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Abstract:
A continuous short residence time coal liquefaction process was analyzed for its capability to
catalytically hydrogenate pulverized coal, using a metal chloride, hydrogen-chloride catalyst system.

The coal studied was Rosebud sub-bituminous coal from Colstrip, Montana. The process consisted of a
continuous coal feeder which delivered coal to an Inconel, tubular reactor which was run between 400
and 600°C and 500 and 1,000 psig. The coal was carried through the reactor entrained in a flow of
hydrogen or a mix of hydrogen and hydrogen chloride. Six different metal chloride catalysts were
impregnated on coal and tested for conversion. Analysis included coal conversion by hexane, toluene,
and pyridine soluble fraction and nitro gen and sulfur determination.

Results indicated that the addition of metal chlorides to coal significantly increased the level of coal
conversion over non-catalytic coal. The presence of hydrogen chloride in the feed gas greatly increased
coal conversion in both catalytic and non-catalytic coals.

The effect of three operating variables on nickel chloride impregnated catalytic coal was also
determined. The coal conversion was shown to increase with increasing temperature and pressure, and
to decrease with increasing carrier gas flow rate. 
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AB S TR A C T

A con tin uous  s h o r t res idence tim e coal liq u e fa c tio n  process was 
ana lyzed fo r  its  c a p a b ility  to  c a ta ly t ic a lly  hyd rog ena te  p u lv e rize d  coal, 
us ing  a metal c h lo r id e , h y d ro g e n -c h lo r id e  c a ta ly s t system .

The coal s tu d ie d  was Rosebud s u b -b itu m in o u s  coal from  Cols t r ip ,  
Montana.. .The process consis ted  o f a con tinuous  coal fe e d e r which 
d e live re d  coal to  an Incone l, tu b u la r  re a c to r w h ich was ru n  between 
400 and 600°C and 500 and 1,000 p s ig . T he  coal was c a rr ie d  th ro u g h  
th e  re a c to r e n tra in e d  in  a flo w  o f h yd ro g e n  o r a m ix o f hyd rogen  
and h yd ro g e n  c h lo r id e . S ix  d i f fe re n t  metal ch lo rid e  c a ta lys ts  were 
im pregnated  on coal and tes te d  fo r  conversion.. A n a lys is  inc luded  coal 
conve rs ion  b y  hexane, to lu e n e , and p y r id in e  so lub le  fra c t io n  and n itro  
gen and s u lfu r  de te rm in a tio n .

R esults in d ica ted  th a t  th e  a d d itio n  o f metal c h lo rid e s  to  coal 
s ig n if ic a n tly  increased th e  level o f coal conve rs ion  o v e r n o n -c a ta ly tic  
coal. T he  presence o f h yd rog en  c h lo rid e  in  th e  feed gas g re a tly  
increased coal conve rs ion  in  bo th  c a ta ly t ic  and n o n -c a ta ly tic  coals.

T he  e ffe c t o f th re e  o p e ra tin g  v a ria b le s  on n icke l c h lo rid e  im p re g ­
nated c a ta ly t ic  coal was also d e te rm in e d . T he  coal conve rs ion  was 
shown to  increase w ith  in c rea s ing  te m p e ra tu re  and p re s s u re , and to  
decrease w ith  in c re a s in g  c a r r ie r  gas flo w  ra te .



INTRO DUCTIO N AND BACKGROUND

A . C u rre n t  Domestic E ne rgy  C ond ition

E nergy  is th e  backbone o f o u r  modern techn ica l s o c ie ty . Its  

heavy in flu e n ce  on n e a rly  e v e ry  aspect o f o u r e v e ry d a y  lives  has de ­

veloped in  such a m anner th a t  few  rea lized  th e  scope o f o u r depen­

dency u n t il th e  A ra b  O il Embargo o f 1973. As we become eve r in c re a ­

s in g ly  dependen t on fo re ig n  c ru d e  o i l,  o u r c o u n try  has launched an 

in tense  e f fo r t  to  f in d  a lte rn a tiv e  e n e rg y  sources. The  p re se n t u n fa ­

vo ra b le  tra d e  s itu a tio n s  w ith  e n e rg y -r ic h  Iran  and Mexico due to  p o li­

tica l u n re s t,  s tand to  in te n s ify  th is  p rob lem . In a d d it io n , th e  U n ited 

S tates is also s u ffe r in g  from  decreased p ro d u c tio n  o f dom estic c rude  

o i l . T he  U n ited  S tates s u p p ly  o f c ru d e  o il has a huge im pact on th e  

w o rld  economic s itu a tio n  as is c u r re n t ly  dep ic ted  b y  r is in g  in f la t io n , 

neg a tive  balance o f t ra d e , and th e  w o rld w id e  deva lua tion  o f the  U .S . 

d o lla r . I t  can be seen th e n , th a t  in o rd e r  fo r  th e  U n ited  States to  

re ta in  its  s tanda rd  o f liv in g  and economic independence, i t  m ust de fine  

a lte rn a tiv e  e n e rg y  sources.

The  U n ited  S tates has more e n e rg y  ava ilab le  on a B tu  basis in  th e  

fo rm  o f coal thah  in petroleum,, n a tu ra l gas, oil sha le , and ta r  sands 

combined [ I ] .  In l ig h t  o f o u r c u r re n t  e n e rg y  sho rta g e s , th e  increased
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use o f coal to  s a t is fy  o u r  needs is essen tia l. H ow ever, so lid  fue l can 

o n ly  be c u r re n t ly  app lied  to  a lim ited  p o rtio n  o f o u r to ta l ene rg y  

demand w h ile  e n e rg y  use in th e  t ra n s p o r ta t io n , household and commer­

cia l areas are to ta lly  dependen t on liq u id  and gaseous fu e ls . In. a d d i­

t io n ,  most o f th e  e n e rg y  consumed in in d u s try  comes from  liq u id  and 

gaseous fu e ls . T h e re fo re , i t  would be h ig h ly  d e s ira b le  to  c o n v e rt 

coal to  commercial q u a n tit ie s  o f liq u id  fu e l.

A cco rd in g  to  f ig u re s  re p o rte d  b y  th e  1974 World E ne rgy  C ounc il, 

th e  U n ited  S tates has abou t 25 p e rce n t o f th e  w o rld 's  recoverab le  coal 

beds [ I ] .  T h is  coal accounts fo r  94.5 p e rce n t o f th e  U .S . foss il 

rese rve  [2 ] .  O f th e  n e a rly  800 b illio n  tons  o f coal recove rab le  from  

e x is tin g  coal re se rv e s , almost t h i r t y  p e rc e n t are located in  th ic k  beds 

w h ich  are m ineable b y  e x is tin g  s t r ip  m in ing  techno logy  [ 3 ] .  F igu re  I 

shows th a t  41 p e rc e n t o f th e  dem onstra ted  coal rese rve  base is located 

in  th e  N o rth e rn  R ocky M ounta in R eg ion .

B . The  S tru c tu re  o f Coal

Coal is a carbonaceous, com bustib le  so lid  w h ich o r ig in a te d  from  

th e  accum ulation and b u r ia l o f p a r t ia l ly  decomposed vege tab le  m atte r 

from  p re v io u s  geolog ica l ages [4 ] .  B io log ica l changes and subsequen t 

changes o f te m p e ra tu re  and p re ssu re  a lte re d  these depos its  o f coal such 

th a t  coal is no t a u n ifo rm  substance and no tw o  coals a re  th e  same in
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SOUTHERN APPALACHIAN BASIN 
(EASTERN KY1 VA1TN1 HC1 GA, AL)NORTHERN ROCKY MOUNTAINS 

(ND. SO. MT. W Y1 ID)

WESTERN INTERIOR BASIN 
'  (XS. MO. OK, AR. TX )

_  W EST COAST 
(AK . W A. OR. CA)

SOUTHERN ROCKY MOUNTAINS 
(  CO. UT1 AZ, HM)

ILLINOIS BASIN 
( I I .  IN. WESTERN KY)

HOiiriIERN APPALACHIAN BASIN 
(PA. CR, W V. MO)

. MICHIGAN BASIN 
(NEGLIGIBLE AMOUNT)

Source: U S. Geological Survey Bulletin No. 1412.

F ig u re  I .  D is tr ib u t io n  o f Domestic D em onstra ted  Coal R eserves [ I ] .
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e v e ry  re sp e c t. S ince in c re a s in g  geolog ica l age b u rie d  coal deeper and 

com pressed i t  m ore, th e  dep th  a t w h ich  coal is fo u n d  g ives  a general 

g u ide  as to  its  ra n k . H igh ra n k  coals b u r ie d  deep and m ined u n d e r­

g ro u n d  are a n th ra c ite  and b itu m in o u s , w h ile  sha llo w er, s t r ip  m ineable 

coals a re  lower ra n ks  o f s u b -b itu m in o u s  and lig n ite .  T he  d if fe re n t  

ra n ks  have a w ide ra n g e  o f com position as well as chemical and p h y s i­

cal p ro p e rt ie s . Coal is p r im a r ily  composed o f ca rb o n , h y d ro g e n , .and 

oxygen  w ith  m inor am ounts o f s u lfu r  and n itro g e n  as well as v a ry in g  

am ounts o f m o is tu re  and m inera ls .

From chemical c h a ra c te riza tio n  w o rk  perfo rm ed on b itum inous coals, 

i t  appears th a t  long ch a in , sim ple a lip h a tic  and a lic y c lic  hyd roca rbo n  

g ro u p s  re p re s e n t th e  b u lk  o f th e  coal m olecule. M u ltip le  po lyn u c le a r 

r in g  s tru c tu re s  are  a p p a re n tly  absen t. A lth o u g h  coals were once 

th o u g h t to  have 50 o r 60 o f th e  r in g  s tru c tu re s  connected., i t  appears 

th a t  o n ly  f iv e  o r  s ix  a c tu a lly  com bine. A model o f th e  s tru c tu re  is 

shown in  F ig u re  .2 [5 ] .

C . Coal L ique fac tion

Coal liq u e fa c tio n  b y  h yd ro g e n a tio n  u n d e r p re ssu re  a t elevated 

tem p e ra tu res  was f i r s t  s tu d ie d  b y  B e rg iu s  in 1913. B y  th e  1940's, 

G erm any had n ine  commercial p la n ts  p ro d u c in g  liq u id  fu e ls  from  coa l. 

T he  te ch n o lo g y  ceased to  be deve loped fu r th e r  due to  th e  then  low 

costs o f n a tu ra l gas and c ru d e  o il.
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S Il-C-H O H-C-K

t - C *-C

C= OV HO

OH A. H2-9H
C-OH

OH OH O
C - O -  O

OH A3K O - C - ,
H HH H

a %-C—C —C - C - OH H
H H

-R 3—c  v —rfs"-cH

C=OtU K

R0N A lic y c lic  R ings o f N C arbons 

RN A lk y l S ide C hains o f N C arbons 

R1N U n sa tu ra ted  A lk y l Chains

CB C ro s s -b o n d in g  to  O th e r H e te ro cyc lic  G roups  

T  T e tra h e d ra l Bonds

F ig u re  2. T y p ic a l S tru c tu re  o f S u b -B itu m in o u s  Coal [7 ] .
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Techn iques  fo r  c o n v e rt in g  coal to  liq u id  fu e ls  are now being 

im proved w ith  th e  c u r re n t  emphasis be ing  placed on th e  deve lopm ent 

o f fu e ls  su ita b le  fo r  b o ile r  feeds and re f in e ry  feeds tocks .

Coal has a carbon to  h yd rog en  w e ig h t ra tio  (C /H )  ra n g in g  from  

12 fo r  lig n ite  coals to  above 20 fo r  a n th ra c ite  coal. T o  c o n v e rt coal 

to  liq u id s , i t  is necessary to  increase th e  hyd rog en  c o n te n t o f the  

co a l. T h is  h y d ro g e n a tio n  process is th e  re s u lt  o f add ing  a hyd rogen  

molecule to  an u n sa tu ra te d  ca rb o n -ca rb o n  bond . I f  th e  C /H  ra tio  is 

lowered to  10, a th ic k , ,  v iscous s y n th e tic  c ru d e  o il is p ro d u ce d . By 

in c re a s in g  th e  degree o f h y d ro g e n a tio n  to  a C /H  ra tio  o f 3, methane 

gas can be fo rm ed .

In th e  coal liq u e fa c tio n  p rocess , i t  is be lieved th a t  th e  h y d ro ­

genation  process is accompanied b y  th e  decom position o f la rge  molecu­

la r  w e ig h t com pounds in to  sm aller fra g m e n ts  [6 ] .  I f  th e  coal is heated 

in  a normal p y ro ly s is  p rocess , the rm a l c ra c k in g  and po lym eriza tion  

o ccu r w ith  p ro d u c ts  such as p a ra ff in s ,  o le fin s , a rom atics , ta r ,  coke, 

c h a r, and po lycondensed p itc h  be ing fo rm ed . I f  th e  coal is heated in 

presence o f a c a ta ly s t,  th e  am ount o f po lym eriza tion  is co n tro lle d  and 

more use fu l p ro d u c ts  a re  fo rm ed , those  be ing In genera l a lky la te d  a ro ­

m atics, liq u id s  and h yd ro ca rb o n  gases.

I t  has been re p o rte d  th a t  as th e  C /H  ra tio  o f th e  coals increase, 

th e  conve rs ion  o f coal to  liq u id  p ro d u c ts  decrease, th e  ideal in it ia l
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ra tio  be ing  16 [7 ] .  The  C o ls tr ip ,  M ontana, s u b -b itu m in o u s  coal used 

in  th is  th e s is  w o rk  has a C /H  ra tio  o f 14 .5 .

D. P roduc ts  o f Coal L ique fac tion

A common means o f fra c tio n a tio n  and c h a ra c te riza tio n  o f coal liq u e fa c ­

t io n  p ro d u c ts  is th ro u g h  a series o f s o lve n t e x tra c tio n s . The major 

c la ss ifica tio n s  o f fra c t io n s  a re :

(1 )  O ils - hexane so lub le  fra c t io n .

(2 )  A spha ltenes - hexane in s o lu b le , benzene o r  to luene  soluble

f ra c t io n .

(3 )  A sp ha lto ls  -  benzene o r  to luene  in so lu b le , p y r id in e  soluble

f r a c t io n .

O f th e se , th e  aspha ltene and aspha lto l are th o u g h t to  be respon­

s ib le  fo r  h igh  v is c o s ity  and p rocess ing  d if f ic u lt ie s  in  th e  va rio u s  coal 

liq u e fa c tio n  processes [9 ] .

T he  o il p ro d u c t is th e  most d es ira b le  since i t  may be used 

d ire c t ly  as a feeds tock  in  e x is tin g  re f in e ry  te ch n o lo g y . The  o ils have 

th e  h ig h e s t degree o f h yd ro g e n a tio n  o f th e  th re e  liq u id  p ro d u c ts .

A spha ltenes are considered  to  be one o f the  p r in c ip a l in te rm e d i­

ates in  th e  conve rs ion  o f coal to  an o il p ro d u c t.

