.9 O-O2-. 2 6 .2 19.0 O i O 2 31.9
15.3 Hb i7 ;4 9 .0 H0 

OM .
28.65

0 o4 OH-4 0 .8 1.3 0 .7
O o l ° ' 2 % . O o l 0 .6 % 0 .2

Oioal! Savage L ig n ite Oioal: Savage L ign ite .
Time : I 5 M inutes TlmeI I Hour

W ithout Gas Withi ' W ithout Ga si W ithl
FapO 03" Wa0OO, I a 2OO3

78 o  7 # 00: 6 7 ;9 0 7 9 .5 # OO 5 8 .9 #
12.5 OO2 177.4 9 .4 O O p 2 2 .5
8 .8

%
14^9 10.8 . E2 1 7 .5

O o l 0 .4 Oo 3 OHi • 0 .9
— — —

%
O o l — — — — ^2%-, 0 .2



TABLE X. P ro p e r tie s  o f M a te ria ls  B eacted with. CO and H^Q, and th e  
R esu ltin g  Run Gas A nalyses.

Run C o n d itio n s :

T im e: I  Hour
P r e s s u r e :  1500 p s i  I n i t i a l
T e m p e ra tu re : 4$0 C
W a te r : 15 grams

Run P r o p e r t i e s o f  M a te r ia ls Gas A n a ly ses
£

M a te r ia l %  O  i n  

M a te r ia l
%  Ash in  
M a te r ia l

%  Ha 0 i n  
M a te r ia l % CO •5

9. 8
PO ^ ^2

■ A - G uh rh itu m in o u s 1 3 .T 7-6 .014 8 2 .8 10 .3 5 .3 0 .4

B C e l lu lo s e ^9. .13 .009 8 7 .4 5.7 7 .0 t r a c e

C A sp h a lt 0 . 6 .105 9 4 .7 1 .9 1 .9 1 .1

D B unker C o ; i t .0 4 ” ---- 9 7 .6 0 .8 0 .8 0 .8

E B unker C w ith
NSgCO^

0 .4 2 .4 1 .4 6 6 4 .7  ' 1 9 .5 l 4 .8 0 .8
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OiO. in  th e  gas a n a ly s is  of run  Bi would, b e . g r e a te r  th an  the  

0:0' co n cen tra tio n ! found in. run. A6

The o th e r  f a c to r  th a t,w as  co n s id e red " to  have an  e f f e c t  

on; th e  degree o f c o n v e rs io n .o f  th e  s h i f t  r e a c t io n ,  was the  

q u a l i ty  and q u a n t i ty  o f th e  ash  in . th e  m a te r ia l  b e in g ;re a c ­

te d .  I t .w a s  n o t known w hat' th e  ash  com position  f o r  the 

Bunker 0' was, b u t- th e  a sh .a n a ly se s , of o i l .  is . rough ly  the  . 

same as th a t  o f c o a l (4 4 ) . Bunker 0; has le s s  ash . i n  i t  

th an  any of th e  m a te r ia ls  r e a c te d , and th e  s h i f t  r e a c t io n  

d id  n o t produce good y ie ld s  of hydrogen*. A sp h alt con ta ined  

more ash  and th e  s h i f t  r e a c t io n  y ie ld  o f hydrogen was b e t­

t e r  th an  th a t  seen  when Bunker 0' was u sed .

The s h i f t  r e a c t io n  produced b e t t e r  y ie ld s  u s in g  ceIlu?- 

Io se  r a th e r  th an  a s p h a l t , ,b u t  O b ls tr ip  sub-b itum inous p ro­

duced only  s l i g h t ly  b e t t e r  y ie ld s  even though th e  c o a l has 

c o n s id e ra b ly  more a s h . However, i f  th e  amount o f sodium 

in  th e  ash  i s  co n s id e red , O b ls tr ip  co a l had only s l i g h t ly  

g r e a te r  sodium c o n te n t th an  c e l lu lo s e  h a s . I t  appears th a t  

th e  amount o f sodium in . th e  m a te r ia l  being re a c te d  v ia  the 

w a te r-g as  s h i f t ,  r e a c t io n  i s  th e  c o n tr ib u to ry  f a c to r  in; de­

te rm in in g  how w ell th e  0:8, and HgO. r e a c t  to  form. and OOgo 

Ib serve, a s  a cheek, one gram of HagQfO-̂  was added to  

40 grams of BUnker. Qi to  a c t  as  a s y n th e tic  h ig h  sodium ash*.
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The r e s u l t s  ag a in  show a s ig n i f i c a n t  y ie ld  o f OQg and 

from  OO and ,HijO th u s  con firm ing ; th e  above h y p o th e s is  th a t  

a sh  q u a l i ty  and q u a n t i ty  c o n tr ib u te  to  a p ro d u c tiv e  w a te r-  

gas S h if t ,  r e a c t io n .

The r e s u l t s  found when sam ples o f Bunker. O and a s p h a lt  

were re a c te d  w i th  0,0. and Hrg0, and in . some ca ses  w ith  HagOO^, 

a re  shown in . Thble XT. The o r ig in a l  Bunker OS had' a hydro-*;: 

g en -to -ca rb o n ; r a t i o  o f I »33 b e fo re  r e a c t io n .  A f te r  the  

r e a c t io n , w ith : 0:0, and H^O ( ru n  B)), th e  Bunker 0: h y d ro g en -to - 

carbon. r a t i o  decreased  to  1.38®- The reaso n  f o r  t h i s  i s '  

th a t  th e  o r ig in a l  hydrogen in  th e  BUnker OJ went to  form 

m ethane, and th a t  th e re  was v e ry  l i t t l e  hydrogen produced 

by th e  s h i f t  r e a c t io n  to  make up f o r  the hydrogen lo s s e s  

i n  th e  BUnker OJ in c u rre d  by methane p ro d u c tio n .

When. BUnker 0: was re a c te d  w ith  0.0, H-̂ O, and HagOfy- 

(ru n  Bi) , the  h y d ro g e n - to -c a rb o n .ra tio  was 1 .47?. > I t  i s  

no ted  th a t  th e  methane p ro d u c tio n  was the same as  th a t  

seen  in, run  D‘; ( Table Z ) . This would in d ic a te  th a t  t h e  

p ro d u c tio n .o f  methane was no t r e ta rd e d .. R a th er, th e  hydro­

gen produced by th e  s h i f t  r e a c t io n  was added to  th e  BUnker 

G;, thereby /m aking ; up fo r  some of Bunker 0.;'s hydrogen lo sse s ; 

caused by methane p ro d u c tio n . The same g en e ra l tre n d s  were 

no ted  w h en .asp h a lt was u sed .

I
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TABLE X I. E lem enta l A nalyses of Bunker 0; and A sp h a lt.

A. E lem ental a n a ly s is  o f re a c te d  a s p h a l t  and BUnker 
0? p ro d u c ts .

A sphalt- A sp h a lt Bunker Oi BUnker 0
W ithout EaoOO^ W ith ;Ea2OiO3 W ithout. WaoOO3 With.. I a 2OO3

Oi 86.2 84.5 8647 86^8
m 9.8 ' 9.9 9.9 10.65
it 1.0 0.8 0.5 o . 5 ::
Si 2.9 2.8 2.1 2.0

B. H ydrogen-td -carbon  r a t i o s  o f Bunker 0! and a s p h a lt  
befo re  and a f t e r  r e a c t io n  w ith. O-1O and O;-.

Bunker 0; . A sphalt:

B efore tre a tm e n t ' Oî  ^  O i^  ^

Treatm ent w ith  0:0 Oi1 Hi . Oi4-HL ^ 7,
+ HoO'a t .  450oGi, I 1 1 o5° I 'O f ;
hour, 5000 p s i

Tireatment w ith  .050 
+ HqO'1 + HapOiO3 a t; 
450§0i, I h ou r, 5000 p s i

.410I 1bI .47
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Iit': i s  noted, th a t  th e re  was e s s e n t i a l l y  no s u l f u r  o r 

n i tro g e n  rem oval from th e se  p ro d u c ts . This was no ted  in  

th e  c o a l runs a s  w e ll .

Ei. ,  G eneral Mechanism

W e lle r9 O la rk 9. and P e lip e tz . proposed, a mechanism, of. 

c o a l hydrogenation . (45:) w h ic h .th is  au th o r b e l ie v e s  i s  a 

v ery  good. one. The weaker bonds between, the  arom atic: ring : 

c l u s t e r  a re  broken: by a therm al d ep o ly m eriza tio n  r e a c t io n ,  

form ing r e a c t iv e  frag m en ts . .  These fragm ents-m ay e i th e r  r e ­

combine to  form la r g e r ,  le s s  r e a c t iv e  frag m en ts ,. o r they  

can  be s ta b i l i z e d  and go in to  s o lu t io n  in : th e  s o lv e n t . .

With, t h i s  in fo rm a tio n , a g e n e ra l mechanism c a n  be p ro­

posed which would e x p la in  the  o b se rv a tio n s  we have made on 

th e  co n v ers io n  and gas a n a ly s e s . A f te r  th e  th e rm al de- 

p o ly m e riz a tio n  r e a c t io n ,  th e  fragm ents must be s ta b i l i z e d  

w ith  hydrogen i f  they  a re  to  be so lu b le  in  th e  s o lv e n t .  

S ince th e  sodium, and p robab ly  th e  iro n , a re  bound evenly 

th roughou t th e  c o a l,  they  a re  v ery  n ea r to  or even in  the 

fragm ents th em se lv es. With th e  a id  of th e se  c a ta ly s t s  i n  

th e  c o a l,  th e  w a te r-g as  s h i f t  r e a c t io n . ta k e s  p lace  and 

n a s c e n t.h y d ro g e n .is  r e a d i ly  a v a i la b le  to  s t a b i l i z e  the 

frag m en ts .
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The arom atic- r in g  c l u s t e r  d o e s .n o t appear to  be broken 

because o f th e  h ig h  m o lecu lar w eight of the  p ro d u c t, a t. 

l e a s t  to  any g re a t  e x te n t .  A gain, the  c h a r a c te r i s t i c s  of 

the  so lv e n t d e term ines i f  th e  fragm ents w i l l  become so lu b le  

in; th e  s o lv e n t .  I t  i s  v ery  d i f f i c u l t  to  say e x a c tly  what 

i s  happening; s in c e  th e  s t r u c tu r e  o f th e se  low grade co a ls  

i s  n o t p re c is e ly  know n..