I t  has been suggested  th a t  asphaltenes are th e  coal "m onom er", 

th a t  is th e  sm allest u n it  o f coal th a t  s t i l l  re ta ins  th e  sp e c tra l q u a litie s  o f 

th e  whole co a l. A d d itio n a l h y d ro g e n a tio n  o f asphaltenes to  o ils  is a v e ry
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d i f f ic u l t  s te p . In W eller's  mechanism o f coal liq u e fa c tio n  b y  th e  f i r s t  

o rd e r  series reaction  o f coal to  aspha ltene  fo llow ed b y  asphaltene to  oil 

he re p o rte d  th e  ra te  co n s ta n t a t 400°C o f th e  f i r s t  reac tion  to  be 

tw e n ty - f iv e  tim es g re a te r  than  th e  second o r o il p ro d u c in g  reac tion  

[1 0 ].  A spha ltenes have been shown to  have hyd rog en  bonded ac id - 

base com plexes w ith  separa te  species h a v ing  o n ly  an acid o r  a base 

ch a ra c te r [1 1 ].  I t  has been concluded th a t  most o f th e  oxygen  in 

asphaltenes are t ie d  up in  pheno lic  h y d ro x y l g roup s  and abou t one- 

fo u r th  o f th e  a c tive  h yd ro g e n  is associated w ith  n itro g e n  heteroatom s. 

T h e re  is s t i l l  a ques tion  as to  th e  exac t chemical fu n c t io n a li ty  o f 

asphaltenes [1 2 ].

A sp ha lto ls  appear to  be v e ry  h ig h ly  fu n c tio n a l po lypheno ls  w ith  

more th a n  ten  p e rc e n t heteroatom s. T h e y  have a g re a te r  b a s ic ity  and 

h ig h e r oxygen  c o n te n t th a n  aspha ltenes. T h e y  have also been shown 

to  c ro s s - l in k  and po lym erize  v e ry  re a d ily  [1 1 ].  I t  has been shown 

th a t  fo r  low conve rs ion  o f coal, th e  aspha lto l p ro d u c t re p re se n ts  up to  

80 p e rc e n t o f th e  to ta l p ro d u c t [9 , 1 3 ]. T he  te rm  aspha lto l was o r i ­

g in a lly  proposed due to  th e  ev idence show ing th a t  aspha lto ls  could be 

d is tin g u is h e d  from  asphaltenes b y  a h ig h e r  degree o f fu n c t io n a lity  

in th e  fo rm  o f more h y d ro x y  g roup s  p e r molecule [9 , 1 3 ].

In o rd e r  to  f in d  a more fundam enta l u n d e rs ta n d in g  o f th e  chem i­

cal n a tu re  o f coal liq u e fa c tio n  p ro d u c ts , Mobil Research and Develop­

m ent C o rp o ra tio n  deve loped a method o f chemical fra c tio n a tio n  [1 3 ].
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T h e ir  basis was th a t  e x tra c tio n  to ld  l i t t le  abou t th e  liq u e fa c tio n  p ro ­

duc ts  from  a chemical s ta n d p o in t s ince  s o lu b ility  depends no t on ly  on 

m olecu lar w e ig h t, carbon ske le to n , and chemical fu n c t io n a li ty ,  b u t also 

in te ra c tio n s  w ith  o th e r so lub le  species w h ich  can also a c t as so lven ts . 

T h e y  pos tu la ted  th a t  depend ing  on th e  presence o r absence o f o th e r 

species in coal liq u id ,  a molecule could end up as e ith e r  an oil o r 

aspha ltene . T he  method deve loped was a liq u id  ch rom a to g raph ic  p ro ­

cedu re  us ing  s ilica  gel as th e  s ta tio n a ry  phase [1 4 ].  The  e lu tion  so l­

v e n ts , a p p a re n t chemical classes, and e x tra c tio n  c la ss ifica tio n  is 

shown in  F ig u re  3. I t  is  shown th a t  o ils  con ta in  some n o n -h y d ro c a r­

bon com pounds w h ich  are  p r im a r ily  e th e rs , and th a t  asphaltenes are 

fo r  th e  most p a r t  m ono func tiona l. M obile also re p o rte d  th a t  th e  w e ig h t 

p e rce n t o f heteroatdm s in  th e  oil f ra c t io n  is about I  p e rc e n t o r  less 

w h ile  abou t 2 p e rc e n t in  asphaltenes and 10 pe rce n t in  aspha lto ls . As 

a re s u lt  o f th e  Mobil w o rk , a model was developed fo r  th e  average 

chemical s t ru c tu re  o f an aspha lto l molecule generated fro m  West Ken­

tu c k y  coal (F ig u re  4 ) ,  th e  s t ru c tu re  fo r  th e  average compound coming 

from  th e  so lu tion  e lu ted  in  te tra h y d ro fu ra n .



M OBIL FR A C T IO N A TIO N . PROCEDURE

Classical D e sc rip tio n F raction E lu tion  S o lven t Major Compounds

O ils (1 -3 ) I Hexane. S a tura tes
2 Hexane/15% Benzene Arom atics
3 C h lo ro fo rm Polar arom atics; non- 

basic N, 0 ,  S -h e te ro - 
cyc lics

A spha ltenes (3 -5 ) 4 ' Chloroform /10%
Et9O

Simple phenols

5 EtgO/3% EtOH Basic n itro g e n  he te -
ro c y c lic s , d i and 
tr ip h e n o ls

6 MeOH H ig h ly -fu n c tio n a l 
molecules (g re a te r  
than  10% heteroatom s)

7 CHCL/3%  EtOH Polyphenols
A sp ha lto ls  (5 th ru  9) 8 TH F ^ Increas ing  O co n te n t 

and n itro g e n  b a s ic ity
9 P y r id in e

10 N on -e lu ted , unknow n
m aterials

F ig u re  3. Mobil F rac tiona tion  P rocedure .
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F ig u re  4

^61^46^2^4  73% Ar o m a tic  Carbon

900 Mo l , W i, 60% Ar o m a tic  Hydrogen

General S tru c tu re  o f A ve rag e  A sp ha lto l M olecule [1 3 ].
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E. Coal L iq ue fac tion  Processes

The p ro d u c tio n  o f liq u id s  from  coal can be done b y  fo u r  genera l 

m ethods:

(1 )  H y d ro liq u e fa c tio n .

(2 )  S o lven t e x tra c t io n .

(3 )  P y ro ly s is .

(4 )  L iq u id  h yd ro ca rb o n  c a ta ly t ic  syn th e s is .

H y d ro liq u e fa c tio n  is th e  d ire c t  c a ta ly t ic  h yd ro g e n a tio n  o f coal

u n d e r e levated p re s s u re  and te m p e ra tu re . In th e  genera l p rocess, coal 

is s lu r r ie d  w ith  a coal d e r iv e d  recyc le  o il and then  m ixed w ith  gaseous 

h yd rog en  and fed  in to  a re a c to r ru n  a t abou t 850°F and from  2,000 to  

4,000 p s ig . One o f th e  bes t ca ta lys ts  appears to  be coba lt m o lybdate. 

The  main p ro d u c t o f th is  process is a heavy o i l , and th e  coal h e te ro ­

atoms ( s u lfu r ,  o x y g e n , and n itro g e n )  leave as low m olecu lar w e igh t 

gases. An example o f h y d ro liq u e fa c tio n  inc ludes  th e  f i r s t  commercial 

process fo r  c o n v e rt in g  coal to  liq u id s . The  B e rg ius  process genera ­

ted  gaso line and m idd le  o ils  fo r  Germ any d u r in g  W orld War Il a t a peak 

p ro d u c tio n  o f 64,200 b a rre ls  pe r d a y . T h is  process opera ted  a t 800°F 

to  900°F and 250 to  700 atm ospheres u s ing  an iro n  su lfa te -sod ium  s u l­

f id e  c a ta ly s t. The  S y n th o il process deve loped by  th e  U .S . Bureau o f 

Mines is also a h y d ro liq u e fa c tio n  p rocess. In th is  m ethod, a s y n th e tic  

c ru d e  o il w ith  a hea ting  va lue  o f 17,000 B tu / lb  is genera ted  a t a y ie ld  

o f 3 .3  b a rre ls  p e r ton  o f coal. The  s u lfu r  con ten t is s t i l l  f a i r ly  h ig h .

I
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alm ost 0 .3  w e ig h t p e rc e n t in  th e  p ro d u c t. C obalt m o lybdate  c a ta ly s t 

im pregnated  on a s ilica  prom oted alum ina s u p p o rt is used to  cata lyze 

th e  reac tion  a t SSO0F and 4000 p s ig . O th e r examples o f h y d ro liq u e fa c ­

t io n  in c lu d e  th e  Co-Steam p rocess , H-Coal p rocess, and va rio u s  Z in c - 

C h lo rid e  C a ta ly s t processes [15, 1 6 ].

S o lven t e x tra c tio n  is th e  liq u id  phase d isso lu tio n  o f coal to  liq u id s . 

In th is  m ethod, th e  coal is p a r t ia l ly  d isso lved  in a h yd ro g e n  r ic h  so l­

v e n t and th e  und isso lved  p o rtio n  is f i lte re d  o u t. T he  s o lve n t is reco­

ve red  from  th e  p ro d u c t b y  d is t i l la t io n  w h ile  th e  und isso lved  so lid  is 

reacted w ith  steam to  p roduce  h y d ro g e n . These processes are gene­

ra lly  term ed as s o lve n t re fin e d  coal (S R C ).

T he  Exxon h yd rog en  donor s o lve n t process and th e  Cresap SRC 

process are  examples o f th e  so lve n t e x tra c tio n  p rocess. In th e  Exxon 

m ethod, a hyd rog ena ted  hyd ro a ro m a tic  m ateria l is used as th e  donor 

so lve n t a t o p e ra tin g  co n d itio n s  o f 850°F and 200-1000 p s ig . T hey  are 

o p e ra tin g  a o n e -h a lf ton  p e r day p ilo t  p la n t in B ay tow n , Texas. The 

C resap SRC process ru n s  a t 765°F and 150 p s ig . F lou r E ng ineering  is 

o p e ra tin g  a 20 ton  p e r day  p ilo t p la n t a t C resap , West V irg in a . The 

C resap process is also called P ro jec t G asoline. G ene ra lly  th e  liq u id  

p ro d u c ts  o f SRC processes m ust be upg ra ded  by  c a ta ly t ic  hyd ro g e n a ­

tio n  [1 7 ].  O th e r SRC processes in c lu d e  th e  Pamco P rocess, S outhern  

S e rv ices SRC Process and S o lven t R efined L ig n ite  Process [15, 16 ].
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P y ro ly s is  o f coal in th e  most genera l sense is th e  hea ting  o f coal 

in th e  absence o f oxygen  and h yd ro g e n  to  c ra ck  th e  la rge  molecule's 

in to  sm aller liq u id  and gaseous p ro d u c ts . In th is  p rocess , most o f th e  

carbon is re jec ted  as a so lid  c h a r. T he  liq u id  p ro d u c ts  m ust be f u r ­

th e re d  upg raded  to  be in  a usable fo rm . Examples o f coal p y ro ly s is  

a re  th e  FMC COED process and O il Shale C o rp o ra tio n 's  Toscoal P rocess. 

In  th e  COED m ethod, coal is heated us ing  success ive ly  h ig h e r tem pera­

tu re s  in  a series o f fo u r  f lu id iz e d  bed ca rb o n ize rs . Process p ressu res  

are from  5 to  10 ps ig  w h ile  process tem p e ra tu res  range from  500°F in 

th e  f i r s t  ca rb o n ize r to  1600°F in th e  fo u r th  stage. A 36 ton  per day 

COED p ilo t  p la n t has been su c c e s s fu lly  ru n  in P rin ce to n , New Je rsey . 

T he  p la n t has now been d ism an tled . In th e  Toscoal p rocess , crushed  

coal is p reheated in  a f lu id  bed and th e n  fed  to  a p y ro ly s is  drum  

w here  i t  is heated b y  ho t ceram ic b a lls . P y ro ly t ic  vapo rs  are con­

densed and f ra c t io n a te d . O pe ra ting  tem p era tu res  are fro m  SOO0F to  

IOOO0F. A 25 ton  pe r day  p ilo t  p la n t has been ru n  u s ing  Wyoming 

s u b -b itu m in o u s  coal. O th e r p y ro ly t ic  processes in c lu d e  th e  H y d ro c a r- 

bon iza tion  p rocess, Seacoke p rocess, and G a rre tt Coal P y ro ly s is  P ro­

cess [15, 1 6 ].

L iq u id  h yd ro ca rb o n  c a ta ly t ic  s y n th e s is  can be ach ieved using 

syn th e s is  gas v ia  th e  F isch e r-T ro p sch  m ethod . . In th is  p rocess, coal 

is  con ve rte d  b y  g a s ifica tio n  to  syn th e s is  gas (h y d ro g e n  and carbon 

m onoxide), w h ich re a c t in  th e  presence o f a F is c h e r-T ro p s c h  c a ta lys t
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to  p roduce  a v a r ie ty  o f liq u id  p ro d u c ts . The y ie ld  depends on ope ra ­

t in g  co n d itio n s  and choice o f c a ta ly s t. Methanol can be produced 

e x c lu s iv e ly  b y  choosing co p p e r-z in c -ch ro m iu m  ca ta lys ts  and spec ific  

o p e ra tin g  c o n d itio n s . The F is c h e r-T ro p s c h  process te ch n o lo g y  has 

been ava ilab le  com m ercia lly  fo r  yea rs  as ev idenced b y  th e  SASOL 8,000 

ton  p e r day  p la n t o p e ra tin g  in South A fr ic a .  Here coal is gas ified  v ia  

th e  German L u rg i Process and liq u id  p ro d u c ts  are genera ted  a t 300 to  

360 psia and 430 to  660°F [15 , 1 6 ].

F . S h o rt Residence Time Coal L ique fac tion

Research s tu d y in g  th e  ra p id  coal liq u e fa c tio n  us ing  s h o r t  residence tim e 

is be ing  s tu d ie d  a t severa l locations a round  th e  U n ited  S ta tes . The 

research  is g e n e ra lly  d iv id e d  in to  tw o genera l ca tego ries : ( I )  noncata -

Iy t ic  fla sh  h y d ro p y ro ly s is  (FH P ) and (2 )  ra p id  c a ta ly t ic  h y d ro g e n a tio n .

T he  basis o f th is  research  comes from  th e  prem ise th a t  in the  

ra p id  hea ting  and h y d ro g e n a tio n , th e  fo rm a tion  o f h igh  b o ilin g  ta rs  and 

ch a r is p a r t ia l ly  e lim in a te d . O n ly  a s h o r t period  o f tim e is a p p a re n tly  

re q u ire d  fo r  th e  liq u e fa c tio n  o f coa l; and i f  th e  liq u e fa c tio n  p rodu c ts  

are held a t e levated tem p era tu res  fo r  lo nge r periods o f tim e , no a d d i­

tio n a l conve rs ion  is o b ta in e d . In fa c t,  th e  amount o f u se fu l p ro d u c ts  

decreases th ro u g h  po lym eriza tion  and fo rm  less use fu l p ro d u c ts  such as 

ch a r (F ig u re  5) [1 1 ].  Research pe rfo rm ed  a t P ennsy lvan ia  S ta te  U n i­

v e rs ity  shows th a t  coals genera te  th e  m ost v o la tile  m a tte r y ie ld  i f
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heated to  reaction  tem p e ra tu res  a t e x tre m e ly  h igh  ra te s . I t  appears 

these h igh  ra tes p re v e n t c ro s s - lin k in g  po lym eriza tion  w h ich  reduces 

th e  y ie ld s  o f th e  d es ira b le  p ro d u c ts  [18 , 1 9 ].

S h o rt res idence tim e (S R T ) coal liq u e fa c tio n  is a f a i r ly  new te c h ­

no logy  in  w h ich  coal is ra p id ly  hyd rog ena ted  a t h igh  te m p e ra tu re  and 

p re s s u re  and then  quenched to  y ie ld  a v a r ie ty  o f p ro d u c ts  in c lu d in g  

s u b s titu te  n a tu ra l gas, an arom atic d is t i l la te  o il composed o f m ain ly 

benzene, to lu e n e , and x y le n e , a fu e l o i l,  s u lfu r ,  ammonia, and c h a r. 

Residence tim es are g e n e ra lly  fra c tio n s  o f a second.

A mechanism has been proposed fo r  th e  h y d ro p y ro ly s is  o f coal 

in  w h ich  i t  is  pos tu la ted  th a t  in th e  in it ia l s tages, decom position 

reac tions  occu r as a f i r s t  o rd e r  conve rs ion  o f carbon so lids  to  v o la tile  

species th a t  f lo w  o u t o f th e  so lid  in to  th e  b u lk  gas f lo w . Since th is  

f lo w  is h ig h , th e re  is l i t t le  chance fo r  h yd rog en  to  reach th e  solid 

in te rfa c e  and re a c t d ire c t ly .  In th e  b u lk  phase, th e  v o la tile  p ro d u c ts  

o f coal decom position reac t fu r th e r  w ith  th e  h yd ro g e n . A t  h igh  tem ­

p e ra tu re s , m olecu lar c ra c k in g  can o ccu r and fre e  rad ica l p ro d u c ts  are 

s ta b liliz e d  b y  th e  h igh  excess o f h yd ro g e n  p re se n t. T h u s  a lky la ted  

arom atics would be d ea lky la te d  to  fo rm  benzene and methane and 

re s u lt  in a h igh  y ie ld  o f th e  des ira b le  o il p ro d u c t. A t  low er tem pera­

tu re s ,  th e  m olecu lar c ra c k in g  would o ccu r to  a lesser e x te n t and more 

a lk y la te d  species such as to lu e n e , x y le n e , pheno ls , and naphta lenes 

would be in  th e  p ro d u c t [20, 2 1 ].



RELATED RESEARCH

A . U n iv e rs ity  o f U tah 's  C ontinuous Coal H yd rogena tion  Process

T he  U n iv e rs ity  o f U tah has deve loped a con tin uous  c a ta ly t ic  fla sh  

h y d ro g e n a tio n  process u t il iz in g  a tu b u la r  re a c to r system  feed by  a 

s ta r  wheel fe e d e r. . T h is  des ign  uses a h igh  v e lo c ity , tu rb u le n t  f lo w ­

ing  h yd ro g e n  stream  to  e n tra in  p u lv e r iz e d  coal and c a r ry  i t  th ro u g h  a 

p re ssu rize d  and heated tu b u la r  re a c to r . T he  process emphasizes 

s h o r t res idence tim e and s h o r t h yd ro g e n  to  coal ra t io s .

T he  process equ ipm ent cons is ts  o f a p re ssu rize d  dua l coal hoppe r 

and ro ta ry  wheel fe e d e r, a h yd ro g e n -co a l p a rt ic le  p re h e a te r, a tu b u la r  

re a c to r, a s o lid s - liq u id s  re c e iv e r, condensers , a f i l t e r ,  and sam pling 

and m o n ito rin g  dev ices . T he  system  can opera te  a t 2,000 psi a t a coal 

feed ra te  from  3 to  500 gram s p e r m inu te . The p re h e a te r and f i r s t  

re a c to r section are  immersed in molten lead w h ile  a fu rn a c e  heats the  

rem a in ing  p a r t  o f th e  re a c to r. T he  re a c to r cons is ts  o f 2 0 -fo o t sections 

o f coiled tu b in g . Residence tim e is v a r ie d  b y  choice o f re a c to r le n g th . 

A ty p ic a l ru n  cons is ts  o f a coal ra te  o f 100 g /m in  a t a h yd rog en  flow  

ra te  o f 30 s ta n d a rd  cu b ic  fe e t p e r m inu te  w ith  -40 mesh coal im pregna­

ted  w ith  5 .5  p e rc e n t d r y  z inc  c h lo rid e  a t a te m p e ra tu re  o f 550°F and 

2,000 p s i. T h e y  have ob ta ined  conve rs ion  (M AE) o f o v e r 40 pe rcen t 

fo r  these  z inc  ha lide  c a ta lys ts  [22 , 23, 2 4 ].
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B. C itie s  S e rv ice  Research and Developm ent S h o rt Residence Time

Coal H y d ro p y ro ly s is

In th e  C itie s  S e rv ice  FHP p rocess , p u lv e rize d  coal (70 pe rcen t 

th ro u g h  200 m esh) is m ixed w ith  p reheated hyd rog en  and fed  to  a 

re a c to r a t p re ssu re s  ra n g in g  between 600 and 3,000 ps ig  and tem pera­

tu re s  ra n g in g  between IIOO0F and 1800°F. T h is  process is n o n -c a ta ly - 

t ic .  C o a l-p a rtic le  res idence tim e can be co n tro lle d  between 0.1 and 2 

seconds. A f te r  th e  s h o r t re a c tio n , th e  p ro d u c ts  are ra p id ly  quenched 

b y  f lu s h in g  w ith  c ry o g e n ic a lly  cooled h y d ro g e n . The  ch a r is separa­

ted  and th e  gas stream  is cooled to  condense b en zene -to lue ne -xy len e  

liq u id ,  o i l , ammonia liq u o r ,  and w a te r.

The  re a c to r is a f re e - fa ll p ipe  heated b y  an e le c tr ic  fu rn a c e .

Coal is fed  ba tchw ise  in to  a p re ssu rize d  hoppe r w here a s ta r  wheel 

feede r d e liv e rs  th e  coal and p re -h ea ted  h yd rog en  to  th e  re a c to r. The 

coal fa lls  w ith  th e  h yd ro g e n  th ro u g h  a fo u r - fo o t  p ip e -re a c to r  devo la ­

t i l iz in g  along th e  w ay. The  residence tim e is co n tro lle d  b y  in tro d u c ­

t io n  o f cold h yd ro g e n  th ro u g h  a v a r ia b le  leng th  p robe  in se rte d  in to  

th e  bottom  o f th e  re a c to r. T h is  allows fo r  chang ing  th e  re a c to r leng th  

w ith o u t chang ing  th e  re a c to r. The re a c to r is a 1% inch  scheduled XX 

p ip e . The  condensing  system  can be v a r ie d  from  -200°F to  +200°F by 

use o f su ita b le  coo lan ts . The  non-condensab le  gases are m etered, 

ana lyzed b y  gas ch ro m a to g ra p h y , and v e n te d . Tab le  I g ives  a range 

o f o p e ra tin g  co n d itio n s  w h ich  have been s tu d ie d . W ith th is  system .
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Tab le  I .  C itie s  S e rv ices Process Run C ond itions

Run Time

H yd rog en /C oa l Ratio

A y g . P a rtic le  Size

Coal Heatup Rate

A v g . Reactor T em pera tu re

Reactor P ressure

Quench T em pera tu re

1 .2 5 -8 .0  H r 

0 .1 8 -2 .0  Ib / lb  

50-40 m icrons 

50,000-150,000 °F /se c  

1150-1575°F 

500-3,000 psi 

450-1OOO0F .

C ities  S e rv ices can process up to  tw o pounds o f coal p e r ho u r and 

have ro u t in e ly  achieved coal conve rs ions  o f 50 to  80 p e rc e n t [25, 26, 

2 7 ].

An economic ana lys is  o f a sca led -up  commercial p la n t us ing  th is  

process in d ica tes  th a t  a 14,124 TPD coal p la n t w ill consume 838 TPD 

o f h yd rog en  w h ile  p ro d u c in g  3,030 TPD m ethane, 840 TPO ethane, 982 

TPD b e n ze n e -to lu e n e -xy le n e  liq u id ,  1,463 T pd  carbon m onoxide, 129 

TPD ammonia, 2,265 TPD w a te r, and 6,072 TPD c h a r. The  cost o f 

such a p la n t is estim ated (1 s t q u a r te r ,  1977) to  re q u ire  a $1.2 b illio n  

cap ita l in ve s tm e n t and 88 m illion  in  annual o p e ra tin g  co s ts . . The gas 

p r ic e  has been p re lim in a r ily  estim ated to  be between $2.66 and $3.09
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p e r m illion  B tu  fo r  $5.00 p e r ton o f coal. T h is  compares w ith  $3.49 

p e r m illion  BTU fo r  th e  L u rg i p rocess.

C . Spencer Chemical Company Process

T he Spencer Chemical Company FHP process is a ra p id  c a ta ly tic  

h y d ro g e n a tio n  method fo r  c o n v e rt in g  coal to  liq u id s . P u lve rized  coal 

is h yd rog ena ted  a t tem p e ra tu res  ra n g in g  from  900°F to  IOOO0F and 

1,500 to  2,000 psi w ith  a res idence tim e o f less than  one m inu te . The 

main p ro d u c t is a c ru d e  arom atic o il w h ich  can be fu r th e r  re fined  to  

gaso line and l ig h t  o ils  b y  conven tiona l te ch n iq u e s . C a ta ly tic  coal 

and p reheated h yd ro g e n  are fed  c o n tin u o u s ly  in to  a re a c to r where 

h y d ro p y ro ly s is  o c c u rs . The  p ro d u c ts  a re  cooled ra p id ly  and then  

sepa ra ted . The  method o f feed ing  was assumed to  be e ith e r  s ta r 

wheel ty p e  o r  screw  ty p e  and th e  c a ta ly s t ty p e  and am ount are p ro ­

p r ie ta ry .  A m ate ria l balance based on a sca led-up  p la n t ind ica ted  th a t  

a p la n t us ing  14,840 TPD o f coal and 325 TPD o f h y d ro g e n , would p ro ­

duce 1,610 TPD o f gas (h e a tin g  va lue  = 780 B tu /s c f ) ,  8,383 TPD c ru d e  

o i l,  and 1,840 TPD o f ash and c h a r. P re lim in a ry  economics ind ica te  

th is  p la n t would re q u ire  a cap ita l in ves tm en t o f $205 m illion  a t an 

annual o p e ra tin g  cost o f $30 m illio n . For $10/ton o f coal a t 15 pe rce n t 

re tu rn  on in ve s tm e n t, th is  is $1.36 p e r m illion  BTU [2 8 ].
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D. B rookhaven  National L a b o ra to ry  FHP Process

R esearchers a t B rookhaven  National Labora to ries  are  s tu d y in g  th e  

process va ria b le s  and c h e m is try  o f a ra p id  gas phase, n o n -c a ta ly tic  

fla sh  h y d ro p y ro ly s is  p rocess. T he  bench scale expe rim enta l equ ipm ent 

is composed o f a o n e -in ch  down flo w  e n tra in e d  tu b u la r  re a c to r designed 

to  be opera ted  a t p re ssu re s  up to  4,000 psi and tem p e ra tu res  o f OOO0F 

w ith  a coal feed o f tw o pounds p e r h o u r and h yd rog en  feed o f one 

pound p e r h o u r. O r ig in a lly  coal was fed  to  th e  re a c to r w ith  a ro ta ­

t in g  c a v ity  ty p e  fe e d e r. H ow ever, a screw  ty p e  has re c e n tly  been 

in s ta lle d  and used w ith  b e tte r  success. I t  was re p o rte d  th a t  the  

h yd ro g e n  p re h e a te r co n s tru c te d  from  Inconel 601 had ru p tu re d  a fte r  

18 hou rs  o f use a t 3,000 psi due to  h yd ro g e n  e m b rittle m e n t. The 

p re h e a te r was rep laced w ith  Inconel 617 and has fu n c tio n e d  ove r 100 

hou rs  w ith  no prob lem s.

Experim enta l re s u lts  show th a t  h yd ro ca rb o n  y ie ld s  increase to  

60 p e rce n t w ith  p re ssu re  up to  abou t 3,000 ps i. A t 750°C about one- 

th ir d  o f th e  y ie ld  is liq u id  w h ile  a t 800°C th e  y ie ld  is e sse n tia lly  all 

m ethane. A t  3,000 psi and 800°C, gaseous p ro d u c t y ie ld  increases 

and liq u id  p ro d u c t y ie ld  decreases as th e  residence tim e is  increased 

from  2 .3  to  9 seconds. F u r th e r  te s ts  show th a t  a t 750°C , some decom­

pos ition  o f th e  liq u id  p ro d u c t (b e n z e n e -to lu e n e -x y le n e ) o ccu rre d  as 

res idence  tim e exceeded seven seconds. As th e  re a c to r tem p e ra tu re
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in c rea sed , bo th  th e  ra te  and e x te n t o f th e  liq u id  decom position in c re a ­

ses., S tud ies  pe rfo rm ed  on s u b -b itu m in o u s  coal ra th e r  than  lig n ite  

showed s im ila r p ro d u c t ana lys is  e xcep t th e  increase o f e thane in the  

gaseous p ro d u c t w ith  s u b -b itu m in o u s  coal [29 , 3 0 ].

E. In s t itu te  o f Gas T echno logy  R iser C ra ck in g  o f Coal Process

In th e  R iser coal c ra c k in g  p rocess , n o n -c a ta ly tic  coal is metered 

th ro u g h  a con tin uous  fe e d e r in to  a h yd ro g e n  c a r r ie r  gas stream . The 

m ix tu re  is preheated b y  ra d ia n tly  heated coal to  1200°F . T he  m ix ­

tu re  th e n  e n te rs  th e  r is e r  re a c to r tu b e  and moves u p w a rd . A ir  o r 

oxygen  is in jec ted  in to  th e  re a c to r and ig n it io n  takes p lace. The com­

bu s tio n  supp lies  th e  heat fo r  th e  c ra c k in g  reac tion . T he  com bustion 

takes place in  a tu rb u le n t ly  f lo w in g  reg ion  ra th e r  than  a flame and 

th u s  is com pleted w ith in  a few  inches o f th e  oxygen  in le t .  A t  th e  end 

o f th e  re a c to r, n itro g e n  is bled in  to  in s u re  com bustion ceases and to  

cool down th e  p ro d u c ts . The reac tan ts  a re  then  c a rr ie d  to  a sepa ra to r 

w here  ch a r is d is e n tra in e d . A w a te r c h ille d  condenser th e n  separates 

o u t th e  liq u id  p ro d u c ts  and th e  gases are  analyzed b y  o n - lin e  gas c h ro ­

m a to g ra p h y .

A bench scale u n it  has shown th a t  carbon conve rs ion  increases u n i­

fo rm ly  w ith  increases in  s e v e r ity  o f the rm a l tre a tm e n t. A lso th e  w e ig h t
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f ra c t io n  o f ch a r decreases u n ifo rm ly  w h ile  w e ig h t f ra c t io n  gases and 

liq u id s  increase u n ifo rm ly  w ith  in c re a s in g  s e v e r ity  o f the rm a l t re a t ­

m ent. T he  w e ig h t f ra c t io n  o f gases increases more s h a rp ly  than  th a t 

o f liq u id s . The u n it  has been ru n  p re d o m in a n tly  a t 1800°F and 2,000 

p s i, y ie ld in g  s y n th e tic  n a tu ra l gas. H ow ever, i t  has been shown th a t 

low er te m p e ra tu re  p y ro ly s is  re s u lts  in  p ro d u c tio n  o f liq u id  p ro d u c ts .

C u r re n t ly  a la rg e r  scale des ign  is be ing  fin a liz e d  to  p roduce  fue l 

gases, fu e l o i l,  and h igh  octane m otor gaso line from  a u n it  process ing  

100 Ib /h r  o f lig n ite  coal and 12 Ib /h r  o f hyd rog en  a t a tem p e ra tu re  o f 

1500°F and p re s s u re  o f 2,000 p s ig . T he  experim enta l in v e s tig a tio n  

w ill dw ell p r im a r ily  on changes in  o p e ra tin g  p re ssu re  and residence 

tim e [2 1 ].