These r e s u l t s  and g e n e ra l mechanism do n o t in  any way 

d isc o u n t th e  f in d in g s  of A ppell and Wender, bu t sim ply add 

to  what they  found . This ex p la in s  how th e  a c t iv a te d  hydro- 

gen. becomes a v a i la b le ,  and why i t  works w e ll on. some coals, 

and n o t on o th e r s .  The o th e r  p o in ts  th a t  they  p re s e n t, the 

in t r o d u c t io n .o f  a lk y l  g roups, and th e  a b i l i t y  of GO.to 

c leav e  bonds o r in h ib i t ,  condensation , r e a c t io n s  le a d in g  .to  

b en z en e -in so lu b le  p ro d u c ts , though u n lik e ly , could  be con^ 

t r ib u t in g  fa c to rs , f o r  t h i s  reac tio n ,* s e f f e c t iv e n e s s .  Eqr 

exam ple, th e  ag ing  o f th e  c o a l may have an. e f f e c t  on how 

many a lk y l  groups a re  in  the  c o a l,  th e reb y  hav ing  an e f fe c t: 

on c o n v e rs io n ...
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The prim ary r e a s o n ;fo r  doing th e  ex p erim en ta l work 

was to  o h ta in. in fo rm a tio n  le a d in g  to  th e  d es ig n  and economic; 

e v a lu a tio n  o f a com m ercial p lan t*  Prom, th e  in fo rm a tio n  ob­

ta in e d  from t h i s  re s e a rc h  and from re p o r ts  w h ic h .e v a lu a te . 

e x is t in g  co a l hyd rogenation ..p rocesses,-, i t  was f e l t  th a t; a 

good e s tim a te  o f th e  c o s t s . o f producing  t a r  v ia  th e  w ate r- 

gas s h i f t  r e a c t io n .c o u ld  be made*

There a re  many uses f o r  a t a r  p roduct produced from 

c o a l .  Por exam ple, th e  t a r  i s  co n sid ered  a deashed co a l 

and can be burned in  steam  g e n e ra tin g  p la n ts  th u s re s u lt in g ; 

in . th e  e lim in a tio n -  o f a need fo r  an ash  c o l le c t in g  system .. 

The t a r  can a ls o  be used to  produce e le c tro d e  carbon ; can 

be used as  a f u e l  f o r  f u e l  c e l l s ,  o r can be f u r th e r  hydro­

genated  to  produce a sy n th e tic , crude o i l  (46:) = As has-b een  

m entioned in  th e  in tro d u c t io n , th e  low er th e  hydrogen con­

t e n t ,  and p a r t i c u l a r ly  th e  low er th e  ash  co n ten t in  the 

f u e l ,  th e  more d e s ir a b le  i t .  i s  f o r  use as  a MHB; f u e l .  The; 

a n a ly s is  of th e  t a r  p roduct shows; th a t;  i t .  i s  low in  hydrogen 

and does have a low ash  c o n te n t; th e re fo r e ,  i t  should  he ant 

id e a l  f u e l  f o r  MHB,.

Tvro l iq u e fa c t io n  p ro cesses  which, u s e e x is tin g : knowledge
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o f c o a l hy d ro g en atio n  p ro cesses  and in fo rm a tio n  o b ta in ed  

from th i s  ex p erim en ta l work a re  proposed as a r e s u l t  of 

t h i s  study® One p ro cess  i s  c a l le d  th e  Alpha P rocess and 

th e  o th e r  p ro cess  i s  c a l le d  the. Bota Process®. The primary- 

d if fe re n c e  between th e  two i s  th e  d i f f e r e n t  methods used to  

produce the  0;0„.. .

A0 Alpha P la n t Design and Economics.®,

The b a s ic  flow  diagram  of th e  Alpha P rocess i s  shown 

in . P igure  29® The ground co a l i s  mixed w ith  an th racen e
i

o i l  and e n te rs  th e  r e a c to r  w ith  OO where th e  w ate r-g as 

s h i f t  r e a c t io n  ta k e s  p lace  and c o a l i s  re a c te d  to  form th e  

t a r  p ro d u c t. A f te r  th e  r e a c t io n ,  th e  s o l id s  and l iq u id s  

go to  th e  f i l t e r s  f o r  s e p a ra t io n . S ince co a l hydrogenation, 

p la n ts  were f i r s t  d es ig n ed , s e p a ra tio n  by means o f f i l t e r s  

has always been a problem . But th e  b e s t  concept appears to  

b e : f i l t e r  th e  l iq u id s  from th e  s o l id s ,  th en  d ry  th e  so lid s ;

in  an  e x te rn a l ly  h e a te d .k i ln  to  remove th e  rem ainder of 

th e  l iq u id s  and. t a r .

- The. l iq u id s ,  ({tar and o i l ) ,  would th en  go to  a  d i s t i l l a ­

tio n . u n i t  to . s e p a ra te  th e  an th racen e  o i l  from th e  t a r  p ro ­

duct* . In  t h i s  sttiily. i t  was. assumed, th a t  th e  an th racen e  o i l  

cou ld  be recy c led  and, th e  same co n v ers io n  o f c o a l to  t a r
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C O ,C O ? ,H o ,  HYDROCARBON GASESCOAL
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DISTILLATION
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F ig u re  29 . B a s ic  Flow D iagram  o f  th e  A lpha C oal
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PERMASEP

REACTOR

L iq u e f a c t io n  P r o c e s s .
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oould he produced as was found when, f re s h .a n th ra c e n e  o i l  

was u se d , Iffc i s  t r u e  th a t  an th racen e  o i l  i s  hydrocracked , 

b u t i t  i s  n o t very;' s ig n i f i c a n t  even; when a . h y d ro g en a tio n  

c a t a l y s t  i s  used (477),

The s o l id s  ('char) from th e  k i ln ,  would; go to  th e  Texaco 

s y n th e s is  gas p ro cess  f o r  the  m anufacture of 0.0. (.48), In; 

th e  Tfexae.o P ro cessj c h a r, steam , and oxygen, a re  re a c te d  

a t  abou t 10OO0O) to  produce 00 and Hi, (sy n th e s is  gas) and. 

some OOg l s i a l s o  produced. Thus an  oxygen, p la n t  would have 

to  be b u i l t  to  p rov ide th e  re q u ire d  Og f o r  t h i s  p ro c e ss ,.

The OOg would be removed from th e  s y n th e s is  gas by- 

u s in g  e i th e r  th e  P u r is o l  o r R e c tis o l  p ro cesses  (4 $ ), and 

th e  OOi would be en rich ed  to  over 9 5 $  p u r i ty  by removing; 

most of th e  Hg from  th e  s y n th e s is  gas by means of Ou Pont ,rs- 

Permasep p ro cess (5 0 ),

T h e ;re a c tio n  gases from th e  r e a c to r  would c o n ta in  many 

components ( i ,e „  GO, COg,, Hg, hydrocarbon g a s e s ) ,  and i t  

would be very  d i f f i c u l t  to  s e p a ra te  th e  u n reac ted  GD and 

re c y c le  i t  to  th e  r e a c to r .  T herefo re  th e  r e a c t io n  gases 

would be used as a f u e l  elsew here I n / the  p ro ce ss ;, perhaps 

f o r  th e  e x te rn a l ly  h ea ted  k i l n , .

"10 4 -
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■ Io D esign o f th e  Alpha Prooe s s .

A v ery  com plete economic s tu d y  of th e  P ittsb u rg ; and 

Midway P rocess (P&Ml P ro cess) o f producing  t a r  from co a l by- 

u s in g  hydrogen r a th e r  than. G;0, was made under an O ffice  of 

Obal R esearch  c o n tra c t  (F igu re  30),»- This i s  th e  p ro cess  

which was a m o d if ic a tio n  o f th e  o ld .German. P o tt-B roche Pro­

c e s s .  In  o rd e r to  make t h e i r  economic s tu d y , th ey  had to  

d es ig n  a h y p o th e tic a l  p la n t  based on; in fo rm a tio n  th a t  they  

o b ta in ed  from a sm all p i l o t  p la n t .  In  many re s p e c ts  the 

d e s ig n  i s  s im ila r  to  th e  Alpha P ro cess , th e re fo re  much of 

th e  P i t ts b u rg  and M i d w a y d e s ig n .and economic d a ta  was 

used f o r  t h i s  s tu d y . A d d itio n a l d a ta  was needed f o r  the 

h ig h  p re s su re  equipm ent, and t h i s  in fo rm atio n , was ob ta ined  

from an  economic study  o f th e  Obnsol P rocess by C onso lida­

t io n  Obal (5 2 ).

The b a s is  f o r  th e  d es ig n  was the  c r e a t io n  of a p la n t,
% :

which u t i l i z e d  10,000. to n s  o f e i th e r  Mbonan l i g n i t e  or 

Savage l i g n i t e  o r O b ls tr ip  sub-b itum inous coal, p er day fo r  

th e  p ro d u c tio n  of t a r .  C on trary  to  P itts b u rg ;a n d  Midway8b 

economic., s tu d y , th e re  were to  be. no b y -p roduc ts  such, as  t a r  

a c id s ,  phenol, s u l f u r ,  and ca rb o n .d io x id e  in: p ro cesses  used 

i n . t h i s  s tu d y . .
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Iii th e  'P&M; P ro cess , they  r e l ie d ,  upon n a tu r a l  gas fo r  

t h e i r  hydrogen, and th e  ch a r th a t  th e y  produced was used 

fo r  the  p roduction , o f e l e c t r i c i t y e-• The P&M; r e p o r t ,  w a s - f e l t  

to  "be v ery  o p tim is tic =  Many la rg e  p la n ts  w ith  t h e i r  numer­

ous by -p ro d u c ts  would, s a tu r a te  th e  m arket,and  r e s u l t  in  a 

re d u c tio n  o f th e  s e l l in g  p r ic e  of th e se  by-products=  Ih is  

would n e c e s s i ta te  a c o n s id e ra b le  in c re a se  in  th e  c o s t  of 

th e  ta r= . The advan tages of th e  Alpha and Beta P rocesses 

a re  th a t  th e re  a re  no b y -p ro d u c ts  and th e  p ro cesses  would, 

be s e lf - c o n ta in e d  s in ce  th ey  use a l l  of th e  ch a r th ey  p ro ­

duce f o r  th e  p ro d u c tio n  o f GO,

The PSbM" Phocess was broken down in to  19 b a s ic  a r e a s ;  

th e se  a re  l i s t e d  in . Table XII= Bach: o f th e se  a re a s  was. 

review ed v e ry  c a r e fu l ly  and m o d if ic a tio n s  were made to  

ad ap t th e  p ro cess  to  th e  Alpha P ro c e s s , .