Due to  mechanical problem s such as b r id g in g  and s t ic k in g  in d e v i­

ces such as s ta r  wheel feede rs  and screw  fe e d e rs , a nove l method o f 

fee d in g  th e  coal c o n tin u o u s ly  to  th e  re a c to r was deve loped . The 

method used was to  aerate  th e  so lids and m eter them in to  th e  main 

t ra n s p o r t  line  by  e n tra in e d  flow  th ro u g h  a small d iam eter o r if ic e  

(F ig u re  6 ) .  Coal is channeled in to  a plenum  cham ber b y  a fu n n e l a t 

th e  bottom  o f th e  coal hoppe r w here i t  is en tra in ed  in  a flo w  o f gas 

m oving th ro u g h  th e  plenum  cham ber in to  a o n e -e ig h th  inch  diam eter 

o r if ic e  and em pty ing  in to  th e  o n e -e ig h th  inch  d iam eter main tra n s p o r t

line .
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4-in. DIAM
PRESSURE
EQUALIZER
LINE

SOLIDS METERING GAS
FEED HOPPER

CARRIER GAS MANOMETERS

3/4-in.
DIAM

2-1/2 in.

J rota-L
m e t e r s l/8 -in . DIAM

l/8 -in . DIAM
AIR
SUPPLY 
25 psi

F ig u re  6. In s t i tu te  o f Gas T e ch no logy  Solid Feeding System  [21 ]
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Problems encoun te red  w ith  th e  system  were m a in ly  due to  s t ic k in g  

due to  s ta tic  e le c tr ic i ty .  When th e  coal was tre a te d  w ith  an a n t i-s ta t ic  

ag e n t, th e  problem  was g re a tly  d im in is h e d . The fe e d ra te  was c o rre ­

la ted n ic e ly  to  th e  squa re  ro o t o f th e  s u p e rfic ia l gas v e lo c ity  in th e  

e x it  p o r t .  U n ifo rm  and re p ro d u c ib le  fe ed ra tes  are p roduced  w ith  many 

d if fe re n t  mesh sizes o f lig n ite  coal [3 1 ].

F. Rockwell In te rn a tio n a l P a rtia l L ique fac tion  FHP Process

T he Rockwel I - R ocke tdyne  coal liq u e fa c tio n  process is based on th e  

prem ise th a t  h igh  liq u id  y ie ld s  can be ob ta ined  b y  ra p id  m ix in g , rap id  

q u e n c h in g , fla sh  p y ro ly s is .  P u lve rized  n o n -c a ta ly tic  coal is in jec ted  

in to  th e  re a c to r in  a method s im ila r to  th e  In s t itu te  o f Gas Techno logy 

app roach . H ow ever, a ro c k e t eng ine  is used as th e  in je c to r .  T h is  

method p ro v id e s  fo r  ex tre m e ly  h igh  m ix in g , th u s  re d u c in g  th e  problem  

o f in s u ff ic ie n t ly  reacted coal. T he  coal is m ixed w ith  h yd rog en  p re ­

heated to  1200°F. Reaction residence tim es can be v a r ie d  from  10 to  

1,000 m illiseconds a t tem p era tu res  ra n g in g  from  1500 to  ISOO0F and 

p re ssu re s  o f 500 to  1,500 p s ig . T he  reaction  p ro d u c ts  a re  quenched 

w ith  a w a te r s p ra y .

Phases in vo lve d  in  th is  s tu d y  in c lu d e  a o n e -fo u r th  ton  per h o u r, 

one ton  p e r h o u r, and ten  tons p e r h o u r processes. O ve ra ll carbon 

conve rs ions  are on th e  o rd e r  o f 50 p e rc e n t, 40 p e rce n t be ing  liq u id

a
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p ro d u c ts . C onvers ions as h igh  as 64 p e rce n t have been ach ieved . A 

de ta iled  tw o phase flo w  model o f th e  ro c k e t eng ine in je c tio n  feeder 

method has also been done [32 , 3 3 ].

G. O ccidenta l Research C o rp o ra tio n  Flash P y ro lys is  System

The O cciden ta l Research C o rp o ra tio n 's  fla sh  p y ro ly s is  system has 

undergone  severa l bench scale phases and is c u r re n t ly  o p e ra tin g  as a 

th re e  ton  p e r day  coal capa c ity  process deve lopm ent u n it .  The p ro ­

cess cons is ts  o f fee d in g  m illed n o n -c a ta ly tic  coal b y  means o f a screw 

fe e d e r in to  a p y ro ly s is  re a c to r a t ra tes  up to  300 pounds p e r h o u r. 

The coal is th e n  m ixed w ith  ho t recyc le  c h a r w h ich heat th e  coal up 

ra p id ly  to  a round  1200°F. The ch a r re cyc le  ra te  is from  f iv e  to  ten 

tim es th e  coal feed ra te . A f te r  in it ia l he a tu p , process heat is gene­

ra ted  b y  com busting  some o f th e  recyc le  Char. P y ro ly t ic  vapo rs  are 

separa ted from  th e  c h a r in  a series o f cyc lones. A vacuum  flash  u n it  

is used to  re co ve r th e  liq u id  p ro d u c ts . No hyd rog en  is used in the  

p rocess. C a ta ly tic  h y d ro g e n a tio n  m ethods are be ing s tu d ie d  to 

upg ra de  th e  t a r r y  liq u id  p ro d u c ts .

C u rre n t re s u lts  show th a t  th e  process is te c h n ic a lly  v ia b le  ove r 

ex tended pe riods  o f tim e. T a r  d e r iv e d  from  th e  u n it  show s ig n if ic a n t 

am ounts o f ben ze n e -to lu e n e -xy le n e  liq u id s  and pheno ls . A th eo re tica l 

model was deve loped fo r  th e  d e v o la tiliz a tio n  and c ra c k in g  o f th e  coal 

[34 , 3 5 ].
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C

H . O th e r Research

O th e r s h o r t res idence  tim e coal liq u e fa c tio n  is be ing  done at th e  

C ity  U n iv e rs ity  o f New Y o rk , P itts b u rg  E ne rgy  Research C o rp o ra tio n , 

and M obile Research and Developm ent C o rpo ra tion  [27, 3 8 ].

I . Montana S ta te  U n iv e rs ity  Research

Prev ious research  a t MSU has shown metal c h lo rid e s  to  be ac tive  

h y d ro d e n itro g e n a tio n  ca ta ly s ts  in th e  presence o f h yd ro g e n  ch lo rid e  

gas fo r  t re a t in g  heavy C a lifo rn ia  gas o ils  [3 6 ].  T h is  concep t was then  

app lied  to  th e  ba tch  h yd ro g e n a tio n  o f Montana s u b -b itu m in o u s  coa l. 

Severa l metal c h lo rid e  c a ta lys ts  im pregnated  on p u lv e r iz e d  coal were 

screened fo r  h yd ro g e n a tio n  a c t iv i ty  [8 , 3 7 ].

A con tinuous  tu b u la r  re a c to r system  was designed and b u ilt  us ing  

th e  s h o r t res idence tim e f la s h  h y d ropyro.lys.is p r in c ip le  o f coal liq u e fa c ­

t io n . The  e ffe c ts  o f te m p e ra tu re , p re s s u re , and flo w ra te  on the  con­

ve rs io n  o f u n tre a te d  coal in  a h yd rog en  atm osphere w ere de te rm ined . 

A lso th e  e ffe c t o f th re e  metal c h lo rid e  ca ta lys ts  on th e  conve rs ion  o f 

coal in  a h yd ro g e n  atm osphere was de te rm ined  [7 ] .

T he  basis then  o f th is  research is to  use th e  dua l fu n c tio n a l 

c a ta ly s t c a p a b ilit ie s , i .e .  acid to  ca ta lyze  c ra ck in g  and metal to  ca ta lyze  

h y d ro g e n a tio n , o f th e  metal c h lo r id e -h y d ro g e n  c h lo rid e  system  in  th e  

con tin uous  s h o r t res idence  tim e liq u e fa c tio n  o f Montana su b -b itu m in o u s
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coal. I t  is hypo thes ized  th a t  th is  system  w ill re s u lt  in  a h igh  c o n v e r­

sion o f coal to  liq u id  and gaseous p ro d u c ts .

A dvan tages o f th is  system  a re :

(1 )  S h o rt res idence  tim e h y d ro p y ro ly s is  g ives h ig h  convers ion  

o f hexane so lub le  liq u id  p ro d u c t.

(2 )  The  process equ ipm ent is in h e re n t ly  sim ple.

(3 )  A spha ltene  p ro d u c ts  can be m in im ized.

(4 )  T he  c a ta ly s t system  is a c tive  in  n itro g e n  rem oval.

i



RESEARCH OBJECTIVES

T he  o b jec tives  o f th is  research w ere :

( I )  To ob ta in  re lia b le  and re p ro d u c ib le  coal fe e d ra te  data from  

a con tin uous  s ta r  wheel fe e d e r.

(.2) To screen s ix  d if fe re n t  metal ch lo rid e  c a ta lys ts  us ing  the  

con tin uous  s h o r t res idence tim e coal liq u e fa c tio n  process. 

T he  c r ite r io n  o f conve rs ion  w ill be used to  ch a rac te rize  

th e  ca ta lys ts  in  both  h yd ro g e n  and h y d ro g e n -h y d ro g e n  

c h lo rid e  feed gases.

(3 )  To fu r th e r  ch a ra c te rize  th e  c a ta ly s ts ' e ffe c tive n e ss  by  ana­

ly z in g  liq u id  p ro d u c ts  fo r  n itro g e n  and s u lfu r .

(4 )  To de te rm ine  th e  e ffe c t o f p re s s u re , te m p e ra tu re , and c a r­

r ie r  gas flo w  ra te  on coal co n ve rs io n .



M A TE R IA LS , EQUIPMENT, AND PROCEDURES

A . Process D e sc rip tio n

P u lve rize d  coal is charged  ba tchw ise  to  a coal fe e d e r w here i t  is 

c o n tin u o u s ly  fed  b y  a ro ta tin g  s ta r  wheel feede r to  a co iled tu b e  reac­

to r .  In th e  fe e d e r, th e  coal is e n tra in e d  in  th e  flow  o f a c a r r ie r  gas 

w h ich  p rope ls  th e  coal th ro u g h  th e  re a c to r. The p ro d u c t is co llected 

in  a co llec tion  vessel and th e  gas flo w  is d e p re s s u riz e d , m etered, and 

ven ted  to  th e  a tm osphere. S ince i t  was proposed to  use gaseous 

h yd ro g e n  c h lo r id e  m ix tu re s  as a c a r r ie r  gas, all in te rn a l equ ipm ent 

p a rts  were made o f Inconel w heneve r poss ib le  fo r  res is tance  to  c o rro ­

s ion . A process flow shee t is shown in F igu re  7.

B . Coal S ta r Feeder

A ro ta tin g  coal s ta r  fe e d e r was ob ta ined  from  W. D. Peterson and 

Associates o f M u rra y , Utah (F ig u re  8 ) .  T he  feede r was equ ipped w ith  

a s ta r  s h a ft co n s is tin g  o f th re e  cu b ic  cen tim e te rs  o f volum e per re v o ­

lu tio n . T he  fe e d e r s h a ft was d r iv e n  b y  an e le c tr ic  m otor w ith  a v a r i ­

able speed o u tp u t w h ich  allowed th e  s h a ft speed to  v a ry  from  0 .2  to  

3 .3  re v o lu tio n s  p e r m inu te  (F ig u re  9) [7 ] .  The fe e d e r and hopper u n it  

were made o f Inconel fo r  co rros ion  res is tance .
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Star Ca v it ie s

Figure 9. Three Cubic Centimeter Star Shaft.
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C. Reactor and H eater Assem bly

T he  re a c to r used in  th is  research  consisted o f a le n g th  o f V in c h  

Inconel 617 tu b in g ,  ten  fe e t lo n g . T he  reac to r was co iled around a 

3V1, V  w a ll, s ta in less  steel p ipe . The  heavy walled p ipe  was used to  

p ro v id e  an a p p ro x im a te ly  co ns tan t te m p e ra tu re  heat source  fo r  the  

re a c to r. T he  re a c to r was e x te rn a lly  in su la te d  w ith  abou t s ix  inches o f 

zona lite  in su la tio n  (F ig u re  10).

Process heat was supp lied  to  th e  heavy walled s ta in less  steel p ipe 

b y  an im m ersion ty p e  s t r ip  hea te r th a t  f i t  in s ide  o f i t .  Power was su p - 

lied to  th e  s t r ip  hea te r b y  pow ers ta ts  connected to  110 v o lt  wall p lu g s . 

In - l in e  ammeters measured th e  c u r re n t  go ing  to  each o f th e  th re e  s tr ip s  

o f th e  h e a te r. Heatup tim e fo r  th is  system  was abou t o n e -h a lf ho u r to  

b r in g  th e  re a c to r te m p e ra tu re  up to  500°C .

D. P ro d u c t C o llection  and System P ressure

T he p ro d u c ts  w ere co llected in a P a rr Series 4000 p re ssu re  reac­

tio n  app a ra tu s  w h ich  was m odified to  accep t V 1 Swagelock f i t t in g s .

T h is  vessel is ra ted  b y  th e  m a n u fa c tu re r to  be sound to  10,000 ps i.

T he  coppe r head g aske t and autoc lave head were secured us ing  a 

to rq u e  w re n c h . New copper head gaske ts  were to rq u e d  to  60 f t - lb s  and 

upon subse quen t ru n s  w ere to rq u e d  h ig h e r  in 10 f t - Ib increm ents u n t il 

100 f t - lb s  was reached, w hereupon a new gaske t was in s ta lle d . S ilv e r
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Goop was used oh th e  au toc lave cap bo lts  to  p re v e n t se izu re  a t h igh  

te m p e ra tu re s .

T he  system  p re s s u re  was m ain ta ined b y  a G rove M ig h ty  M ite back 

p re s s u re  re g u la to r . The  in te rn a l p a rts  o f th is  device were re-m achined 

from  inconel fo r  th e  pu rpose  o f co rro s ion  res is tance . A te flo n  d ia ­

phragm  was used in th e  p re ssu re  re g u la to r .

E. T em pera tu re  M easurem ent and H yd rogen  Flow M easurem ent

The  re a c to r te m p e ra tu re  was measured us ing  a chrom ei-a lum el 

therm ocoup le  connected to  a s in g le  p o in t Honeywell te m p e ra tu re  re c o rd e r. 

The  therm ocoup le  was a ttached to  th e  ou ts id e  wall o f th e  Inconel tu b u ­

la r  re a c to r (F ig u re  7 ) .

The techn ica l g rade  hyd rog en  gas was supp lied  from  com m ercia lly 

o b ta in e d , regu la ted  gas c y lin d e rs . The  hyd rogen  c h lo r id e  gas mixes 

w ere p repa red  as needed. H yd rogen  c h lo rid e  was allowed to  flow  in to  

an evacuated c y lin d e r  u n t il th e  des ired  s ta tic  p re ssu re  was reached.

T he  c y lin d e r  was th e n  pumped w ith  h yd ro g e n  to  th e  de s ire d  to ta l p re s ­

su re  w ith  th e  aid o f a Haskel Gas B ooste r a ir -d r iv e n  com pressor.