Sbme comments abou t c e r t a in  p o r tio n s  o f th e  p la n t de­

sign , a re  needed. In  o rd e r to  have enough CO f o r  th e  re a c ­

t o r ,  7 5 ^ co n v e rs io n  must be o b ta in ed  so th a t  th e  remaining" 

25%'' o f the  c o a l w i l l  be ch a r which w i l l  go in to  th e  Texaco 

p ro cess  f o r  GJO p ro d u c tio n ,. A lso , f o r  pumping;p u rp o ses , the  

r a t i o  o f re c y c le  o i l  to  co a l (m o istu re  f r e e ) . i n  th e  co a l 

s lu r r y  was.two to  one. I f  th e  r a t i o  i s  much low er, the 

s lu r r y  becomes too  v isc o u s  to  be pumped,-
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TABLE' XTI:. C a p ita l  C o s t f o r  th e  P&Mr Prooesss by A reas»

Area D b so rip tio n C o s t

01

02
03
04
05
06
07
08

09
10 
11 
12
13
14 
15' 
16;
17
18 
19

Coal H andling - and P re p a ra tio n
■ Coal c ru sh in g , s c re e n in g , drying; 

Coal s lu r ry in g  and pumping;

D isso lv e r  
Solid.. S e p a ra tio n  
S o lven t Recovery 
GFas Recovery-
M ineral Residue P ro cessin g  
Coking U nit
D'e-ashed P roduct S o l id i f i c a t i o n  and 
S torage
Power G e n e ra tio n
Cooling Water System
Waste W ater Treatm ent
Tank Farm
Hydrogen P la n t
S u lfu r  P la n t
Acid Gas Removal P lan t
Phenol and C re s y lic  Acid Recovery Unit;
In strum en t and S erv ice  A ir
S upport B u ild in g s
S ite  P rep a ra tio n .

I  4 ,228 ,000  
1 . 8 1 0 .0 0 0
6 3 058 .000  

I 6,356:, 000
7 .2 5 6 .0 0 0  
7 ,817 ,000

3 7 1 . 0 0 0  
2,097,000

0

3 .873 .000  
11,897,000

1.969.000
1.374.000

363.000 
63 300 ,0 0 0

. 4 ,500 ,000
2 .290.000

750.000
110.000 

I , 380,000
360.000

#75,104,000
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The 0.0-to-o.oal. r a t i o  was assumed to  he 0*22, or tw ice 

th e  th e o r e t i c a l  minimum*, Brom an,econom ic view point,, i f  ' 

th e  r a t i o  i s  much l a r g e r ,  th e  s iz e  of th e  r e a c to r  needed 

and th e  amount o f 00 re q u ire d  would .make .the p ro cess  very  

im p ra c t ic a l .  With t h i s  Q'O.-to-coal. r a t i o ,  th e  r e a c to r s  * 

volume which .would be needed would be 25,000 f t ?  f o r  a 

re s id e n c e  tim e of 15 m inutes and 100,000 f t ?  f o r  a r e s i ­

dence tim e of one h o u r ,.

Areas 14 through. 16: were n o t added to  th e  Alpha Process; 

s in c e  b y -p ro d u c ts  were n o t .considered  i n . t h i s  s tu d y . The 

P&M Process o b ta in ed  a g re a t  d e a l o f s u lfu r  from i t s  co a l 

s in c e  i t  c o n ta in s  about th re e  p e rc e n t s u l f u r .  The c o a ls  . 

used in  t h i s  study  have c o n s id e ra b ly  le s s  s u l f u r  and very  

l i t t l e  s u l f u r  i s  removed from th e  c o a l .  Only sm all quan­

t i t i e s  O fiHgS a r e ' a v a i la b le  fo r  making: e lem en ta l s u lfu r  

from B ert Union reg io m  c o a l .

2 . ,  Economics of th e  Alpha P ro c e s s :

There a re ' many f a c to r s  in  an. economic a n a ly s is ,  but; 

t h e s e , f a c to r s  can  be broken dow n.into  fo u r  g e n e ra l a r e a s .

B acto rs co n sid ered  in  t h i s  r e p o r t  a r e :  c o s t o f c o a l,
' ' .  .

o p e ra tin g  c o s ts ,  p la n t d e p re c ia t io n , and p r o f i t . .  S ev era l

d i f f e r e n t  methods allow ed by th e  In te rn a l:  Revenue S erv ice
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can; be used, to  determ ine p la n t  d e p re c ia t io n . When, using- 

s t r a i g h t - l i n e  d e p re c ia t io n , th e  w ri te -o ff . o f th e  p la n t is? 

the  same from y ea r  to  y e a r , .  Hbwever, th e re  a re  a c c e le ra te d  

d e p re c ia t io n s  in  w h ich . th e  p la n t w ri te -o ff . i s  th e  most; ra p id  

du rin g  th e  e a r ly  y ea rs  of t h e . p la n t  .tS op era tio n *  Wo of 

th e  most commonly us.ed methods of a c c e le ra te d  d e p re c ia t io n  

a re  the  su m -o f-th e -y ear '&  d ig i t s  method and th e  d o u b le -ra te  

d e c lin in g -b a la n c e  m ethod ,. This r e p o r t  only co n s id e red  th e  

s t r a i g h t - l i n e  and th e  s u m -o f- th e -y e a r1s d i g i t s  method. The 

r a t e  o f re tu rn , was c a lc u la te d  by ta k in g  th e  p r o f i t s  and. 

d iv id in g  by th e  investm en t when s t r a ig h t - l in e - d e p r e c ia t io n ,  

was u sed , Ifhen th e  su m -o f- th e -y e a r’b d ig i t s  method was 

used , th e  d isco u n ted  cash  flow  method of c a lc u la t in g  ratez 

o f r e tu r n  was u sed , Iin t h i s  case  bo th  p r o f i t s  and depre­

c i a t i o n  a re  co n s id e red  sav ings and a re  in v e s te d . The use 

of t h i s  method i s  d e sc rib ed  by Kroeger (54,)v

Three c o a ls  (Savage l ig n i te *  Efbonan l i g n i t e ,  and O ol- 

s t r i p  suh-bitum inous.) were s tu d ie d  using- th e  Alpha P ro cess . 

In  o rd e r  to  o b ta in .75^ co n v ers io n , a r e a c to r  w ith  one hour 

re s id e n c e  tim e had to  be used fo r  bo th  Savage l i g n i t e  and 

O b ls tr ip  sub-b itum inous „ S ince Efbonan l i g n i t e  was much, 

more r e a c t iv e ,  a r e a c to r  w ith  a 15. m inute re s id e n c e  time 

was c o n s id e r e d , , The c o a l c o s t  was assumed to  be $1.50 per
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tom  w hether i t  be sub-b itum inous o r l i g n i t e  G oale

The Alpha P rocess w ith .S avage l i g n i t e  r e q u ir e s  a p la n t 

investm en t o f #64 ,000 ,000 , a n d . th is  c o s t  i s  item ized  acco rd ­

ing ' to  th e  19 s e c t io n s  in  Table X I I I e , The o p e ra tin g  costs: 

a re  based on f u e l ,  manpower, m aintenance, p ro p e r ty  tax es  

and in su ran c e , and a re  g iven, in . Table XIWe A p r o f i t :  of 

ten . p e rcen t was assumed., and. F ed e ra l tax es  were computed a t  

5288 ^ ;o f the g ro ss  p ro f i t*

U s in g - s t r a ig h t - l in e  d e p re c ia t io n , th e  s e l l i n g  p r ic e .o f  

th e  t a r  ■ (product).! would be $22„74 p e r to n :w ith ' 4 ,250 tons 

p e r day being- p roduced0- The P&M Process could  produce t a r  

from t h e i r  co a l a t  abou t $9»40 p e r to n , i f  c r e d i t s  were 

in c lu d ed * . I f  no c r e d i t s  were in c lu d ed  th e  c o s t  o f produc­

ing  th e  t a r  was about, $';i 65*00 p e r t o n  (( they  used th e  sum-. 

o f - th e -y e a r 'A  d i g i t s  method and d isco u n ted  cash  f lo w )* A 

summary o f the  c o s ts  i s  shown i n  Tbble XW. fo r  t a r  production , 

from .Savage l i g n i t e  u sin g  th e  Alpha Process;*

Since some o f th e  t a r  c o s t  c a lc u la t io n s  a re  done by. 

t r i a l  and e r r o r ,  when ,su m -o f-th e -y ea r ’s d ig i t s  method, is: 

used along.;w ith  th e  d isco u n ted  cash  flow , th e  c a lc u la t io n s  

become r a th e r  long and ted io u s*  T herefore a com puter p ro­

gram was used to  so lv e  fo r  th e  annual income re q u ire d  to  

cover f o r  d e p re c ia t io n , p ro f i t ,-  an# F ed era l taxes* , A
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TABI/S:

Area

01

02
03
04
05
06  
07/ 
0 8

09
10 
11 
12
13
14 
15) 
16 
17. 
18 
19

X II I .  C a p ita l  0:ost, f o r  th e  Alpha P rocess Using: 
Savage L ig n ite .

Dfesoriptioni Cost,

OJoal Handling- and P re p a ra tio n
Goal c ru sh in g ; sc re e n in g , drying- 
Oloal s lu r ry in g  and pumping

D isso lv e r  
S o lid  S eparation ;
‘S o lv e n t. Recovery 
Ghs Recovery
M ineral R esidue Processing- 
OJoking- U n i t .
Dfe-ash ed  P roduct S o l id i f i c a t io n  and 
S torage
Power Gfenerationi 
O'ooling- W ater System 
Waste Water T reatm ent 
Tank Farm
Carbon.Monoxide Plant.,
S u lfu r  P la n t;
Acid Gas Rfemoval P la n t
Phenol and O re sy lic  Acid Recovery U nit
Instrum en t and S erv ice  A ir

2 , 0 0 0 ,0 0 0
4 .900 .000  

“ 67900,000 
2 1 , 200 ,000

5 .6 0 0 .0 0 0  
5 ,2 0 0 ,0 0 0

0
4 ,500 ,000

S u p p o rt BJuildings 
S ite . P re p a ra tio n

2*200,000 
2 , 000,000  
3 , 800 ,0 0 0  

8 0 0 ,0 0 0  
1 0 , 100 ,000  

0 
0 

• 0
100 ,000  

I ,400,000 
400.000 

f64,ooo, ooo-
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TABLE XTVT.. O perating- C osts f o r  th e  Alpha 
> . Savage L ig n i te 0;

Item :

O perating  - Labor (;147. men)

M ain tenance■

In d i r e c t  Labor

P a y ro ll  Overhead

P ro p e rty  Tax and Insu rance

PUel (2 ,200  ME BTEs- p e r hour @
100 p er MM" BTEs)

W ater *

C a ta ly s t  and Chemicals 

E l e c t r i c i t y  (48,800 KWHi @ 5 o50 /K m ):  

I n te r e s t  om Woring-. C a p ita l

P rocess Esing- 

Clost (Annual)

I  1 ,220,000

2.3601.000 

34o,ooo:

. 1,300-000

1.130 .000

1,900,000;

3 8 0 ,0 0 0

2 0 0 ,0 0 0

. 2 ,3 0 0 ,0 0 0

400.000 
. #12 , 0 0 0 ,0 0 0



- 1 14-

TABIiB ■", ZWs,' G'ost o f Producing Tar from Savage L ig n ite  Using;
th e  Alpha P rocess and S t r a ig h t - l in e  D epreciations,

Qiost o f G oal:

(S.lcSO/ton of c o a l)  O ton: o f c o a l/ ,5 6 5  to n s  of organ­

ic; m a t te r ) (I ton : o f  o rg an ic  m a t t e r / ,74 to n s  o f t a r )

= $3o60- p er to n  o f t a r

O perating: Giosts;

( 112 $ OOO, OOO/y-ear) / ( ‘10,000 to n s  o f c o a l /y  ear./(( „ 565. 

to n s  o f o rg an ic  m a tte r / to n  o f c o a l ) ( ,7 4  to n s  o f t a r /  

ton: of o rg an ic  m a t te r ) (360 o p e ra tin g  d a y s /y e a r)

= #8,00 per to n  o f t a r

D epreclA t Ion?

(# 6 4 ,0 0 0 ,0 0 0 )(:1/2 0  y e a r s ) .  
Tl 0 ,0 0 0 ) ( ,5 6 5 ) ( .7 4 ) ( 360) -  #2,12 per to n  of. t a r

P r o f i t  a n d .E edera l Tax:

(olO p r o f i t ) (#64,000,000) investm ent 
(I -  ,528 t a x e s 10,000)(,565)(o74)(360)

= #9002 p er to n  o f t a r

#,3.60 + #8,00; + #2.12 + 9 .02  = #22,74 per to n  o f t a r
1. ~K-' ' -
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sample of. th e  c a lc u la t io n s  i s  shown. in: Table XjftIfo A sum­

mary of th e  c o s t  of producing th e  t a r  u s in g  th e  Alpha Pro­

c e s s ,  bu t sw itch in g  t o . th e  su m -o f- th e -y e a r '6 . d i g i t s  method 

and d isco u n ted  cash  flow  shows a decrease  in. th e  t a r  c o s t 

( Table XlftII:),, v

Th.th e  rem ainder to  th e  economic, s tu d ie s ,  th e  sum-of-  

th e -y e a r  ’is d i g i t s  method w i l l  be used s in ce  i t  i s  more 

econom ically  a t t r a c t i v e  than, th e  s t r a i g h t - l i n e  d ep rec ia tio n , 

method i s , .

I f  Foonan. l i g n i t e  i s  used r a th e r  than:. Savage l i g n i t e ,  ■ 

th e  only m ajor v a r ia b le  th a t  changes i s  th e  r e a c to r  s iz e .  

The d ec rease  in  r e a c to r  s iz e  r e s u l t s  in :a  d ec rease  in  the 

investm en t c o s t  o f th e  t a r  p ro d u c tio n . The c o s t  o f p ro ­

ducing th e  t a r  goes from #18.58 p e r to n  to  #18.05: per to n .

When O o ls tr ip c  su h -b itu m in o u s. i s  used i n  th e  Alpha 

P ro c ess , th e  c o s t  i s  reduced co n s id e rab ly  sim ply because: 

th e re  i s  more o rg an ic  m a tte r  in  one ton: o f sub.-bituminous- 

th a n  i n  l i g n i t e .  The t o t a l  p la n t c o s t , in c r e a s e s  from 

#64,000,000 to  #66^700,000; b u t y e t  th e  c o s t of th e  t a r  

d ec rease s  from abou t #18.58' to  #15:»96:* . o r abou t: th e  same
f , i .

cost., as  t a r .  produced by th e  P&IC P rocess ' (about, #16.00 per
"t. '  t

ton .)» The Alpha P rocess w i l l  produce about 4 ,900 to n s  of 

t a r  per day when sub-b itum inous c o a l i s  u s e d , ,
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table %VI. Sam ple C a lc u la t io n s .  U sing  th e  Sum-Of^ther--Yea r ' s. 
D ig i t s  and' D is c o u n te d  Cash 'Flow.

I n v e s tm e n t : $ 6 4 ,0 0 0 ,0 0 0
R ate  o f  R e tu r n : . 10%. DCF 

N o te : Numbers i n  T a h le  a r e  T housands o f  D o l la r s

Cash
E a rn in g s  

B e fo re  .

Y ear
Incom e

'T axes
D e p re c -  .r a t i o n  . -T axah le  

' ' Incom e

I 1 0 ,5 0 0  . 6 ,1 2 5 4 ,3 7 4
2 . 5 ,820 4 ,4 7 9
3 5 ,5 1 6 4 ,9 8 3
k 5 ,2 1 1 5 ,2 8 8
5 4 ,9 0 6 5 ,5 9 3  "
6 4 ,6 0 1 5 ,8 9 8
7 4 ,2 9 7 6 ,2 0 2

■ 8 3 ,9 9 2 6 ,5 0 7
9 3 ,6 8 7 6 ,8 1 2

10 . 3 ,3 8 2 7 ,1 1 7
11 3 ,0 7 8 7 ,4 2 1
12 2 ,7 7 3 7 ,7 2 6
13 ' 2 ,4 6 8 ' 8 ,0 3 1
14 2 ,1 6 3  ' 8 ,3 3 6
15 ■ 1 ,8 5 9 8 ,6 4 o
16 1 ,5 5 4 8 ,9 4 5
17 1 ,2 4 9 9 ,2 5 0
18 944 9 ,5 5 5
19 640 9 ,8 6 0
20 335 1 0 ,1 6 4

6 3 ,7 8 1

D is c o u n te d
Incom e N et F a c to r
Tax Cash (10% a t

t e s n tC52'.8%) Flow M id -y e a r)

2 ,3 0 9 8 ,190 .953 7 ,809
2 ,4 7 0 8 ,029 . 866 6 ,959
2 ,6 3 2 7 ,8 6 8 .787 6 ,200
2 ,7 9 2 7 ,7 0 7 .716 5 ,521
2 ,9 5 3 7 ,5 4 6 .6 5 1 4 ,9 1 4
3 ,1 1 4 7 ,3 8 5 , .592 4 ,3 7 2
3 ,2 7 5 7 ,2 2 4 .5 3 8 3 ,8 8 8
3 ,3 4 6 7 ,0 6 3 .489 3 ,4 5 6
3 ,5 9 6 6 ,9 0 3 .444 3 ,0 7 0
3 ,7 5 7 6 ,7 4 2 . 4 o 4 2 ,7 2 6
3 ,9 2 8 6 ,5 8 1 .367 2 ,419
4 ,0 7 9 6 ,4 2 0 .334 2 .1 4 6
4 ,2 4 0 6 ,259 .303 1 ,9 0 1
4 ,4 0 1 6 ,0 9 8 .276 1 ,6 8 4
4 ,5 6 2 5 ,9 3 7 .251 1 ,4 9 0  .
4 ,7 2 3 5 ,776 .2 2 8 1,318
4 ,8 8 4 5,615 .207 1 ,1 6 5
5 ,0 4 5 5 ,4 5 4 .1 8 8 1 ,0 2 8
5 ,2 0 6 5 ,293 .1 7 1 907
5 ,3 6 6 5 ,133 .155: _ 800

63 ,7 8 1



- 1 1 7~

TjLBlB XMIie- GJost. o f Producing Tar. from Savage L ig n ite
Using- th e  Alpha P rocess and Sum -of-the-Y har8's 
D ig its -D e p re c ia tio n : Method0

Ohst - o f  Qjoal;

($.1 • 50/ton., of c o a l ) ( I to n  of c o a l / 6565. to n s  of o rgan ic
■ 1 *

. m a tte r) .;I ton. of o rg a n ic . m a t te r /»74- to n s  of. t a r )

= |>5°60. p e r to n  o f t a r

O perating  O h sts .:

( ! 12,0 0 0 ,0 0 0 /y e a r> /(10,000 to n s  o f c o a l/y e a r )  ( o5655 

tons o f o rg ah lc :.m atter/ton :, o f co a l)(* 7 4  to n s  o f t a r /  

to n :o f  o rg an ic  m a t te r ) (360 o p e ra tin g  days p e r y e a r)

= #8.00 per ton. o f t a r

D e p re c ia tio n , P r o f i t ,  and E edera l Tax:;

($10,500.000 from. Table W ia t
(10 ,0 0 0 ) ( ,5 ^ 5 )U 7 4 ) (360) -  = |6 o 9 8 ^p er to n  of t a r

^3e60 + | ;8 o00 ' + 16'. 98 = 8 ,58  per ton. of t a r

I



Witln one ex c ep tio n , the  PSiM! P rocess i s  s l i g h t l y  cheap­

e r  th an  th e  Alpha P ro c e s s , , h u t y e t , th e  ex p erim en ta l work in  

t h i s  s tu d y  a n d .in  o th e rs .sh o w  th a t  th e  w a te r-g as  s h i f t ,  

r e a c tio n : should d e f in i t e ly  he b e t t e r .  Where i s  th e  d is c re ­

pancy? The PSM P rocess uses 1,000 p s i  p re ssu re  and 15 

m inutes re s id e n c e  tim e f o r  th e  r e a c to r ,  which i s  a much' 

low er p re ssu re  than, th e  5,000 psi. used in  th e  Alpha p lan t: 

d e s ig n .. This in d ic a te d  th a t  th e  conv.ersions o b ta in ed  in . 

th e  rock ing  au to c la v e  a re  very  low, th e reb y  g iv in g  us very  

c o n se rv a tiv e  r e s u l t s .  A lso , th e  P&M:Process uses a h ig h e r  

grade c o a l (an A ppalach ian  b itu m in o u s). and more organic; 

m a te r ia l  i s  found in : t h i s  c o a l than , i s  in . l ig n i te ;  and sub- 

b itum inous c o a ls .

B. Bbta .P la n t1.B esig n  and. Econom ics.

The b a s ic  flow  diagram  of th e  Beta P rocess i s  shown 

in  F igure  31» The p ro d u c tio n  o f th e  t a r  from th e  c o a l,  th e  

s e p a ra tio n  of. s o l id s  from th e  t a r  and o i l ,  and th e  sep a ra ­

t io n  of th e  t a r  from th e  re c y c le  o i l  i s  th e  same as  seen 

in  th e  Alpha P ro cess .

The d if fe re n c e  in  th i s  p ro cess  i s  in  th e  p ro d u c tio n  of. 

0:0., and in. th e  u t i l i z a t i o n  of. th e  t a r .  The t a r  in  th is :  

p ro cess  i s  used s p e c i f i c a l ly  fo r . MHB:,, s in ce  heat: from the;
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35%

COAL

HYDROCARBON GASES

C O , H2 , HYDROCARBON GASES

CHAR EXHAUST
GAS

(2600°K )

VTAR and OIL DISTILLATION
TOWER

RECTISOL

PURISOL

CHAR BED

REACTOR

FILTER

F ig u re  31 . B a s ic  Flow D iagram  o f  th e  B e ta  C oal L iq u e f a c t io n  P ro c e s s
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2,600°K. exhaust gas from Iffi-DJ-will be used to  .produce th e  00.