T he  gas flo w ra te  was co n tro lle d  b y  a m icrom eter v a lve  and mea­

su red  dow nstream  b y  use o f a w et te s t m ete r.
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F. P repa ra tion  and A n a lys is  o f Coal

Coal used in  th is  s tu d y  was Rosebud, M ontana, su b -b itu m in o u s  

coal supp lied  b y  W estern E nergy Company in  1975. The  coal has been 

s to red  in  p la s tic  lined drum s to  p re v e n t any decom position . Tab le  il 

g ives  th e  p rox im a te  and u ltim a te  ana lys is  o f th e  coal. T he  carbon to  

h yd ro g e n  ra tio  is abou t 14 .5 .

T he  coal used in th e  research  was taken  from  th e  drum s and p u l­

ve rize d  in  a ball m il l . T he  coal was th e n  screened to  -60 mesh. T h is  

coal was then  s to re d  in  .p o lye th y le n e  bags to  aw ait use. T he  coal was 

no t screened fu r th e r  and i t  was decided to  use th e  to ta l -60 mesh coal 

ra th e r  th a n  any fra c t io n  o f i t  [7 ] .

A ll coal samples used in th is  research  were p re d r ie d  fo r  f o r t y -  

e ig h t hou rs  be fo re  be ing charged  to  th e  coal hoppe r. The  d ry in g  was 

done in  a fo rce d  a ir  oven a t 100°C. T he  purpose  o f th e  d ry in g  was 

to  im prove  th e  fee d in g  c h a ra c te r is t ic s  o f th e  coal [7 , 19, 2 6 ]. A ll 

coal samples were tre a te d  in  a s im ila r m anner to  p re v e n t any possib le 

a lte ra tio n s  o f com position between samples.
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Tab le  IJ . A n a lys is  o f th e  C o ls tr ip  S u b -b itu m in o u s  C oa l.

P roxim ate A n a lys is

M o is tu re  (as re ce ive d ) 23.9%

V o la tile  M a tte r (M F )* 40.6

Fixed C arbon (M F) 49.4

Ash (M F) 10.0

U ltim ate A n a lys is  (M F)

Carbon 66.1%

H ydrogen 4.5

N itrogen 0.9

S u lfu r 0 .5

O xygen 18.0

Ash 10.0

A n a lys is  o f M ajor Ash Components

SiO2 36.4%

A I20 S 17.6

Fe2O3 4 .6

T iO 2 0 .4

P2 °5 0 .8

CaO 22.7

MgO 9 .4

Na2O 0.3

K2O 0 .5

SO3 14.9

*  MF = m o is tu re -fre e  basis
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Since conve rs ion  o f th e  coal was de term ined on a m o is tu re  and ash 

fre e  basis (M A P ), an ana lys is  o f th e  m o is tu re  and ash in  th e  coal was 

re q u ire d . The  m o is tu re  ana lys is  was com pleted im p lem enting the  appa­

ra tu s  shown in F igu re  11. To luene and a weighed am ount o f coal were 

charged  to  th e  b o ilin g  f la s k . As th e  r is in g  to luene  and w a te r vapo r 

condensed , i t  fe ll in to  th e  g radu a te d  re ce iv in g  arm . S ince w a te r has a 

h ig h e r d e n s ity  th a n  to lu e n e , i t  se ttle d  to  th e  bottom  o f th e  re ce iv in g  

arm . T he  e q u ilib r iu m  volum e o f w a te r p re se n t in th e  re ce iv in g  arm 

along w ith  th e  w e ig h t o f th e  in it ia l coal cha rge  allowed th e  m oisture  

c o n te n t o f th e  coal to  be ca lcu la ted . T h is  ana lys is  was allowed to  ru n  

fo r  tw e n ty - fo u r  hou rs  to  in s u re  th a t  all th e  w a te r had been s tr ip p e d  

from  th e  coal. The  ana lys is  was ru n  on fre s h  coal as well as coal 

w h ich  had been d r ie d  fo r  48 h o u rs .

T he  ash co n te n t o f th e  coal was de term ined b y  hea ting  a weighed 

am ount o f coal in  a covered c ru c ib le  w ith  a bunsen b u rn e r .  A f te r  th e  

v o la tile  m a tte r had been d r iv e n  o f f ,  th e  c ru c ib le  cove r was removed 

and th e  f ix e d  carbon was bu rn e d  aw ay. The rem ain ing b row n ish  

co lored res idu e  was w eighed and th e  ash con te n t o f th e  coal was ca lcu ­

la ted .

These ana lyses w ere done us ing  random samples o f p u lve rize d  coal 

and i t  is assumed th a t  th ro u g h  th e  b a ll-m ill m ix in g , re p re s e n ta tiv e  sam­

ples w ere gene ra te d .
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G. P repa ra tion  o f C a ta ly tic  Coal

In o rd e r  to  compare th e  a c t iv it ie s  o f th e  metal c h lo r id e  c a ta ly s ts , 

th e y  had to  be p repa red  on an e q u iv a le n t' bas is . S ince p re v io u s  ca ta ­

ly s t  im pregna tion  w o rk  had been done w ith  n icke lous c h lo r id e , i t  was 

chosen as a re fe ren ce  [3 7 ].  I t  was decided to  use app ro x im a te ly  3 

w e ig h t p e rce n t metal on th e  coal. T h re e  p e rce n t n icke l was chosen 

since i t  was th e  maximum am ount w h ich  in  aqueous so lu tion  would 

s t i l l  w e t th e  co a l.

T he  coal was im pregnated  b y  add ing  a weighed am ount o f p re d r ie d  

coal to  an aqueous so lu tion  o f metal c h lo r id e . T he  aqueous so lu tions 

were based on th e  e q u iv a le n t am ounts o f metal w h ich w ould  re s u lt  in a 

3 p e rc e n t metal on coal w e ig h t ra tio . Once th e  coal was added to  th e  

w a te r s o lu tio n , a g ita tio n  was p ro v id e d  u n t il th e  coal was w e tted . The 

m ix tu re  was allowed to  s tand fo r  tw e n ty - fo u r  hou rs  w ith  o n ly  spo rad ic  

a g ita tio n . A t  th is  tim e , th e  evapora tion  ra te  o f th e  w a te r was increased 

b y  p lac ing  th e  m ix tu re  in to  a d ry in g  oven a t 90°C. T he  m ix tu re  was 

allowed to  s tay  in  th e  oven fo r  fo r t y - e ig h t  hours to  in s u re  th a t  all th e  

w a te r o f h y d ra tio n  associated w ith  th e  metal ch lo rides  w ere d r iv e n  o f f .  

The w e ig h t ga in  o f th e  d r ie d  coal was attem pted to  be used to  ca lcu la te  

th e  degree Of c a ta ly s t im p re g n a tio n . H ow ever, th is  g ra v im e tr ic  method 

appeared to  be in a ccu ra te . T hu s  th e  degree o f c a ta ly s t im pregnation  

was ca lcu la ted  in a m anner s im ila r to  th e  coal ash a n a lys is . A weighed 

sample o f th e  d r ie d ,  im pregnated  coal o f known m o is tu re  and ash
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co n te n t iyas heated in a c ru c ib le  w ith  a bunsen b u rn e r .  T he  vo la tile  

m a tte r and f ix e d  carbon were b u rn e d  o f f  leav ing  a res idu e  w h ich con­

ta in e d  o n ly  ash and metal c h lo r id e . Know ing th e  am ount o f ash, th e  

p e rc e n t o f metal c h lo rid e  and th u s  metal on th e  coal cou ld  be ca lcu la ­

ted  .

T he  s ix  most a c tive  metal c h lo rid e  c a ta lys ts  re p o rte d  b y  S ire  in 

1975 w ere used to  im pregnate  coal samples [3 7 ].  Those were n icke lous 

c h lo rid e  h e x a h y d ra te , stannous c h lo rid e  p e n ta h y d ra te , c u p r ic  ch lo rid e  

d ih y d ra te , coba lt c h lo rid e  h e x a h y d ra te , fe r r ic  ch lo rid e  fo u r -h y d ra te ,  

and z in c  c h lo r id e . A ll w ere techn ica l reagen t g rade  supp lied  by  

F ischer S c ie n tif ic  Com pany.

H . P rocedure  fo r  P e rfo rm ing  a T e s t Run

A te s t ru n  was s ta rte d  b y  c h a rg in g  th e  coal feed hop pe r w ith  an 

am ount o f p re d r ie d  coal. I t  was fo u n d  th a t  samples exceeding 1 ,000 

gram s re su lte d  in  th e  most re p ro d u c ib le  feed ra te  da ta . I t  was also 

fo und  th a t  th e  coal fe e d e r m ust be k e p t v e ry  clean to  g e t re p ro d u c ib le  

fe e d ra te s . T h is  was done b y  f re q u e n t ly  c lean ing  th e  hop pe r and ro ta ­

t in g  s ta r  s h a ft. B est re s u lts  were ob ta ined  when th e  hop pe r was 

cleaned a t least e v e ry  o th e r  ru n . T he  c lean ing  p ro ce d u re  invo lved  

vacuum ing  o u t excess coal from  th e  p re v io u s  ru n , and th e n  th e  s h a ft 

was cleaned b y  ru n n in g  acetone a n d /o r  to luene  th ro u g h  th e  feed ing  

mechanism. T he  re a c to r system  was no t a ttached to  th e  feede r d u r in g
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th is  s o lve n t c le a n in g . The so lve n t was removed by  b low ing  compressed 

a ir  th ro u g h  th e .s y s te m  and then  allowed i t  to  a ir  d r y  o v e rn ig h t.

A f te r  th e  coal was charged  to  th e  h o p p e r, th e  system  was s low ly  

p re ssu rize d  w ith  n itro g e n  to  ru n  p re s s u re , and th e  pow er was tu rn e d  

on to  th e  hea ting  system . D u rin g  th e  p re s s u riz a tio n  p e r io d , the  s y s ­

tem was c lose ly  exam ined fo r  gas leaks.

When system  p re ssu re  was reached, a small bleed flo w  o f n itro g e n  

was allowed in  o rd e r  to  p u rg e  th e  system  o f any oxygen  th a t  was p re ­

sen t. T h is  was done to  m inim ize th e  p o ten tia l and dangerous problem  

w h ich  e x is ts  when oxygen  and h yd rog en  are p re se n t u n d e r p ressu re  

and a t h igh  te m p e ra tu re s . Care was taken  to  p re v e n t h ig h  flow ra tes  

o f n itro g e n  w h ich  cou ld  a sp ira te  un reac ted  coal o u t o f th e  hopper and 

in to  th e  p ro d u c t co llec tion  vesse l. When th e  reac to r had reached th e  

des ired  ru n  te m p e ra tu re , th e  n itro g e n  was tu rn e d  o f f  and hyd rogen  o r 

h y d ro g e n -h y d ro g e n  c h lo rid e  was allowed to  flo w  th ro u g h  th e  system . 

T he  flo w  ra te  was ad jus ted  to  th e  des ire d  va lue  by  use o f th e  m icro - 

m e te ring  va lve  and w et te s t m ete r.

A t  th is  tim e , am bient cond ition s  were recorded  and th e  feeder was 

s ta rte d  to  commence th e  actual ru n .  D u rin g  th e  ru n ,  c a r r ie r  gas f lo w - 

ra te  and re a c to r te m p e ra tu re  were m on ito red  c o n tin u o u s ly . C han­

ges were made m anua lly  to  keep these  param eters a t th e  des ired  ru n  

co n d itio n s . The c a r r ie r  gas flow  was ad jus ted  w ith  th e  m icrom etering  

va lve  and th e  re a c to r tem p e ra tu re  was ad jus ted  b y  v a ry in g  th e  power
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supp lied  b y  th e  pow ers ta ts  to  th e  hea ting  system . S ince th e  c a r r ie r  

gas was no t p rehea ted  and th e  flo w  ra tes  used were la rg e , a s ig n if i­

can t change in  te m p e ra tu re  could o ccu r due to  a re la t iv e ly  small 

change in f lo w ra te . Care was taken  to  in s u re  th a t  f lo w ra te s , and 

th u s  tem p e ra tu res  d id  n o t v a ry  s ig n if ic a n t ly .

T he  flo w ra te  was measured dow nstream  from  th e  reac tion  system 

and i t  is assumed in  th is  research th a t  th e  hyd rog en  f lo w  g re a tly  

exceeds th e  h yd ro g e n  consumed a n d /o r  th e  gaseous p ro d u c ts  p ro ­

duced . T hu s  th e  flo w ra te  measured is e sse n tia lly  th e  to ta l c a r r ie r  gas 

f lo w ra te . I t  shou ld  be noted th a t  no a tte m p t was made to  evaluate 

e ith e r  th e  e x te n t o r  q u a lity  o f th e  gases produced b y  th e  reac tion .

A f te r  th e  ru n  had been allowed to  proceed fo r  a des igna ted 

pe riod  o f tim e , u s u a lly  o n e -h a lf h o u r, th e  system  was dep re ssu rized  

and th e  con ten ts  o f th e  p ro d u c t co llec tion  vessel was removed and ana­

lyzed fo r  conve rs ion  and fo r  n itro g e n  and s u lfu r  c o n te n t.

I . D e te rm ina tion  o f C onvers ion

The de te rm ina tio n  o f conve rs ion  was done on th e  basis o f th re e  

so lve n t e x tra c tio n s . The  p ro d u c t co llected  from  th e  re a c to r was f i r s t  

e x tra c te d  w ith  cyc lohexane y ie ld in g  th e  o il p ro d u c t. T he  second 

e x tra c tio n  was done w ith  to luene  w h ich  y ie lded  th e  aspha ltene  p ro d u c t, 

and th e  la s t e x tra c tio n  was done u s ing  p y r id in e  y ie ld in g  th e  asphalto l 

c o n te n t o f th e  p ro d u c t [7 ] .  T he  to ta l conve rs ion  was taken  as th e
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sum o f th e  th re e  in d iv id u a l co n ve rs io n s . The  e x tra c tio n s  were made 

us ing  th e  aid o f a S o xh le t e x tra c tio n  appa ra tus  (F ig u re  12 ).

T he  p ro d u c t removed from  th e  p ro d u c t co llec tion  vessel was 

w eighed to  de te rm ine  coal fe e d ra te  and th e n  a p o rtio n  was weighed 

and placed in a doub le  th ickn e ss  p re d r ie d  ce llu lose e x tra c tio n  th im b le  

(40mm x  120mm). T he  th im b le  and sample were then  placed in the  

e x tra c tio n  app a ra tu s  (F ig u re  12 ). The  so lve n t va p o r from  th e  b o iling  

f la s k  rose th ro u g h  th e  side arm and up to  th e  condenser w here i t  

condensed and fe ll in to  th e  th im b le . When th e  so lve n t h e ig h t reached 

th e  u p p e r level o f th e  s iphon arm , i t  was siphoned th ro u g h  th e  th im ­

ble and back in to  th e  b o ilin g  f la s k . A n y  so lub le  m ateria l in th e  sample 

would th e n  be c a rr ie d  w ith  th e  s o lv e n t, th ro u g h  th e  th im b le  and back 

to  th e  f la s k .  T he  e x tra c tio n  p ro ce d u re  was allowed to  p ro g re ss  u n til 

th e  s o lve n t f lo w in g  th ro u g h  th e  walls o f th e  th im b le  was c le a r.

The  th im b le  and th e  sample res idu e  were removed from  th e  app a ra ­

tu s  and allowed to  a ir  d r y  a f te r  each e x tra c tio n  was f in is h e d . , The th im  

ble was then  placed in  a d ry in g  oven a t IOO0C fo r  tw e n ty - fo u r  ho u rs .