The gases from th e  r e a c to r  co n ta in , 00, ODg, and

hydrocarbon g a s e s . The OOg w i l l  r e a c t  with... th e  carbon, in  

th e  ch a r a t . te m p e ra tu re s  above 1,200°K re s u lt in g ; in  e ssen -  • 

t i a l l y  pure 00 (5 5 95 6 to Th o rd e r to  o b ta in  a ba lance  so 

t h a t  no excess ch a r e x i s t s ,  th e re  must be a t  l e a s t  8 7 ^  

co n v ers io n , and. 65^ ' o f th e  r e a c t io n  gases must be recy c led  

in. o rd e r to  have enough.OOg f o r  th e  p ro d u c tio n  o f OJO0 Th 

o rd e r  to  p re v e n tJan, a c cu m u la tio n :o f Hg and th e  u n d e s ira b le  

g a se s , th e  rem aining  35% of th e  r e a c t io n  gas i s  passed  out 

o f th e  r e a c to r  as a fu e l*

1 0 D esign of th e  Beta P ro c e s s :

The same b a s ic  d es ig n  c r i t e r i a  a p p l ie s  to  th e  Beta 

P rocess as  i s  seen  in  th e  Alpha Process* In  t h i s  study , 

only  Hbonan l i g n i t e  and O b ls tr ip  sub-b itum inous w ith  HhgOD  ̂

were used s in c e  they  were th e  only  c o a ls  which would y ie ld  

87^ ' co n v e rs io n  i n  one hour re a c tio n .tim e *

2*. Econom ics, o f th e  Beta P ro c e s s ;

The same g e n e ra l procedure i s  used, to  make th e  econom­

ic  study  in  th e  Beta P rocess a s  was used in . th e  Alpha Pro­

cess* A gain* th e  s u m -o f- th e -y e a r1s d ig i t s  and d isco u n ted  

ca sh ,f lo w  w i l l  be used in  t h i s  s tu d y .
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I f  Kbonan l i g n i t e  i s  used in. th e  Bbta P rocess th e  c o s t  

o f th e  t a r  i s  now reduced from #18*05 per ton  ( in  th e  Alpha 

P ro c e s s ) to  #14,94 p er to n , The d ec rease  in  c o s t  i s  a t t r i ­

bu ted  to  a h ig h e r  co n v ers io n , o f th e  co a l to  t a r ,  and to  a 

more e f f i c i e n t  p ro cess  o f producing  th e  OjO0 The Beta Pro-, 

c e s s , u sin g  O o ls tr ip  sub -b itum inous,, reduces th e  c o s t  from 

#15:o96.'per. to n  to  #13 = 78 p er to n , . A summary of th e  costs; 

u s in g  sub-b itum inous in  th e  E eta P rocess i s  shown in  Table 

XVlII:.

I t  may be e a s ie r  f o r  the  re a d e r  to  compare th e  cost; o f 

t a r  i f  o th e r  u n i ts  a re  u sed . The #13.78 per to n  corresponds 

to  abou t #‘2 ,40  per. b a r r e l ,  o r 4 2 ,9  c e n ts  p e r m il l io n  B ills,

G'c. Ohanges in  Economic. V a r ia b le s ,.

A ll  o f th e  v a r ia b le s  i n  th e  p rev ious d isc u ss io n , were 

f ix e d .  I t  i s  th e  purpose o f t h i s  s e c t io n  to  in v e s t ig a te  

th e  e f f e c t s  o f th e  more im p o rtan t v a r ia b le s  on. th e  c o s t o f  

producing  th e  t a r  p ro d u c t. F ig u res  32, 33» 34, and 35 

show th e  e f f e c t s  of- changing; c o a l c o s ts ,  p la n t c o s ts ,  oper­

a t in g  c o s ts ,  a n d - ra te s  of r e tu rn ,  o n .th e  c o s t  o f th e  t a r  

product:. The Beta P rocess u s in g . O o ls tr ip  sub-b itum inous 

w i l l  be used as  an exam ple.

From F igure  32 we see th a t-  a change in  th e  o p e ra tin g
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TjLKGB X V iII la d o s t, o f Producing Tkr from O o ls tr ip  Sub- 
b itum inous U sin g ;th e  Beta Process=.

GiO s t„of G oal; !$ 2 = 67/ per to n  o f t a r

O perating  OJost,; 6 = 21 per to n  of t a r

D e p re c ia tio n , F ed e ra l Tkxes,
. and. P r o f i t ;„ 4=90 p er to n  o f t a r

I'l 3®76 per to n  o f t a r
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c o s t  does n o t c o n s t i tu t e  a g re a t  change. in : th e  c o s t  of t a r  

p ro d u c tio n . For example, a re d u c tio n  of #2 ,000,000 in: 

annua l o p e ra t in g ;c o s ts  would reduce th e  c o s t  of th e  t a r  

from #13.78 to  abou t #13.45 .- A ls o , . th e  red u c tio n , of the. 

p l a n t  c o s ts  has even l e s s 'e f f e c t  o h .th e  t o t a l  c o s t ,o f  th e  

t a r  (F igu re  33)..>

The fu tu re  c o s t  o f  c o a l i s  a  v e ry  im portan t, f a c to r ,  

and t h i s  c o s t could  range from .#i »00 per. to n  to  a s  high; 

a s  #2 .50  per ton ... Hate o f r e t u r n ■ i s  a very  im portan t v a r ­

ia b le  in , th e  p ro d u c tio n  c o s t ,o f  th e  t a r .  For example, i f  

a r a te  of r e tu r n  o f 5 ^  i s  d e s ire d , th e  p roduction , co s t: of 1 

th e  t a r  would be a b o u t .#12.00 p er to n . If. a  r a te  of rec­

tu m  of 15 ^  i s  d e s ire d , th e  p ro d u c tio n  c o s t o f th e  t a r  

would be abou t #16.00 p er to n .

From' a te c h n o lo g ic a l  s ta n d p o in t, th e  v a r ia b le s  of. 

o p e ra tin g  c o s ts  and p la n t  c o s ts  ( c a p i ta l )  a re  th e  most 

i n f l u e n t i a l  to  a  p ro c e s s ^ 's u c c e s s , b u t in  t h i s  case  they  

change th e  economics l e s s  th an  c o a l c o s t and r a t e  of re tu rn * . 

T h ere fo re , t h i s  rough.econom ic e s tim a te  sh o u ld .be f a i r l y  

a c c u r a te . . It..w as found th a t  m ajor m o d if ic a tio n s  o r a 

g re a t  number of minor m o d if ic a tio n s  w i l l  have to  be made 

to  s ig n i f i c a n t ly  change th e  c o s t ,o f  producing th e  t a r . .



V?I:'3]e. O-OMUSIOES "

The s u p p o r tin g ; re sea rch ,.-  which, c o n s is te d  o f e x p e r i­

m ental runs u sin g  th e  w a te r-g as  s h i f t , r e a c t i o n  on. co a l 

produced th e  fo llo w in g  m ajor co n c lu s io n s ;

0 )  In c re a s in g 1 o p e ra tin g -p re s su re  w i l l  in c re a se  the  

conversion , o f th e  c o a l to  a "benzene so lu b le  m a te r ia l ,

(2) In creased  tem pera tu re  in c re a s e s  "conversion, bu t 

th e  hydrocarbon gas p roduction i p ro d u c tio n  a lso  in c re a s e s ,

(3) There ap p ears to  be s u f f ic ie n t ;  w ater in  th e  co a l 

to  o b ta in  maximum co n v ers io n  w ith o u t adding a d d i t io n a l  

w a te r , p a r t i c u la r ly  f o r  a com m ercial r e a c to r ,

(.#■.) The e f f e c t iv e  so lv e n ts  f o r  co n v ers io n  of sub- 

b itum inous c o a l in  d ec re as in g  o rd e r  a r e ;  is o q u in o lin e , 

an th racen e  o i l ,  ABP, no s o lv e n t, and ta r*  For l i g n i t e  th e  

o rd e r i s ;  ANP, is o q u in o lih e , and an th racen e  o i l ,

(5) The more g rin d in g ; th a t  i s  done to  th e  c o a l, the? 

l e s s  th e  co n v e rs io n . This i s  p robab ly  caused by a g in g  o f 

th e  c o a l ta k in g : p lace  d u rin g  th e  dry ing ; and g rind ing : 

p ro cesses  ( o x id a t io n ) ,

(6) When te s te d  using  th e  same c o n d itio n s , the  fo u r  

c o a ls  s tu d ie d  a l l  gave d i f f e r e n t  co n v ers io n s and i t  i s  

b e liev e d  th a t  th e  so d iu m .in  th e  c o a l accoun ts  f o r  th e se
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d i f f e r e n o e s , ,

(7) The gas, a n a ly se s  show th a t  th e  w ate r gas s h i f t ,  

r e a c t io n  i s  more com plete toward e q u ilib r iu m  when: conver­

s io n  i s  g r e a t e r , .

(8.) The l iq u e f ie d ,  p roduct from th e  co a l has an .ash . 

c o n te n t o f l e s s  than. 0 ,1^. and a h y d ro g en -to -carb o n  r a t i o  of 

abou t I ,1 4 . The p ro d u c t ,has .a m olecu lar w e ig h t.o f  about; 

400. and looks v ery  much l ik e  a t a r ,  . The ch a r p roduct has* 

an  ash  c o n te n t o f abou t 29^-. and a h y d ro g en -to -carb o n  r a t io  

o f a b o u t .0 ,7 0 ,

(9) Th most ca ses  when NagCW).̂  was added to  th e  c o a l, 

co n v ers io n s in c re a se d  by a t  l e a s t  10$,

(10) The r e s u l t s  o f runs u s in g  s e v e ra l  d i f f e r e n t  

o rg an ic  m a te r ia ls  ( a s p h a l t ,  c e l lu lo s e )  show th a t  th e  quan­

t i t y  and q u a l i ty  o f th e  ash  has a  v ery  s tro n g  in f lu e n c e  in  

c a ta ly z in g  th e  w a te r-g as  s h i f t  r e a c t io n , , , '

In fo rm atio n  was o b ta in ed  to  in d ic a te  why CO p lu s w ater 

works more e f f e c t iv e ly  in, co n v ertin g ; c o a l to  l iq u id : p ro - . 

d u c ts  th a n , i s  seen  w hen.hydrogen i s ,u s e d , .  The sodium and 

iron , in  th e  c o a l a c t  as c a ta ly s t s  f o r  th e  w a te r-g as  s h if t ;  

r e a c t io n .th e re b y  producing  n a s c e n t ,hydrogen, This r e a c t iv e  

h y d ro g e n .th e n .s ta b i l iz e s  th e  r e a c t iv e  fragm ents produced 

from th e  therm al d e p o ly m e riz a tio n ,o f  the  c o a l .



W ith•th e  a id  o f th e  su p p o rtin g , re se a rc h ,a n d  through 

th e  use o f e x i s t in g ,  p ro v en .p ro ce sse s , th e  prim ary o b je c tiv e  

o f t h i s  re s e a rc h  p ro je c t  was m et. Two c o a l l iq u e f a c t io n  

p ro cesses  were developed which u t i l i z e d .F o rt Union region: 

c o a l and in c o rp o ra te d  th e  w a te r-g as  s h i f t  r e a c tio n , on. the 

c o a l .  The im p o rtan t c o n tr ib u t io n s  of th e se  p ro cesses  a re  

t h a t  they  e lim in a te  th e  c o s t ly  p ro cess  of producing  hydro­

gen in  a s e p a ra te  s te p , and th e re  i s  no ch ar produced as  a 

b y -p ro d u c t in  th e  p r o c e s s ,» One o f the  p ro cesses  (Alpha) 

which produced t a r  from co a l was co m p etitiv e  w ith  e x is t in g  

c o a l re d u c tio n  p ro cesses  'using hydrogen, . I t  i s  im portant- 

to  p o in t ou t th a t  the  economic s tu d ie s  were done on a very, 

a o n se rv a tiv e  b a s is  and th a t  i t  i s  q u ite  p o s s ib le  th a t, the? 

Alpha P rocess would be even  more econom ically  a t t r a c t i v e  

th a n .th e  e x is t in g -p ro c e s s e s .  The second p ro cess  which 

produced t a r  fo r, MfEDD i s  d e f in i t e ly  more econom ically  

a t t r a c t i v e  than  th e  Alpha P r o c e s s , .

The use of th e  t a r  p roduct from th e se  p ro cesses  as a 

MHDj f u e l  w i l l  overcome many o f th'e o b s ta c le s  th a t  have, ■ 

p reven ted  MHD from becoming a r e a l i t y , .  If . t h i s  f u e l  does 

indeed make MHD-a r e a l i t y ,  i t . w i l l  help;im m ensely  in . 

so lv in g  th e  United. S t a t e s ' 1 energy problem s.



m u :..  RB aoraim TioiTS for- future stubyt

(1) B uture study  should b e g in .w ith .a n  in v e s t ig a t io n  

w ith  an i n s t i t u t i o n  in te r e s te d  in  MHD to  see p re c is e ly  

what th e  p ro d u c tio n  o f t a r  from c o a l u sin g  th e  Beta P rocess 

w i l l  do to  th e  economics of th e  .MD system .

(2) I t . i s  f e l t  th a t  th e  p ro cesses  proposed in  th i s  

s tu d y  should  a t  le a s t - b e  s tu d ie d  w ith  a con tinuous r e a c to r  

so th a t  th e  e f f e c t s  of. mixing-, r e a c to r  s iz e ,  and operating : 

c o n d itio n s  cou ld  a c c u ra te ly  be d e te rm in ed . • A lso , a  sm all 

p i l o t  p la n t  should be b u i l t  to  in v e s t ig a te  th e  e n t i r e  p ro ­

c e s s .  This i s  a .v e ry  expensive procedure and re q u ire s  

p e rso n n e l experienced  in  h ig h  p re ssu re  tech n o lo g y . A p i lo t  

p la n t  n e c e ssa ry  to  make t h i s  study  would c o s t  a t  least:.

$150,000 p lu s  o p e ra tin g  expenses. , ..

(3) Ways of m utually  im proving bo th  th e  MD; system 

and th e  c o a l l iq u e f a c t io n  p ro cess  should be in v e s t ig a te d .  

Por exam ple, s in c e  i t  does have an  im p o rtan t e f f e c t  on MD), 

th e  h y d ro g en -to -carb o n  r a t io : .a s  a fu n c tio n  of th e  o p era tin g , 

v a r ia b le s  in  th e  r e a c to r  should  be in v e s t ig a te d .

(4) There a re  many o th e r  s tu d ie s  th a t  could  be made 

u sin g  th e  rock in g  a u to c la v e . This could  in c lu d e  in v e s t ! -  

g a t io n  of co a l p a r t i c l e  s iz e ,  r a t i o  o f so lv e n t to  c o a l, and
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th e  i n t e r e a c t io n .o f p re s su re  and so lv e n t on co n v e rs io n ..

(5.) The u s e .o f  gases o th e r  th an  pure 0,0 would be 

w e ll w orth in v e s t ig a t in g  s in c e  an in d u s t r i a l  p la n t would 

n o t be expected to  produce pure OjO;. Seme gas m ix tu res 

could in c lu d e  m ix tu res o f 0.0, B3p, OO2 , and th e  hydrocarbon 

g a s e s .,

(6) A c a ta l y s t  need ing  in v e s t ig a t io n  which, may be 

cheaper and produce b e t t e r  r e s u l t s  th an  ITa3O0:̂  i s  the  

w aste p roduct from .the alum ina p ro cess  c a l le d  "red  mud." 

This ty p ic a l ly  c o n s is ts  of Ee3O-^ 4-0.8$; AlgO^, 153.2$; 

SiO2 , 9 o8$;. TfiO2,.. 5 .8$ ;- Ha3O, 9 .3 $ ; OhO, 4 .1 $ ; ^ 0 ^  1.3 $  

(5 7 ) .

(.7) B y-products could  be v a lu a b le  i n  red u cin g  the  

c o s t  of th e  t a r  produced from th e  c o a l .  Ebr example, the  

p ro d u c tio n  of th e  t a r  a c id s ,  phenol, s u l f u r ,  and ammonia 

should  be s tu d ie d .

(8) Using the  w ate r-g as  s h i f t  r e a c t io n  on co a l as  a

means o f removing s u l f u r  from h ig h - s u lfu r  c o a ls  would be
\

w orth  in v e s t ig a t io n .  . This would be of va lue  s in c e  i t  may; 

be a way of r e d u c in g -a ir  p o l lu t io n  in. steam  g e n e ra tin g  

p l a n t s .3
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Bzample o f D e ta ile d  C a lc u la tio n s  o f a P la n t . D esign and 
Bconomios Using th e  Alpha P rocess w ith  Savage. Mbntana 
l i g n i t e .

The b a s is  of th e  d es ig n  i s  10,000 tons., o f co a l p e r 

day, o r (10,000 to n s  p e r d ay HgOOO l b s / tonX (day/24 hours).

= 833,000 Ib s /h o u r . The proxim ate a n a ly s is  f o r  Savage 

l i g n i t e  i s :  36»O ^ w a te r, T oS '^ash , and 56 ,5#  o rgan ic  mat­

t e r ,  th e re fo re  th e  r a t e  o f w a te r, a sh , and o rgan ic  m a tte r  

th e  p la n t  i s  (833,000 lb s  o f c o a l /h o u r ) (,360). = 300,000 

lb s  o f w ater p e r h o u r, (833 , 000. lb s  o f c o a l/h o u r)  (,075-) =

63,000 lb s  o f a sh  p er hour, and (833,000 lb s  o f c o a l/h o u r)

( 056:51) = 470,000 lb s  o f o rgan ic  m a tte r  per hour,. The 

r a t i o  o f so lv e n t to  c o a l,  o n .a  w a te r - f re e  b a s is  i s  2 to  I ,  

th e re fo re  2(470,000 + 63,000) = I ,066.,000 lb s  o f so lv en t: 

p e r h o u r,

A s to ic h io m e tr ic  ba lance  of th e  carbon in  th e  p la n t 

must be made so th a t  enough 00 i s .a v a i l a b le  to  co n v e rt co a l 

to  t a r .  F i r s t  i t .  would be d e s ira b le  to  know how much, o f the. 

carbon, in. th e  ch a r goes to  0:0 in . th e  Texaco s y n th e s is  gas

p ro c e s s . The. char, t h a t .th e  I&T, g a s if ic a t io n ., p ro cess  p ro -
* * . .  *

duces i s  q u ite  d i f f e r e n t  than. th e . ch a r we ob ta ined? how­

e v e r, f o r  th e  la c k  of an y th ing  b e t t e r ,  we went, ahead and 

used th e  ICTC ch a r as  a b a s is  f o r  th e  c a lc u la t io n s  ( Table
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XIE'.: S to ich io m etric ; Balance of. th e  Iexaco S y n th e s is
Ghs. P roduction . P rocess Using IG I Ohar „ -

A n a ly s is- of 

elem ent

th e  IGTC c h a r :

w eight p e rce n t ib s /h o u r

or ' 76125' 306f9 977'
W ' I .77? 7,1253 

6; 246:0 1.555
. M 0.52 2 ,0 1 6

S Ool I 440
ash; 15.80 79,684

A d d itio n a l m a te r ia l  needed to  make s y n th e s is  ga

°2 3174312.

IS2 O 241.6.03

t o t a l

The ou tpu t::stream s w i l l  c o n s is t  o f :

964 ,413

Oiomponent Jnole p ercen t: m oles/hour Ib s /h o u r

' 0:0' •47.20 19,0866 534,618
OOg 10 0 57 4,274 188,103

27.24 11,013 22,202
% 0.18 72 2,0165

Ar 0 .10 43 1,718
OHi1. 0 .12 48 770

0 .04 163 544
Hj2O. 14.55 5,883 105:, 988

Oa

r e s id u e  w i l l  c o n s is t o f :

w eigh t p e rc e n t Ib s /h o u r

01 . 24.49 • 254 828
a s h 7 5 .5 1 i 79.628
T b ta l 9&1,41 3
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XIX). The p e rce n t o f th e  carbon  in  th e  ch a r going to  0:0 

i s :  I 9,0865 males o f OD/hour c o n ta in s  I 9»086.moels of 0 /hr»

a n d ( I 9,086s  moels o f O'/honr) ( I 2 I b s / lb  mole) = 228,000 lb s  

o f 0' per hour in  th e  OXX0 . (228,000 lb s  of 0; in  00) (307^000 

lb s  o f 0, in  ch a r  )'(100^)' = 7 4 .5 ^  o f th e  0; in  th e  ch a r goes 

to  0:0.

Eow we must f in d  ou t what conversion , i s  re q u ire d  to  

have a carbon, b a la n c e . This was a t r i a l  and e r r o r  cornpu-. 

t a t i o n ,  and only  th e  f i n a l  r e s u l t s  w i l l  be g iv en .. Assume 

75/^ co n v e rs io n  o f th e  c o a l to  t a r  and g as . The hydrogen- 

to -carbon ; r a t i o  f o r  th e  gases produced from th e  c o a l i s ;

3»0 a n d . , . . o f  th e  c o a l goes to  th e se  hydrocarbon g a se s .