I f  any  p ro d u c t deg ra da tion  o r com position changes o ccu rre d  as a re s u lt  

o f th is  p ro c e d u re , i t  is assumed to  have been co n s is te n t as all samples 

were tre a te d  in  a s im ila r fa sh io n . A f te r  th e  th im b le  was d r ie d , i t  was 

w e ighed . T h is  p ro ce d u re  was repeated fo r  th e  same sample in  the  

o th e r tw o  so lve n ts . U nreacted coal was also analyzed fo r  o il,  aspha l­

te n e , and aspha lto l con ve rs io n .
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In m aking th e  conve rs ion  ca lc u la tio n , the  d iffe re n c e  in  sample 

w e igh ts  be fo re  and a f te r  th e  e x tra c tio n  was taken  to  be th e  amount o f 

p ro d u c t con ve rte d  to  O il, aspha ltene , o r  aspha lto l. B y  know ing th e  

ash , m o is tu re , and c a ta ly s t c o n te n t, th e  m o is tu re , ash , and c a ta ly s t 

fre e  (IVIACF) c o n te n t o f th e  o r ig in a l sample could be ca lcu la ted . The 

w e ig h t loss b y  e x tra c tio n  would y ie ld  th e  conve rs ion  to  th e  va rious  

p ro d u c ts  b y  th e  fo llo w in g  equa tion :

C = ( l/M A C F ) x  100% - V 

or

C = ( l/M A F )  x  100% - V  

fo r  n o n -c a ta ly tic  coals, w here

C = % conve rs ion  o f coal to  th e  re sp e c tive  p ro d u c t fo r

each so lv e n t,

MAF = w e ig h t o f m o is tu re  and ash from  m ateria l p re se n t in 

th e  sample,

MACF = w e ig h t o f m o is tu re , ash , and c a ta ly s t f re e  m ateria l 

p re s e n t in  th e  sample,

I = w e ig h t loss d u r in g  e x tra c tio n ,

V = percen tage  o f so lub les p re se n t in u n reacted coal fo r

th a t  s o lve n t.

The  conve rs ion  then  g ives  a re p re se n ta tio n  o f how th e  coal has 

been u p g ra d e d . The  to ta l conve rs ion  is th e  sum o f th e  in d iv id u a l con ­

ve rs io n s  fo r  th e  same sample.
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I t  is im p o rta n t to  note here  th a t  th e  conve rs ion  to  gaseous p ro ­

d u c ts  was no t s tu d ie d . No means were taken  to  q u a n t ify  th e  amount 

o f gases p roduced  in  th e  reaction  and o n ly  th e  conve rs ion  o f liq u id  

p ro d u c ts  is re p o rte d .

J . S u lfu r  and N itro g e n  D e term ina tion

The p ro d u c ts  from  all ru n s  were ana lyzed fo r  s u lfu r  and n itro g e n  

c o n te n t as well as conve rs ion  to  f u r th e r  ch a ra c te rize  th e  a c t iv ity  o f 

th e  c a ta ly s ts .

S u lfu r  ana lyses were perfo rm ed b y  th e  q u a rtz  tu b e  com bustion 

method us ing  a B ico -B row n  Shell des ign  s u lfu r  app a ra tu s  ( ASTIVI 

D-1551) [3 9 ].

N itroge n  c o n te n t was de term ined b y  th e  M acro -K je ldah l method 

(ASTM  E-258) [4 0 ].  The  te m p e ra tu re  o f d iges tion  was im p o rta n t 

in  o b ta in in g  good re p ro d u c ib le  re s u lts .

S u lfu r  and n itro g e n  c o n te n t o f th e  p ro d u c t oil and asphaltene 

were also de te rm ined  fo r  a few  samples.



RESULTS AND DISCUSSION

A . Coal A n a lys is

Ash ana lys is  was done a t th e  b e g in n in g  o f th is  research  on p u l­

ve rize d  coal and used fo r  ca lcu la tion  purposes th ro u g h o u t.  The p u l­

ve rize d  coal was assumed to  be well m ixed , as d u p lic a te , random ly 

p icked  sample y ie lde d  re p ro d u c ib le  re s u lts  o f 9 .4  p e rc e n t ash. T h is  

va lue  co rre spond s  c lose ly  w ith  p re v io u s  o th e r l i te ra tu re  re p o rts  fo r  

Rosebud coal [8 , 4 1 ].

Coal was also ana lyzed fo r  m o is tu re  con te n t bo th  be fo re  and 

a fte r  d r y in g . The u n d rie d  coal was fo u n d  to  have a m o is tu re  level 

o f 20.1 p e rc e n t. T h is  again co rresponds to  li te ra tu re  va lues o f 

20.3 p e rc e n t and 23.9 p e rce n t [7 , 4 1 ].

P rev ious research  has shown th a t  p u lv e riz e d  coal shows a much 

g re a te r  te n d e n c y  to  feed u n ifo rm ly  when i t  has been p re d r ie d  [7 , 19, 

2 1 ]. In th is  re se a rch , g u ide line s  se t in  a p rev io us  s tu d y  were fo llow ed . 

T he  coal appears to  reach an e q u ilib r iu m  d ry in g  tim e o f fo r ty -e ig h t  

hou rs  when ke p t in an oven a t 100°C. T h is  tim e was de fined  as when 

th e  tim e d e r iv a tiv e  o f th e  coal w e ig h t change reached zero [7 ] .  Water 

ana lys is  on th e  d r ie d  coal showed th a t  0 .5  pe rce n t m o is tu re  rem ained.

T he  s to ra ge , p u lv e r iz in g  and d ry in g  o f th e  coal used in th is  

research  cou ld  have a ffe c ted  its  a b i l i ty  to  be l iq u if ie d . A g in g  o f coal 

has been shown to  reduce  its  a c t iv i ty  due to  ox id a tio n  o f th e  surface .. 

W ork done a t th e  Bureau o f Mines showed th e  coal aged fo u r  weeks in
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th e  open en v iro n m e n t d ropped  from  90 p e rc e n t to  77 p e rc e n t co n v e r­

s ion . yvhen th e  coal was d r ie d  a t 105°C fo r  one d a y , th e  convers ion  

d ropped  to  54 p e rc e n t. T h e y  also showed th a t  th e  conve rs ion  was a 

fu n c t io n  o f th e  coal m o is tu re  c o n te n t [4 2 ].

O th e r re p o rts  also show th a t  coal w ili o x id ize  in  a ir  and change 

th e  am ount o f v o la tile  m a tte r ava ila b le . The coal p a r t ic le  size is an . 

im p o rta n t c r ite r ia  fo r  th e  a c c e s s ib ility  o f oxygen  [7 ] .

These tre n d s  show th a t  both  th e  d ry in g  and p u lv e r iz a tio n  o f th e  

coal used in  th is  research  could have a de trim en ta l e ffe c t on co n v e r­

s ion . Both processes allow  oxygen to  be in  con tac t w ith  th e  coal. I t  

is assum ed, how eve r, th a t  i f  these e ffe c ts  are o c c u r r in g , i t  w ill be 

c o n s is te n t th ro u g h o u t s ince all samples w ere tre a te d  in  a lik e  m anner.

Coal conve rs ions  w ere measured on th e  basis o f th re e  so lven t 

e x tra c tio n s : cyc lohexane , to lu e n e , and p y r id in e . T he  p ro d u c ts  o f th e

e x tra c tio n s  are o i l , aspha ltene , and aspha lto l re s p e c tiv e ly . T h is  

method o f ana lys is  was chosen due to  its  a b i l i ty  to  more accu ra te ly  

describ e  th e  p ro d u c ts  o f coal liq u e fa c tio n  [7 , 9, 13, 14, 3 8 ]. Much o f 

th e  basic research  done on these s o lve n t e x tra c tio n s  was done using  

benzene in place o f to lu e n e . H ow ever, i t  has been shown th a t to luene  

can be s u b s titu te d  w ith o u t any s ig n if ic a n t d iffe re n ce s  [12 , 43 ].

U nreacted coal was tes ted  fo r  o i l,  aspha ltene , and asphalto l con­

te n t  and was fo u n d  to  conta in  0 .4  p e rc e n t o il,  0 .2  p e rc e n t aspha ltene , 

and 0.1 p e rce n t aspha lto l fo r  a to ta l o f 0 .7  pe rce n t to ta l co nve rs ion .
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No coal p a r t ic le  size d is tr ib u t io n  s tud ie s  were done a lthough  i t  

seems poss ib le  th a t  th is  param eter cou ld  be op tim ized . I t  has been 

shown th e  coal conve rs ion  decreases w ith  a decrease in  th e  average 

p a r t ic le  s ize. T h is  means th a t  th e  sm aller p a rtic le s  are  c a rr ie d  th ro u g h  

th e  re a c to r fa s te r  and th u s  are no t in th e  ho t zone long enough to  be 

heated to  reaction  te m p e ra tu re  [2 2 ].  I t  is also re p o rte d  th a t  coal can 

be fed  more u n ifo rm ly  and re p ro d u c ib ly  w ith  sm aller p a r t ic le  size coal 

[19 , 22, 2 6 ].

B . Cold Flow Feedrate Tests

S ince p re v io u s  research  a t th is  U n iv e rs ity  on th e  same e x p e r i­

mental equ ipm ent re su lte d  in v e ry  low and n o n -u n ifo rm  coal feed - 

ra te s , an a ttem p t was made to  u n d e rs ta n d  th is  problem  more fu l ly .  A 

com parison o f th e  MSU o p e ra tin g  param eters was done w ith  ano the r s im i­

la r  process o p e ra tin g  a t th e  U n iv e rs ity  o f Utah [22, 2 3 ]. T h is  re s u l­

ted  in  th e  prem ise th a t  h ig h e r c a r r ie r  gas flo w ra te s  were needed to  

ob ta in  h ig h  coal feed ra te s . The U n iv e rs ity  o f Utah ope ra ted  w ith  a 

gas re a c to r res ide nce  tim e about ten  tim es less than  p re v io u s  research 

done a t MSU. The p a r t ic le  res idence tim e is no t th e  same as gas re s i­

dence tim e due to  f r ic t io n  and th e  te n d e n cy  fo r  p a r t ia l ly  liq u e fie d , 

s t ic k y  coal p a rtic le s  to  agg lom erate and s t ic k  to  th e  w a lls  o f th e  reac­

to r .
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T h is  lead to  a p rogram  to  ob ta in  coal fe e d ra te  data a t va riou s  d i f ­

fe re n t  c a r r ie r  gas flo w ra te s  in  w h ich abou t 25 ru n s  w ere made. These 

cold f lo w  te s ts  were done us ing  o p e ra tin g  cond ition s  shown in Tab le  I I I .

Tab le  I I I .  Cold Flow T e s tin g  O pe ra tin g  Param eters

C a rr ie r  Flow Gas N itroge n

Reactor P ressure 500 ps ig

Reactor T em pera tu re A m bien t

Run Time 20 m inutes

Coal Feed -50 mesh

d rie d

c a ta ly t ic

T he  re s u lts  o f these  cold flo w  fe e d ra te  te s ts  are shown in F igu re  

13. I t  can be seen th a t  u n d e r these o p e ra tin g  co n d itio n s , th e  coal 

fe e d ra te  increases u n ifo rm ly  w ith  c a r r ie r  gas f lo w ra te . As a re s u lt  o f 

th is  te s t ,  i t  was decided to  ru n  a t 30 sc fh  (s ta n d a rd  c u b ic  fe e t per 

h o u r)  as a s ta n d a rd  ru n  c o n d it io n .

A n o th e r o p e ra tin g  v a r ia b le  was recogn ized as be ing  a ffec ted  by  

th e  change to  increased c a r r ie r  gas f lo w ra te . S ince th e  c a r r ie r  gas 

was no t p reheated in  th is  resea rch , th e  laws o f heat t ra n s fe r  p re d ic t 

th a t  w ith  increased f lo w ra te , i t  w ill re q u ire  more tim e fo r  th e  gas to  

be heated to  reaction  te m p e ra tu re . A th e o re tica l heat t ra n s fe r  ana lys is
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Carrier  Gas Flow, scfh

F ig u re  13. The  E ffe c t o f C a rr ie r  Gas F low ra te  on Coal Feedra te .
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m odeling th e  system  as a doub le  p ipe  heat exchanger w ith  a heated 

le n g th  o f s ix  fe e t and a co n s ta n t wall te m p e ra tu re  o f 500°C showed 

th a t  th e  gas took  up to  h a lf th e  le n g th  to  be heated to  reaction  tem ­

p e ra tu re . In p ra c tic e , th is  model was con se rva tive  s ince  th e  wall tem - 

p ea tu re  would d ro p  when h igh  flo w ra te s  o c c u rre d . T h u s  th e  ,actual 

reac tion  te m p e ra tu re s  are somewhat less than  th e  te m p e ra tu re  measured 

on th e  wall o f th e  re a c to r.

C . P re lim in a ry  Research

P re lim in a ry  research  was done to  show th a t  th e  equ ipm ent was 

operab le  a t h ig h e r  flow  ra tes  and to  rep roduce  some p re v io u s  data .

The  most im p o rta n t o p e ra tin g  v a r ia b le  a ffe c ted  b y  th e  increased flo w - 

ra te  was th e  re a c to r te m p e ra tu re . Small changes in f lo w ra te  would 

cause th e  te m p e ra tu re  to  f lu c tu a te  from  th e  des ired  ru n  va lue . F re ­

q u e n t ad jus tm en ts  were re q u ire d  to  keep th e  te m p e ra tu re  close to  the  

des ired  o p e ra tin g  va lue .

P re lim in a ry  ru n s  perfo rm ed w ith  n o n -c a ta ly tic  coal us ing  hyd rogen  

as th e  c a r r ie r  gas showed re p ro d u c ib il ity  o f the  coal fe e d ra te  and th e  

v ia b i l i t y  o f g e tt in g  coal conve rs ion  a t h ig h e r fe e d ra te s . Some p re lim i­

n a ry  ru n  data is shown in Tab le  IV . T ab le  V shows th e  re s u lts  o f 

these p re lim in a ry  ru n s .
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Table: IV . Some P re lim in a ry Results

Run

A v g . Run 

Tem p.

Run

P ressure
H2

F low rate

P roduc t 

C o llection  Rate

Total

C onvers ion
(°c) (p s ig ) (s c fh ) ( g /h r ) (%)

EO* — ------- — — — — — — — — — 0.7
El 470 1,000 40 68 14.0

E2 450 1,000 38 68 11.9
ES 455 800 39 67 6.0

E4 460 1,000 26 19 7.2
ES 470 500 39 60 2.7

*  EO rep resen ts u n reacted coal

Tab le  V . F u r th e r R esults o f P re lim in a ry  Research

Run

C onvers ion %
S u lfu r

%
N itrogenOil A spha ltene A spha lto l

EO 0 .4 0 .2 0.1 .57 1.03

El 13.1 0 .6 0 .3 .41 1.13

E2 9.0 2.1 0 .8 .63 1.10

ES 5.8 0.1 0.1 .46 1.16

E4 . 6 .7 0 .4 . 0.1

9

1.15

ES 2.1 0 .5 0.1 .57 1.05
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As a re s u lt  o f th is  resea rch , th e  s tanda rd  ru n  co n d itio n s  were 

chosen fo r  th e  rem a inder o f th e  re sea rch . These co n d itio n s  were used 

in  th e  c a ta ly t ic  screen ing  research and were th e  basis o f th e  w o rk  done 

to  de te rm ine  th e  e ffe c t o f te m p e ra tu re , p re ssu re  and f lo w ra te . In 

these  te s ts , th e  v a r ia b le  be ing  tes te d  was a lte red  from  its  s tandard  

c o n d it io n . Tab le  V l shows th e  s ta n d a rd  ru n  co n d itio n s .