The h y d ro g en -to -carb o n  r a t i o  f o r  the  t a r  p roduct i s  1.1 and 

o f th e  co a l goes to  th e  t a r .  The hyd rog en -to -carb o n  

r a t i o  f o r  the . ch a r i s  0 .7  "and 2 5 ^  of the  c o a l goes to  ch a r, 

th e re fo re  th e  coarbon -to -hyd rogen  r a t i o  f o r  a l l  o f the 

re a c tio n , p roducts  would be ap p ro x im ate ly : (3 o 0 )(.0 0 3 ) +

( I «I )'(•.»74-7.) + (t)=7)X »250) = 1 .006:. The h y d ro g en -to -carb o n  

r a t i o  f o r  th e  o r ig in a l  c o a l was 0 .8 3 , th e re fo re  th e  in c re a se  

in  th e  h y d ro g en -to -carb o n  r a t i o  would be (1.01 -O .83X =

0 .1 8 . The c o a l c o n ta in s  4 2 . 2 ^ c a rb o n * .th e re fo re  30 grams: 

o f Savage l i g n i t e  would con ta in . 12.68 grams o f carbon  or 

1 .05 gram moles o f carb o n . Thus, th e  am ount. o f hydrogen
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re q u ire d  to  g ive 75^'-co n v ers io n  would h e : O »05 g-moles

oarbon)X0»18) = 0 ,1 9  g-m oles hydrogen, which i s  eq u iv a len t, 

to  0*095 g-m oles of. H^*. If. we double th e  amount o f hydro­

gen. t h a t  w i l l  be p o te n t ia l ly  a v a ia b le , then: we must have 

2 (0 o095,)'9 o r 0 ,19  g-m oles. o f H-£>*, Erom th e  eq u a tio n  OJO +

IFgO— + 0,0g, .we must th en  m anufacture 0 ,19  g-m oles of 

0 0 »

I e x t , . we must see i f  enough carbon  in. th e  ch a r i s  

a v a i la b le  to  produce th e  re q u ire d  amount of OO, I t  i s  

shown th a t  (1 ,05  g-m oles o f OJ) (0 ,2 5 ) = 0»26Vg~moles of c a r ­

bon in  th e  c h a r , o r (,26).(»745') = 0,1 97 g-m oles o f. 00 is? 

a v a i la b le ,  which w i l l  supply  th e  0 ,19  g-m oles of 00 th a t: i s  

req u ired * .

Each se c tio n : of th e  P i t ts b u rg ' and Midway c o a l l iq u e ­

fa c tio n , p ro cess  w i l l  be review ed, and a d ju s te d  to  g ive a 

c o s t  e s tim a te  of our Alpha P ro cess .

Area 01 -  Goal H andling and P rep a ra tio n , (p o a l c ru sh ­

in g ; sc re e n in g , d ry ing ),, Ehe cyc lones and f la s h ,  d ry e rs  

were removed from th e  P&M P rocess because i t  i s  u n d e s ira b le  

to  remove th e  w ate r from th e  c o a l .  Ehe c ru sh in g  and sc re en ­

ing- equipment were l e f t . a s  th ey  were designed , b u t conveyors 

and o th e r  a u x i l ia r y  equipment f o r  th e  d ry e rs  were removed. 

Ehe P&M P rocess c o s t  of $4 ,200 ,000  le s s  th e  c o s t  of the



drying- equipment. ($2 ,200 ,000) g iv e s  an  Alpha P rocess cost.. 

o f # 2 ,0 0 0 ,OOQo,

Area 01 -  OJoal H andling and P re p a ra tio n  ('coal s lu r ry in g  

and pumping). . Pt; was v ery  d i f f i c u l t  to  f in d  cost, e s tim a te s  

on: pumps w h ic h .w ill pump a s lu r r y ,  so the  0 o8.. power, f a c to r  

r u le  was used*. The P&M process pumped 2 ,500 ,000  pounds of 

s lu r r y  p er hour to  1000 p s i ,  w h ile  th e  Alpha p ro cess  pumps

I ,900 ,000  pounds o f s lu r r y  per hour to  5000 psi*. The s lu r r y  

pumps in. th e  P&M p ro cess  c o s t  $1 ,6 0 0 ,0 0 , th e re fo re  the  

Alpha p ro cess  pumps a re  e s tim a ted  to  c o s t  ($1 ,600 ,000)

(5000/1000)°  ° 8 ( I ,9 0 0 ,0 0 0 /2 ,5 0 0 ,0 0 0 )0 0 8 = $4 ,700 ,000 . The 

rem aining  h e a t exchangers and o th e r  v e s s e ls  would have 

abou t th e  same c o s t  o f $200,000, or th e  c o s t  o f t h i s  sec tio n , 

of th e  p la n t would be $4 ,700 ,000  + $200,000. = $4,900,000*

The t o t a l  c o s t  o f A rea Oil i s  $2,000,000) + $4 ,900 ,000  =

$6 , 900 , 000«

Area 02 -  D isso lv er*  F i r s t  th e  volume o f th e  r e a c to r  

must be determ ined b efo re  th e  c o s t can :be c a lc u la te d * . The 

volume o f c o a l f o r  a I hour re s id e n c e  tim e in . th e  r e a c to r  

i s :  (533*000. Ib s /h o u r  o f m o is tu re  f r e e  c o a l )( 1/62*4 l b s /

f t r ? ) 0 /d e n s i ty  of I *5) = 5,600. f t? * . The volume o f w ater 

f o r  a I hour re s id e n c e  tim e i s : ;  (300,000 Ib s /h o u r ) ( Ih -  

m o le s /l8 r‘ l b s )' = 16,560 lb,-moles Q, o r W = hRT/P =
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(164560 lb -m o les) ( .7 3 0 ) Cl 2900R.);(l4o7 p s i/a tm )/(5 0 0 0  p s i )  = 

47 ,200  f t ? o. The volume of OQ f o r  a I hour re s id e n c e  time 

i s :  Oel9 grm oles 00/30 grams o f c o a l = 0 ,0065, or ,0065 

(933,000 lb s  o f coal/hour.). = 5,240 Ih-m oles o f 00 which 

co rresponds to  14,800. f t p  o f CO,. The volume of s o lv e n t ,f o r  

a I hour re s id e n c e  tim e i s  (1 ,066,>000 Ib s /h o u r  )X ft? /6 2 ,4  

l b s ) ( I /d e n s i ty  of 0 ,9 )  = 19,000 f t P 0 Thus th e  t o t a l  volume 

o f th e  r e a c to r  would b e : 5,600 + 47,200 + 14,800 + 19,000

= 86,600 f t ? , ,

The Q onso llda tlon -O onso l P rocess used a s e r ie s  of 

r e a c to r s  which had a t o t a l  volume o f 170,000 f t ?  a t  a cost, 

o f $10 ,200 ,000 , th e re fo re  th e  c o s t .o f  th e  5000 p s i  r e a c to r s  

f o r  th e  Alpha P rocess would b e : (874000/170,OOO)0

( l l 0 ,200 ,000 ) = | 6 , 0 0 0 ,GOO,. The v au le  of th e  rem aining' 

equipm ent in  th e  d is s o lv e r  s e c t io n  was assumed to  b e : 

h e a t  exchangers, $2 ,400 ,000 ; v e s s e ls ,  $1,200,000:; f i r e d  

h e a te r s ,  $.10,000,000; com pressors, #1,500,000 f o r  a t o t a l  

c o s t  of Area 02 o f $21,200,000,-

Area 03 -  S o lid  S e p a ra tio n , The amount of so lv e n t to  

be se p a ra te d  i s  l e s s  th a n . in  th e  P&M P ro c e ss ,, The t o t a l  

amount - of m a te r ia l  to  -be se p a ra te d  in  th e , P&M'. P rocess i s

2 ,500 ,000  Ib s /h o u r , a t  a c o s t .o f  $7,300,000«. The t o t a l  

amount of m a te r ia l  to  be se p a ra te d  in  th e  Alpha Process;
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i s  1,900 ,000  Ib s /h o u r , o r (I? ', 300 ,000)(.1,9 0 0 ,0 0 0 / 

2 ,5 0 0 ,0 0 0 )0 *8 = 15,600,000«..

Area 04- S o lv e n t.Recovery, The .amount o f t a r  and*, s o l ­

vents to  be se p a ra te d  In  th e  Alpha P rocess I s  co n s id e rab ly

le s s  th an  in  th e  P&M.Process w h ich .c o s t #7 ,800 ,000 , Ey
-  - 4

a g a in  u s in g  th e  0 .8  power f a c to r  r u le ,  th e  c o s t  o f the . 

a re a  i n  th e  Alpha P rocess i s ( ,( ( ,7 5  c o n v e rs io n )(470,000:) +

1 ,066:,000)/(.(;.90 con v ers io n ).(750 ,000X + 1,6 6 7 ,0 0 0 D 0e8

(#74800 , 0 0 0 ) = #5 , 2 0 0 , 00 0 . . '
Area 05 -  Gas Recovery. I n  th e  Alpha P rocess th e re  

was no;;gas re co v e ry .

Area 0 6 5 M ineral Residue Processing-. The p ro d u c tio n  

o f ch ar from th e  Alpha P rocess i s  c o n s id e rab ly  g r e a te r  than, 

in . th e  P&M P rocess which c o s t #2 ,100 ,000 . T h ere fo re , the 

c o s t  of th e  Alpha P rocess m in e ra l re s id u e  p ro cess in g  would 

be ( .(2 ( ,251(470 ,000) / ( 9 0 ,000) )0 e8 (# 2 ,100,000) = #4 ,500 ,000 . 

The f a c to r  2 on th e  ;numerator.' was added because th e  Alpha 

P rocess p roduct i s  co n sid ered  to  be q u ite  heavy, thereby- 

re q u ir in g  a la rg e  amount of th e  t a r  to  be removed in  th i s  

s tep ;..

Area 07:'- OJoking^ U n it, There' was. no coking u n i t  in
~  - -

th e  Alpha P ro c e ss .

Area 08 -  De-ashed. Product S o l id i f i c a t io n  and S to rag e ..
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There was no s o l i d i f i c a t i o n  and so lid , s to ra g e  i n  th e  Alpha 

P ro c e s s„

Area 09 -  Power. G enera tion* . In. th e  P&M'Process, th e  

ch a r was used fo r  th e  g en e ra tio n , o f e l e c t r i c i t y * In  the  

Alpha P ro c e ss , the  ch a r i s  a l l  used f o r  th e  p ro d u c tio n  of 

00, a l th o u g h . some steam  b o i le r s  w i l l  be re q u ire d  f o r  the  

Alpha P rq c ess . .. Thus, a l l  of th e  of th e  tu rb in e  g en e ra to rs  

and m in era l re s id u e  f u e l  b o i le r s  were removed* This r e ­

duced th e  power g e n e ra tio n  a re a  from  $11,900 ,000  to  no 

more th an  $ 2 ,2 0 0 ,0 0 0 ..