Tab le  V I.  S tanda rd  Run C ond itions

D. T he  E ffe c t o f C a ta lys is  on Coal C onvers ion

T he s ix  most a c tive  metal ch lo rid e s  de term ined b y  S ire  (1975)

[3 7 ] ,  along w ith  n o n -c a ta ly tic  coal w ere tes ted  a t s ta n d a rd  cond itions  

fo r  coal conve rs ion  and p ro d u c t s u lfu r  and n itro g e n  c o n te n t. These 

c a ta lys ts  were im pregnated  onto d r ie d ,  p u lv e rize d  coal from  aqueous 

s o lu tio n . To compare th e  ca ta lys ts  on ah e q u iva le n t bas is , th re e  p e r ­

cen t metal on coal was chosen as th e  c a ta ly s t co n c e n tra tio n . The ca ta ­

ly s ts  used and coal c a ta ly s t con ce n tra tio n s  are shown in  Tab le  V I I .

T em pera tu re

P ressure

C a rr ie r  Gas F low rate  

Reactor Leng th  

Coal Feed

Run Time

500°C 

1,000 ps ig  

30 scfh  

6 f t

-50 mesh

im pregnated c a ta ly tic  

30 m inutes
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Tab le  V IL  Metal C h lo rid e  C a ta lys ts  and Coal C oncen tra tions

Metal C h lo rid e % Metal on Coal

N iC I2 1SH2O 2.86
SnCI2 1EH2O 2.20

ZnC I2 2.97

C uCI2 -2H20 2.83

CoCI2 1SH2O 3.20

FeCI2 "4H20 2.40

T he c a ta lys ts  w ere im pregnated  b y  d is s o lv in g  th e  e q u iva le n t 

am ount o f h yd ra te d  c h lo rid e  such th a t  th e  am ount o f metal would be 

3 p e rc e n t o f 1,000 gram s o f coal. For h yd ra te d  n icke l c h lo r id e , 121.5 

gram s were used to  make th e  aqueous s o lu tio n . A ll o f th e  w a te r was 

th e n  d r iv e n  o f f  y ie ld in g  th e  im pregnated  c a ta ly t ic  coal. T he  coal was 

then  d r ie d  a t IOO0C to  d r iv e  o f f  a ll th e  w a te r o f h y d ra tio n  [7 ] and 

in s u re  th a t  th e  ch lo rid e s  ex is ted  in  th e  n o n -h y d ra te d  fo rm .

T he  expe rim en ta l ru n s  were done in  o rd e r o f in c re a s in g  c a ta lys t 

v o la t i l i ty  to  m inim ize th e  e ffe c t o f a h ig h ly  v o la tile  c a ta ly s t coating 

th e  re a c to r wall and a ffe c tin g  th e  subsequen t ru n s .

T he  re s u lts  o f these c a ta ly s t te s ts  along w ith  th e  re s u lts  o f non - 

c a ta ly t ic  coal a re  shown in  Tab le  V l l i  fo r  ru n s  made w ith  hyd rogen  

a t s ta n d a rd  c o n d itio n s . Tab le  IX shows th e  conve rs ions  b roken  down 

in to  th e  in d iv id u a l f ra c t io n s .
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Tab le  V I I I .  The E ffe c t o f Metal C h lo rid e C a ta lys ts  on Coal C onvers ion

C a ta ly s t To ta l C onvers ion % S u lfu r % N itrogen

ZnC I2 24.0% 0.61 1.13
SnCI2 17.2% 0.55 1.10
C uC I2 16.5% 0.57 -------—

N iC I2 15.5% 0.52 1.14

CoCI2 10.8% 0.51 1.03

FeCI2 8.3% 0.61 1.00

N o n -c a ta ly tic 4.2% 0.79 1.10

U nreacted Coal 0.7% 0.57 1.03

Tab le  IX . T he  E ffe c t o f Metal C h lo rid e  C a ta lys ts  on In d iv id u a l Coal 

C onvers ion

C onvers ion

C a ta ly s t Oil A spha ltene A spha lto l Tota l

ZnC I2 16.9 6.1 1 .0 24.0

SnCI2 14.3 2 .9 0 .0 17.2

C uC I2 13.0 2 .8 0 .7 16.5

N iC I2 14.0 1.5 0 .0 15.5

CoCI2 9 .9 0 .9  . 0 .0 10.8

FeCI2 5 .7 1.9 0 .7 8 .3

N o n -C a ta ly tic 3 .8 0 .3 0.1 4 .2

U nreacted 0 .4 0 .2 0.1 0 .7
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I t  is noted th a t  all o f th e  c a ta lys ts  increase th e  coal con ve rs io n , 

up to  a fa c to r  o f s ix  fo ld  o ve r n o n -c a ta ly tic  coal.

R esults o f c a ta ly t ic  ru n s  show conve rs ions  less th a n  re po rte d  in 

p re v io u s  c a ta ly t ic  s tud ie s  us ing  th e  same equ ipm ent [7 ] .  The most 

p robab le  reason fo r  th is  is th a t  th e  use o f h igh  flo w ra te s  in th is  

research  tended  to  reduce th e  actua l reaction  te m p e ra tu re  from  w hat 

was re co rd e d . T h is  low er conve rs ion  th e n  a p p a re n tly  is a re s u lt  o f 

low er o p e ra tin g  tem p e ra tu res  and no t c a ta ly s t d iffe re n c e s .

I t  appears th a t  no d e s u lfu r iz a tio n  o r  d e n itro g e n iza tio n  is ta k in g  

p lace. T h is  cou ld  be because th e  liq u e fa c tio n  reaction  is ta k in g  place 

a t th e  o u te r  su rfa ce  o f th e  coal p a r t ic le  and th e  p ro d u c t be ing analyzed 

is fo r  th e  most u n reacted coal. I t  can also be seen th a t  th e  b u lk  o f 

th e  conve rs ion  is in th e  oil f r a c t io n .

I t  has also been shown th a t  as th e  percen tage o f c a ta ly s t in th e  

coal increases from  1 .5  to  6 p e rce n t metal on coal, th e  y ie ld  o f aspha l­

tenes decreases s ig n if ic a n t ly  and th e  m olecu lar w e ig h t o f th e  aspha l­

tene  and hexane so lub le  o il decrease [4 5 ].

E. T he  E ffec ts  o f H yd rogen  C h lo rid e  on Coal C onvers ion

Each o f th e  c a ta lys ts  d iscussed in  th e  p re v io u s  section  were ru n  

aga in , th is  tim e us ing  a 5 p e rce n t m ix tu re  o f hyd rog en  c h lo rid e  in 

h yd ro g e n  as th e  c a r r ie r  gas. The p ro d u c ts  were again analyzed fo r  

coal conve rs ion  and p ro d u c t n itro g e n  and s u lfu r  co n te n t. The  re su lts
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o f these ru n s  are  shown in  T a b le  X . Tab le  X l shows th e  hyd rogen  

c h lo rid e  ca ta lyzed  conve rs ion  b roken  down in to  th e  in d iv id u a l f ra c t io n s .

As can be seen, in each case, th e  a d d itio n  o f 5 p e rc e n t HCI to  th e  

feed gas re s u lts  in  a s ig n if ic a n t increase in  to ta l co n ve rs io n . T h is  data 

is c o n s is te n t w ith  p re v io u s  batch coal hyd ro g e n a tio n  s tud ie s  [8 , 3 7 ].

T h is  data appears to  fo llo w  th e  coal liq u e fa c tio n  mechanism proposed b y  

W eller [4 4 ].  The  therm a l s p l it t in g  o f th e  coal a p p a re n tly  is cata lyzed 

b y  th e  halogen ac id , and these e ith e r  po lym erize  to  fo rm  uriso lub le  p ro ­

d u c ts  o r  a re  s ta b ilize d  b y  th e  ad d itio n  o f hyd ro g e n a tio n  to  fo rm  so lub le
\

p ro d u c ts . The h yd ro g e n a tio n  appears to  be ca ta lyzed b y  th e  m etal.

The increase in  conve rs ion  here is s ig n if ic a n t. H ow ever, v e ry  l i t ­

t le  d iffe re n c e  is seen fo r  th e  va rio u s  c a ta ly s ts . T h is  cou ld  be due to  

th e  HCI ca ta lyzed  reaction  be ing th e  ra te  lim itin g  s te p . Note th a t even 

th e  n o n -c a ta ly tic  coal was increased s ig n if ic a n tly  due to  th e  add ition  o f 

HCI alone. B y  com paring data in Tab le  IX and X I ,  i t  is noted th a t  most 

o f th e  increase in conve rs ion  comes in  th e  most d e s ira b le  o il f ra c t io n .

T ab le  X l l  p re se n ts  th e  n itro g e n  and s u lfu r  con ten ts  o f the  p ro ­

d u c ts  o f ru n s  pe rfo rm ed  w ith  h yd ro g e n  c h lo rid e . A ga in  no desu lfuriza^- 

t io n  o r  d e n itro g e n a tlo n  appears to  have taken  place. A g a in , i t  is 

p la u s ib le  th a t  th e  analyzed, p ro d u c t is fo r  th e  most p a r t  u n reacted coal, 

in d ic a tin g  th a t  th e  reac tion  occu rs  on th e  o u te r coal surface,.
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Tab le  X . The E ffe c t o f H yd rogen  C h lo rid e  on Coal C onvers ion

C a ta lys t To ta l C onvers ion  H0 Tota l C onvers ion  .H0-HCI
CoCI2 10.8 44.2  .
SnCI2 17.2 38.3
C uC I2 .16 .5 37.8

N iC I2 15.5 37.6

ZnC I2 24.2 34.3

FeCI2 8.3 34.2

N o n -c a ta ly tic 4 .2 25.0

Tab le  X I .  The  E ffe c t o f H ydrogen  C h lo rid e  

C onvers ion

On In d iv id u a l Coal

C onvers ion

C a ta ly s t Oil A spha ltene A spha lto l Tota l

CoCI2 29.7 12.6 1.9 44.2

SnCI2 33.3 4.1 0 .9 38.3

C uC I2 33.2 3 .7 0 .9  . 37.8

N iC I2 34.2 2 .9 0 .5 37.6

ZnC I2 31.9 2 .4 0 .0 34.3

FeCI2 29.9 4 .3 0 .0 34.2

N o n -C a ta ly tic 20.6 3 .5 0 .9 25.0
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Table X I I .  Nitrogen and Sulfur in HCI Runs

C a ta lys t % S u lfu r % N itroge n
CoCi2 0.67 1.34

SnCI2 0.53 0.97
CuCI2 0.36 0L98

N iC I2 0.52 1.00

ZnC I2 0.39 1.04

FeCI2 0.56 1.03

No n -c a ta ly t ic 0.29 ----

U nreacted coal 0.57 1.03

F . T he  E ffe c t o f T em pe ra tu re  on Coal C onvers ion

As shown by  F igu re  14, th e  coal, conve rs ion  increased ra p id ly  

w ith  in c re a s in g  te m p e ra tu re . T em pera tu res  used were 600, 500, and 

4000C us ing  h yd ro g e n  as th e  c a r ry in g  gas arid n icke l c h lo rid e  cata­

lyzed coal.

T h is  can be exp la ined  b y  th e  pos tu la ted  mechanism o f coal h y d ro ­

genation  [4 4 ].  Coal is s p l it  th e rm a lly  to  fo rm  re a c tive  fra g m e n ts .

I t  is p la u s ib le  th a t  a t low er te m p e ra tu re s , th e re  is in s u ff ic ie n t  th e r ­

mal e n e rg y  to  s p l it  th e  coal th u s  p ro d u c in g  less m olecu lar fra g m e n ts . 

T h is  th e n  would reduce  th e  num ber o f a c tive  s ites ava ilab le  fo r
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A -  Oi l  Conversion

O - T otal Conversion, Oi l  
Asphaltene, Asphaltol q

Temperature, °C

Figure 14. The Effect of Temperature on Coal Conversion.
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s ta b iliz a tio n  in to  so lub le  p ro d u c ts  b y  th e  a d d ition  o f h yd ro g e n . T h is  

t re n d  is su p p o rte d  b y  data f re q u e n t ly  re p o rte d  in th e  c u r re n t  coal 

liq u e fa c tio n  lite ra tu re  [7 , 8, 2 2 ]. Wood and W iser re p o r t  700°C is 

re q u ire d  to  ach ieve 65 p e rce n t c o n ve rs io n , w h ile  B iega lke  re p o rts  non- 

c a ta ly t ic  conve rs ion  to  be o v e r 30 p e rc e n t a t 600°C .

G. T he  E ffe c t of. C a rr ie r  Gas Flow Rate on Coal C onvers ion

As shown b y  F ig u re  15, th e  coal conve rs ion  decreases w ith  

in c re a s in g  c a r r ie r  gas f lo w ra te . T he  c a r r ie r  gas used in  th is  in v e s t i­

ga tion  was h y d ro g e n , w h ile  n icke l c h lo rid e  c a ta ly t ic  coal was used. 

H yd rogen  flo w ra te s  tes te d  were 9, 14, and 30 s tanda rd  cu b ic  fe e t pe r 

h o u r. T h is  tre n d  would be expected since an increase in  hyd rogen  

f lo w ra te , o r  lin e a r v e lo c ity  th ro u g h  th e  tu b e , also would reduce the  

coal res idence tim e .in th e  reaction  zone. T h is  tre n d  is also repo rte d  

b y  Wood and W iser us ing  s im ila r equ ipm ent [2 2 ].  T h e y  also re p o r t a 

coal p a r t ic le  res idence tim e o f tw o to  s ix  seconds fo r  a o n e -h a lf inch 

re a c to r tu b e  w h ich  compares w ith  a gas residence tim e o f 0 .8  seconds 

fo r  th e  same s itu a tio n . T h is  seems to  in d ica te  th a t  coal s tic k s  to  the  

ho t tu b e  wall to  some e x te n t.

T he  gas res idence tim e fo r  th e  v a r io u s  flow  ra tes  are  p resen t in 

Tab le  X I I I ,  based on s ix  fe e t o f heated re a c to r le n g th .
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A - O i l  Conversion

O - T otal Conversion, Oi l  
Asphaltene, Asphaltol

Carrier Gas Flow, scfh

Figure 15. The Effect of C arrier Gas Flowrate on Coal Conversion.
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Table X I I I .  Reactor Gas Residence Time

H yd rogen  Flow Rate 

(s c fh )

9

14

30

Residence Time 

For S ix  FOot R eacto r, Sec.

0.19

0.12
0.06

H . T he  E ffe c t o f P ressu re  on Coal C onvers ion

The e ffe c t o f p re s s u re  on coal conve rs ion  is shown on F igu re  16. 

As no ted , th e  conve rs ion  d rops  s h a rp ly  w ith  decreas ing  p re ssu re s . 

P ressures tes ted  were 1 ,000, 800, and 500 ps ig . N icke l ch lo rid e  ca ta ­

ly t ic  coal was used w ith  h yd rog en  as th e  c a r r ie r  gas. T h is  tre n d  is 

also v e r if ie d  f re q u e n t ly  in  th e  lite ra tu re  and is p la u s ib le  s ince th e  use 

o f increased p re s s u re  in te n s if ie s  th e  a v a ila b il ity  o f h yd ro g e n  to  react 

w ith  fragm en ted  molecules [7 , 22, 23, 2 8 ].
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A -  Oi l  Conversion

O  -  Total Conversion, Oi l  
Asphaltene, Asphaltol

Pressure, psig

Figure 16. The Effect of Pressure on Coal Conversion.