Area 10 -  OJooling W ater System . There; d id  n o t appear 

to  be any s ig n i f i c a n t 'd i f f e r e n c e s  between th e  Alpha and 

P&M P ro c esse s , s o • t h e . same f ig u re  as  was d e riv ed  from the-5 

P&M" stu d y  was used ($ '2 ,000 ,000).

Area 11 -  Waste W ater Treatm ent... This p a r t  o f th e  

p ro cess  was p robab ly  th e  most d i f f i c u l t  one to  o b ta in  a n  

e s tim a te  on s in c e  i t  i s  no t. known, what happens to  most of 

th e  r e a c t io n  w ate r in . th e  M&P- P ro c e s s . . The Alpha Process 

has co n s id e rab ly  more r e a c t io n .w ater, th a n  th e  P&M P ro cess, 

bu t most of i t ..p ro b a b ly  would' n o t have to  go th ro u g h .a  

tr e a tm e n t„ I t .w a s  th e re fo re  assumed th a t  a w aste w ater 

tre a tm e n t p la n t  th re e  tim es th e  s iz e  o f . th e  one in  the  P&M 

P rocess would be a d e q u a te „ Thus, (3 ) ° ‘,®($i ,400 ,000 ) =



— 14-2 "

# 3 ,8 0 0 ,0 0 0 .

Area 12 -  T&nk Earm. The s iz e  o f the  tan k  farm  was  ̂

doubled in  th e  Alpha P rocess from what was c a l le d  f o r  i n  

th e  P&M., P ro c ess , o r a c o s t  o f #800,000..,

Area 1 3 -  QiO G eneration.. The c o s t e s tim a te  f o r  th i s  

p a r t  o f th e  study  came from th e  IGTC study  on a co a l g a s i ­

f i c a t i o n  p ro c e s s . In th e  IGTC p ro c e s s , they  p rocessed

402,000 lb s  o f ch a r p e r hour and th e  c a p i t a l  c o s t  was 

#74500,000, th e re fo re  our c o s t  w ou ld 'be : ( ( .2 5 ) (4 7 0 ,0 0 0 ) /

(402,000) )0o8(# 7 ,5 0 0 ,000);: = # 2 , 8 0 0 , 0 0 0 . .  The OO2 removal 

i s  inc lu d ed  in  t h i s  c o s t ,  however, th e  rem oval o f the  

had to  be done by using  th e  design , d a ta  g iven  by Du Pont:, 

and th e  c o s t o f hydrogen removal to  o b ta in  9 6 ^  00 would 

C o stiap p ro x im ate ly r #700 ,000 ..

The oxygen, p la n t  f o r  th e  oxygen re q u ire d  f o r  g en e ra tio n  

o f  sy n th e s is  gas was a ls o  o b ta in ed  from th e  IGTC r e p o r t .  

C a lc u la tio n s  f o r  th e  o x y g en .p lan t c o s ts  were done in  the 

same manner a s  th e  c o s t ,o f  th e  s y n th e s is  gas g e n e ra to r :

( ( . 25):(470,000) /(4 0 2 ,000 .)) ° e8 (#9,400.,000); = #7 ,3 0 0 ,0 00 , or 

th e  t o t a l  c o s t  of 0.0 g e n e ra tio n  i s  #2 ,800,000 + #7 ,300,000 

= #,10,800:, OOQok

Area 14 -  S u lfu r  P la n t .  There was no s u l f u r  p la n t in  

th e  Alpha P ro cess .



Area 15 -  Acid. Gas Samoval P la n t» There was no acid, 

gas removal p l a n t .in ; the. Alpha P ro cess ,

Area I 65 -  Phenol and G Tesylic Ac id  ..Recovery U n it.

There was no phenol and ,c r e s y lic  a c id  reco v ery  u n i t  in  th e  

Alpha P ro cess .

Area 1 7 ,-  In strum en t an d .S e rv ic e  A ir .  The in stru m en t 

and s e rv ic e  a i r  were assumed to  c o s t . th e  same in . th e  Alpha 

P rocess, a s  in . th e  P&M., P ro cess , o r $100,000.. '

Area 18 -  Support: B u ild in g s . The c o s t ,o f  th e  su p p o rt 

b u ild in g s  was assumed to  c o s t  th e  same, in: th e  Alpha P rocess 

a s  in  th e  P&M P ro cess , o r $ 1 ,4 0 0 ,0 0 0 .

Area 19 -  S i te  P re p a ra tio n . The c o s t  o f" th e  s i t e  p re ­

p a ra t io n  was assumed to  co s t, th e  same in . th e  Alpha P rocess 

a s  in: th e  P&M P ro cess , o r $400,000

A summary, a s  to  how the. o p e ra tin g  c o s ts  were o b ta ined
« '

w i l l  be g iv en . Table XT. shows th e  a re a s  which consume the  

g r e a te s t  amounts of heat, and' e l e c t r i c i t y . .

The r e a c t io n :g a s e s  from th e  r e a c to r  has a h e a tin g  value  

o f abou t o n ly :100. MM.BTU/ hour i f  th e  exhaust: r e a c t io n  

gases a re  assumed to  c.ontain 327: lb -m oles o f -EU, and. 327/ 

lb -m oles of. OJO, a long  ,w ith  some hydrocarbon, g a s e s . Also 

some hydrogen .cou ld  be used a s  f u e l  which.was produced in. 

th e  00 p u r i f i c a t io n .s t e p ,  and t h i s  would y ie ld  a b o u t ,400
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XX0 Heat, and B le c t r i c a l  Requirem ents f o r  th e  Alpha 
P rocess U sing;Savage, Montana l i g n i t e .

A0 H eating ' Requirem ents hy A reas.
Consumption.

Area D e sc r ip tio n  (MM BB1UZhour)

02 D isso lv e r  p re h e a te r 1,500
o4 Vacuum f la s h  h e a te r 300
04 Wash so lven t, h e a te r 300
06J M inera l d ry e rs 100
09 Power g e n e ra tio n 100
13 OO g e n e ra tio n 400

T b ta l consumption, 2 ,700

B30 E le c t r i c a l  Requirem ents by A reaso
Consumption

Area D e sc rip tio n
. ■'.:

01 G rind ing , conveyors 20,000
02 Pumping-, com pression 3,500
03 F i l t r a t i o n 1,300
04 Pumping; 1,400

. 06 R otary  k i ln  ' ' • 400
10 Pumping-, co o lin g  f a n s ' 3,200
11 ■Pumping- 600.
13 Oxygen p la n t 17,200
17 Com pressors 200

M isce llan io u s I .000

T b ta l req u irem en ts 48,800
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MM". B3}U/hour o f h e a t ,  th e re fo re  th e  t o t a l  amount., o f heat; 

re q u ire d  would b e : 2 ,700 -100  -  400 = 2,200 MH' B,TE/houre

The manpower req u irem en ts  were c a lc u la te d  from the:

P&M re p o rt; and th e  s u b t r a c t io n . "of manpower- in  th 6 ■ s u lf u r  

p la n t  a n d .phenol p la n t,w e re  co nsidered* . A lso , th e  a d d it io n s  

o f men in. th e  oxygen p la n t  were., considered ,. The P&M. pro­

ce ss  re q u ire d  155, men, and .the Alpha Process would re q u ire  

l47r men o,
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The Thermodynamic Ohemical E q u ilib riu m  C a lc u la tio n s - f o r  
The W ater-gas S h i f t  R eac tio n ,

The w ater-gas. s h i f t  r e a c t io n  and th e  changes in  

e n tro p y  and e n th a lp y  a re  g iven  a s :

OO (g) + H^O (g) — OiO2 (g) + (g)

^ ^ 2 9 8  ( r2 6 .4 l) (.-57^80) (-94c05) (0 . 00 )

AH298 = -9 ,8 4 0  c a l/g -m o le .

s 298 (47.30): (45 .11) (51.06;) (3 1 .21 )

^ ^ 2 9 8  "  ~10.14 cal/m ole-°Q;

The e q u ilib r iu m  c o n s ta n ts  f o r  th e  r e a c t io n  have

been determ ined by H o ssin i (58:), and a re  a s  fo llo w s ;

Tem perature (0O:) & q
27, 9.01 x IO^

127f 1 .48 x 10^
227» 1.32  x. IO^
327; 27i.1
427» 9.01
6:27» 2.111
827? 0.949

. 102? 0 .5 4 ?

Tb determ ine what th e  co n v ers io n  o f th e ; w ater-gas; 

gas s h i f t  r e a c t io n  i s  at: th e  c o n d itio n s  werwere operating- 

a t ,  th e  eq u a tio n  K î- = P ^K 0^/K^,i s  u sed , but: Au = 0 , and 

Ky i s  found by u sin g  the. eq u a tio n  ^q2 ^Wq/  Y q:q

y  i s  found by; using- th e  equation , I n /  =('9PTC/128PCT) ( I -  

6"(.T§/T^))', where. An. i s  th e  change in  th e  number o f moles
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in- th e  r e a c t io n ,  P i s  the  p re s s u re , P0 i s  the  c r i t i c a l  

p re s s u re , Tr i s  th e  tem p era tu re , T  ̂ i s  th e  c r i t i c a l  p re s su re , 

i s  th e  a c t i v i t y  c o e f f ic ie n t s ,  and K^Ls th e  eq u ilib r iu m  

c o n s ta n to

The c r i t i c a l  p r e s s u r e s . and tem perature 's f o r  th e  gases 

being  s tu d ie d  a r e :

m. m ’ °o2 si
P0; 3405 atm  218; atm  7 2 ,9  atm 12,8 atm

Tb 133°% 647?°% 304°% . 33,3°%

The eq u ilib riu m , co n s tan t, i n  .terms: o f the. change in  

th e  number o f moles is .;

0:0 + IF2O ----- OiQ2 %
a t ,  s t a r t  I I 0 0

a t  e q u i l ,  ( l - • x )  (I - x ). X X.

ahd th e  t o t a l  r e l a t i v e  number o f moles a t  e q u ilib r iu m  is :

2 , th e re fo re %  = (VO-x) )2 . Thus by using th e  eq u a tio n

( x / ( 1 - z ) ) 2 = %eq/K^ , th e  f i n a l  r e s u l t s  a re o b tia n e d :

P ressu re Tem perature % S m . . $  co n v e rs io n

300 atm 327i°0: • 1 .72 15.o 8 79 .8
427? . 1.39 6.49 71 .9
6:27: 1,17 1.89 57.9

400 atm 327°Oi.' 2 ,06: 13.2 . 78.5:
427 i .56: 5 .78 70.6:
627? 1.23 1,80 57.4
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