I . S u lfu r  and N itrogen ' C o n ten t o f O il and A spha ltene  F ractions

To fu r th e r  ch a ra c te rize  any d e h itro g e n a tio n  a n d /o r  d e s u lfu r iz a ­

t io n  w h ich  took  place d u r in g  th e  re a c tio n , s u lfu r  and n itro g e n  con ten t 

o f th e  o il and aspha ltene p ro d u c t o f selected ru n s  were de te rm ined .

Since th e  o il and asphaltene fra c t io n s  were e x tra c te d  in to  a so lve n t, 

th e y  were fu r th e r  iso la ted  to  be ana lyzed . T h is  was done b y  b o iling  

o f f  th e  so lve n t u n t il a w e ig h t ra tio  o f abou t th re e  p a rts  so lve n t to  one 

p a r t  o il o r  aspha ltene rem a ined . T h u s , th is  is th e  sample th a t  was ana­

lyzed fo r  s u lfu r  and n itro g e n . The re s u lts  are shown in  Tab le  X I V .

I t  can be noted th a t  th e  appearance o f d e s u lfu r iz a tio n  and d e n itro g e n a - 

t io n  o f th e  oil and aspha ltene p ro d u c ts  p ro b a b ly  o c c u rs . Note th a t  th e  

data re p o rte d  re p re se n ts  th e  n itro g e n  and s u lfu r  o f th re e  to  one ra tio  

o f so lve n t to  p ro d u c t and th e  vo lu m e tr ic  means o f d e r iv in g  th is  sample 

was app rox im a te .

69
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T ab le  X I V .  S u lfu r  and N itroge n  C o n ten t o f Oil and A spha ltene  

F rac tions

F rac tion S u lfu r N itrogen

G14 Oil 0.09 0.011

G15 Oil 0.075 0.016

G l6 Oil 0.16 0.008

G14 A spha ltene 0.10 0.012

G15 A spha ltene 0.14 0.009

G16 A spha ltene 0.07 0.011

G17 A spha ltene 0.15 0.012

Hf



CONCLUSIONS

The fo llo w in g  conclus ions can be made:

(1 )  P u lve rized  coal is a d i f f ic u l t  medium to  feed u n ifo rm ily  and 

re p ro d u c ib ly  a t h igh  p ressu res -

(2 )  U nreacted coal con ta ins 0 .4  p e rce n t o ils , 0 .2  p e rce n t asph a l­

tenes , and 0.1 p e rc e n t aspha lto ls  fo r  a to ta l conve rs ion  o f 0 .7  p e rce n t.

(3 )  The coal feed ra te  is a fu n c t io n  o f c a r r ie r  gas flo w ra te  u n d e r 

th e  o p e ra tin g  co n d itio n s  used in  th is  th e s is  w o rk .

(4 )  C onvers ion  o f coal in to  ch a ra c te riza b le  liq u id  p ro d u c ts  can be 

made us ing  ra p id  coal liq u e fa c tio n  m ethods.

(5 )  Im pregnated metal c h lo rid e  c a ta ly t ic  coal y ie ld s  h ig h e r con­

ve rs io n s  u n d e r s im ila r d p e ra tin g  cond ition s  than  n o n -c a ta ly tic  coal.

(6 )  The  a d d itio n  o f h yd rog en  c h lo rid e  to  th e  c a r r ie r  gas h y d ro ­

gen stream  re s u lts  in  a s ig n if ic a n tly  h ig h e r convers ion  fo r  both metal 

c h lo rid e  ca ta lyzed and non -ca ta lyzed  coal.

(7 )  The  n itro g e n  and s u lfu r  c o n te n t o f th e  so lid  p ro d u c t ana­

lyzed remain v ir tu a l ly  unchanged from  u n reacted co a l.

(8 )  Increases in  te m p e ra tu re  increase  th e  coal conve rs ion  

a tta ined  w ith  c a ta ly t ic  coal.

(9 )  Increases in  c a r r ie r  gas flo w ra te  decrease th e  coal co n ve r­

sion a tta ined  w ith  c a ta ly t ic  coal.
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(10 ) Increases in system  p re ssu re  increase th e  coal convers ion  

a tta ined  w ith  c a ta ly t ic  coal.

(11 ) D e n itro gena tion  and d e s u lfu r iz a tio n  are e v id e n t in  the  oil 

and aspha ltene fra c t io n s  o f th e  liq u id  p ro d u c ts .



RECOMMENDATIONS FOR FUTURE STUDY

Due to  th e  o p e ra tin g  problem s encounte red  w ith  th e  p resen t 

expe rim en ta l app a ra tus  in  th is  th e s is  w o r k , . severa l m ajor m od ifica­

tio n s  are suggested be fo re  a ttem pts are  u nd e rtake n  to  ob ta in  any 

more expe rim en ta l da ta . O pe ra ting  problem s such as coal feede r p lu g ­

g in g ,  extrem e te m p e ra tu re  v a r ia t io n s , and re a c to r p lu g g in g  resu lted  

in th e  m aking o f 2 .5  tim es as many expe rim enta l ru n s  as re po rte d  

h e re in .

Equipm ent changes th a t  a re  recommended a re :

(1 )  In s ta ll a h yd ro g e n  ( c a r r ie r  gas) p re -h e a tin g  system . In 

v ir tu a l ly  all s im ila r research  w h ich  is p re s e n tly  be ing con­

duc ted  a round  th e  c o u n try ,  a hyd rogen  p re -h e a tin g  system 

is used . T h is  cou ld  be done b y  b u ild in g  a hea ting  system 

s im ila r to  th e  one p re s e n tly  used to  heat th e  re a c to r. A 

le ng th  o f co iled tu b in g  w rapped a round an in te rn a lly  heated 

steel p ipe  located d ire c t ly  upstream  o f th e  h yd ro g e n  in le t o f 

th e  coal fe e d e r would seem to  do th e  jo b . Care should be 

exe rc ised  to  in s u re  th a t  th e  p re -h e a t system  hea t in p u t is 

s ig n if ic a n tly  ove rdes igned  so la rge  heat t ra n s fe r  ra tes due to  

changes in  la rge  flo w ra te s  do n o t a ffe c t th e  re a c to r tem pera ­

tu re .

(2 )  In s ta ll a p ro d u c t quench sys tem . A g a in , c u r re n t  research 

in d ica tes  th a t  a quench ing  system  be used to  m inim ize the



74

tim e th e  p ro d u c ts  o f coal liq u e fa c tio n  are exposed to  h igh  

te m p e ra tu re s . T h is  quench cou ld  be done b y  in je c tin g  a cold 

f lo w  o f h yd ro g e n  o r  n itro g e n  in to  the  re a c to r system  ju s t  

dow nstream  from  th e  re a c to r o u t le t.  B a th ing  th e  p ro d u c t 

co llec tion  vessel in  water, would  no t be a su ita b le  method o f 

quench since th e  m a n u fa c tu re r o f th a t  piece o f equ ipm ent 

in d ica tes  th a t  loss o f s t ru c tu ra l in te g r i ty  may occu r in th a t  

s itu a tio n .

(3 )  In s ta ll la rg e r  d iam eter re a c to r tu b in g .  T he  use o f la rg e r 

d iam ete r tu b in g  w ould  he lp  bo th  th e  heat t ra n s fe r  problem  

encounte red  and also tend  to  reduce th e  problem s encoun­

te re d  w ith  reaction  p lu g g in g . I t  is recommended th a t th e  

o u ts id e  d iam ete r be a minimum o f 5 /16" w ith  3 /8 "  tu b in g  

d e s ire d .

(4 )  In s ta ll a p ro d u c t condensing  system . T h is  th e s is  w o rk  has 

de te rm ined  th a t  a p ro d u c t condensing  system  is im pera tive  i f  

fu tu re  w o rk  is to  genera te  more m eaningfu l da ta . I t  is 

be lieved th a t  p re s e n tly  much o f th e  liq u id  p ro d u c t is passing 

th ro u g h  th e  p ro d u c t co llec tion  vessel as a v a p o r. Evidence 

o f th is  is th e  fa c t  th a t  a t a r r y  liq u id  substance  can be 

fo u n d  in s id e  th e  process lines and p re ssu re  re g u la to r  dow n­

stream  from  th e  co llec tion  vesse l. A d d itio n a l evidence is th e  

fo rm a tion  o f an o ily  la ye r in  th e  e x it  gas s c ru b b e r. I t  is
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recommended th a t  a second p ro d u c t co llec tion  vessel be 

added to  th e  flo w  system  m ounted below a v e r t ic a l w a ter 

condenser.

New expe rim en ts  th a t  a re  recommended in c lu d e :

(1 )  C h a ra c te riza tio n  o f condensed liq u id  p ro d u c ts  b y  convers ion  

m ethods and s u lfu r  and n itro g e n  methods o u tlin e d  h e re in .

(2 )  A n a lys is  o f e x it  gas stream  b y  gas ch ro m a to g ra p h y . T h is  

would  p ro b a b ly  re q u ire  th e  use o f a p re ssu rize d  flow  m eter 

upstream  o f th e  re a c to r to  measure c a r r ie r  gas flo w ra te s . Gas 

ch rom a to g raphy  m ethods are  re p o rte d  b y  o th e r  in s titu t io n s  

p e rfo rm in g  s im ila r resea rch .

(3 )  T e s t th e  e ffe c t o f a h y d ro ca rb o n  veh ic le  on p ro d u c t co n v e r­

s ion . Vehic les such as p ro p y le n e , penetech o i l , deca lihe , 

to lu e n e , and te tra lin e  cou ld  se rve  as a h yd ro g e n  donor and 

have been shown to  be e ffe c tiv e  in  s im ila r p re v io u s  batch 

s tu d ie s .

(4 )  Examine th e  re c o v e ra b ility  o f th e  c a ta ly s t used so the  ca ta­

ly s t  economics can be s tu d ie d ,

(5 )  C h a ra c te rize  liq u id  p ro d u c ts  b y  ASTM d is t i l la t io n s .  Longer 

ru n  tim es may be needed to  genera te  adequate amounts o f 

p ro d u c t.



(6) Run with o th e r  ha logens in th e  gas  feed such  as boron t r i ­

f luor ide  and h yd rogen  flour ide .

(7)  Run us ing  solid SRC r a t h e r  than  coal for  t h e  feed mate ria l .

(8) Determine th e  effec t  of c a ta ly s t  concentra t ion  on coal c o n v e r ­

sions and p rocess  economics.

(9) Determine th e  e f fec t  of HCI concen tra t ion  in t h e  feed gas  on 

coal convers ion ,  p ro d u c t  d e n i t ro g e n a t io n , /and  process  

economics.

(10) Determine th e  e f fec t  of h ig h e r  p r e s s u r e s  on coal convers ion .
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Table  XV. Typical  Run Data __________

RUN F-6

Run Conditions 
T em p era tu re  
P r e s s u r e  
Flowrate 
Feeder  Se t t ing  
Coal Feed

C a r r i e r  Gas 
Barometer
Ambient  T em p era tu re

SOO0C 
1,000 pslg 
30 scfh 
10
Copper  Cata lyzed ,  -60 mesh, 

dr ied  

H 2
639.3
73°F

Time Flowrate T em p era tu re Remarks
(Min.) ( S e c / r e v ) ( ° C )

0 7 .4 480 S t a r t
5 8 .4 / 7 .7 500 OK

11 8.0 510
21 8 .3 / 7 .8 490
29 8.1 510 Backoff Heat
38 8 .0 500

46 8.1 490

53 8.2 500

60 8.0 510 Shutdown

60 m in . 8 .0  A v g . 499 A v g .

= 360
8.0

492
760

639.3:
534

Flowrate x x = 35 scfh



T able  XVI.  R esu lts  of Prelim inary Research

Run
No.

A v g . Run 
Temp.

Run
P r e s su r e

A y g . Run 
Gas Flowrate

A v g . P roduc t  
Collection Rate Oil

Conversion
Asphaltene

%
Asphaltol

( ° c ) (p s ig ) ( s c f h ) ( g / h r )

El 470 1,000 40 68 13.1 0.6 0.3

E2 450 1,000 38 68 9.0 2.1 0.8

ES 455 800 39 67 5.8 0.1 0.1

E4 460 1,000 26 19 6.7 0 .4 0.1

ES 470 500 39 60 2.1 0.5 0.1



TABLE XVi I. Final Run Data,  Opera t ing  Parameters

A v g . Run Run Avg.. Run Product
Run No. Tem p era tu re P r e s s u r e Gas Flowrate C a r r i e r  Gas Collection Rate Catalys t

( °C ) (p s ig ) ( s c fh ) ( g / h r )

Fl ' 480 1,000 35 Ho 30 None
F2 501 1,000 37 HpHCI 20 None
F3 508 1,000 37 HpHCl 7 CuCIp
F6 499 1,000 35 h | 3 CuCIp
F7 491 1,000 35 HpHCI 3 CoCIp
Fll 486 1,000 36 H2 3 ZnCIp
G6 494 1,000 36 Ho 51 FeCIp
G7 504 1,000 30 HpHCI 15 FeCIp
G8 515 1,000 30 HpHCI 10 ZnCIp
G9 505 1,000 30 h | 34 CoCIp
GlO 503 1,000 30 HpHCI 33 SnCIx
G12 491 1,000 .30 Hp 29 SnCU co
Gl 4 498 1,000 30 HxHCI 35 NiCIp2 0
G15 491 1,000 30 Hf 22 NiCU
Gl 6 416 1,000 30 Ho 15 NiCU
G17 508 1,000 9 Hp 6 NiCU
G18 500 1,000 14 Ho 16 NiCU
Gl 9 593 1,000 30 Hp 22 NiCU
G20 495 800 30 Hp 27 NiCU
G21 501 500 30 4 15 NiCI^



Table  XVIII ,  Final Run Data, C onversions

Conversion %
Run No. Oil Asphal tene Asphaltol Total % Su l fu r % Nitrogen

Fl 3 .8 0.3 0.1 4.2 0.79 1.10
F2 20.6 3 .5 0.9 25.0 0.29 — —

F3 33.2 3 .7 0 .9 37.8- 0.36 0.98
F6 13.0 2 .8 0.7 16.5 \ 0.57 -  -

F7 29.7 12.6 1 .9 44.2 0.67 1.34
F l l 16.9 6.1 1.0 24.0 0.54 1.13
G6 5.7 1.9 0.7 8.3 0.61 1.00
G7 29.9 4 .3 0 .0 34.2 0.56 1.03
G8 31.9 2 .4 0 . 0 34.3 0.39 1.02
G9. . 9 .9 0.9 0.0 10.8 0.51 — —

GIO 33.3 4.1 0 .9 38.3 0.53 0.97
G12 14.3 2 .9 0.0 17.2 0.55 1.10
Gl 4 34.2 2 .9 0 .5 37.6 0.52 1.00
G15 14.0 1.5 0.0 15.5 0.62 1.14
Gl 6 7.5 1.3 0 .4 9.2 0.62 1.08
G17 16.4 1.8 0 .5 18.7 - “ — —

Gl 8 19.1 4.9 0 .8 24.8 0.54 1.26
G19 25.6 5.1 0.6 31.3 — 0.86
G20 4.3 0 .8 0 .2 5.3 0.64 . 1.00
G21 1.3 0 .4 0.0 1 .1 - - 1.16
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