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Abstract:
Catalytic hydrogenation of ERDA's SYNTHOIL liquified coal was achieved using commercial
hydrotreating catalysts. Twenty-five catalysts were tested in rocking bomb autoclave tests. Successful
operation of a continuous reactor was demonstrated with eight catalysts.

The products were analyzed for hydrocracking by ASTM distillation. Heteroatom removal was
determined by the quartz tube method for sulfur and Macro-Kjeldahl for nitrogen.

The best catalyst tested was Harshaw HT-500 (3% NiO, 15.5% M0O3 on alumina) which gives a
product containing 18% Naphtha, 32% fuel oil, and 22% gas oil. Heteroatom removal was 70%
desulfurization and 32% denitrogenation. Nitrogen seems to be the more difficult heteroatom to
remove.

The effects of varying liquid hourly space velocity, temperature, and hydrogen flow were studied in the
continuous reactor. A temperature of 450°C, a pressure of 800 psi and a hydrogen flow rate of 10,000
scf/bbl gave the best hydrocracking and heteroatom removal. An increase in the LHSV causes a
decrease in hydrocracking and heteroatom removal. 
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ABSTRACT

C a ta ly t ic  hydrogenation  o f  ERDA1s SYNTHOIL l i q u i f i e d  coal was 
achieved us ing  commercial h y d ro t re a t in g  c a ta ly s t s .  T w e n ty - f iv e  
c a ta ly s ts  were te s te d  in  ro ck in g  bomb au toc lave  t e s t s .  Successful 
o p e ra t io n  o f  a continuous re a c to r  was demonstrated w i th  e ig h t  c a ta ly s ts

The products  were analyzed f o r  hyd rocrack ing  by ASTM d i s t i l l a t i o n .  
Heteroatom removal was determined by the  qua rtz  tube method f o r  s u l f u r  
and M acro-K je ldah l f o r  n i t ro g e n .

The bes t  c a ta ly s t  te s te d  was Harshaw HT-500 (3% NiO,. 15.5% M0O3 
on a lum ina) which g ives a .product c o n ta in in g  18% Naphtha, 32% fue l 
o i l , and 22% gas o i l . Heteroatom removal was 70% d e s u l fu r iz a t io n  and 
32% d e n i t ro g e n a t io n . N itrogen  seems to  be the  more d i f f i c u l t  h e te ro ­
atom to  remove.

The e f fe c ts  o f  v a ry in g  l i q u i d  h o u r ly  space v e lo c i t y ,  tem pera tu re , and 
hydrogen f lo w  were s tu d ie d  in  the continuous re a c to r .  A temperature 
o f  450°C, a pressure o f  800 psi and a hydrogen f lo w  ra te  o f . .
10,000 s c f /b b l  gave the bes t hyd rocrack ing  and heteroatom rem ova l. An 
inc rease  in  the  LHSV causes a decrease in  hydrocrack ing  and he te ro - 
atom r^i"'so Vrdj ,



INTRODUCTION

The demand f o r  energy in  the  Un ited  Sta tes con tinues to  in c rease . 

More than 75% o f  t h is  energy comes' from l im i te d  and d e c l in in g  supp lies  

o f  petro leum and n a tu ra l gas. Since th e  Arab o i l  embargo o f  1973, the 

p r ic e  o f  im ported o i l  has ^ r is e n .s h a rp ly .  ,Petroleum,has become.a. 

dominant fo rc e  in  ou r  economy, bu t i t  is  f a r  too vu ln e ra b le  ( I ) .

To become s e l f  s u f f i c i e n t  in  energy the  U. S. must develop 

and com mercia lize  a l t e r n a t i v e  feeds f o r  our r e f i n e r i e s . The 600 b i l l i o n  

tons o f  U. S . recove rab le  coal represents  our la rg e s t  source o f  

f o s s i l  fue l ( 2 ) .  The p roduc tion  o f  s y n th e t ic  fu e ls  from t h i s  coal 

is  v i t a l  to  the  n a t io n 's  t o ta l  energy supp ly .

The O f f ic e  o f  Foss i l Energy o f  the Energy Research and Development 

A d m in is t ra t io n  (ERDA) is  conducting  a research and development program 

to  p rov ide  the techno logy f o r  ra p id  com m e rc ia l iza t ion  o f  processes 

f o r  c o n v e r t in g  coal to  s y n th e t ic  f u e l s . ERDA programs are aimed a t  

coal l i q u e f a c t io n ,  h igh BTU gas ( p ip e l in e  gas) from c o a l , l o w BTU gas 

from c o a l ,  and d i r e c t  coal combustion ( 3 ) .

German war e f f o r t s  p rov ided the fundamental background f o r  modern 

coal convers ion  processes. In 1913, F r ie d r ic h  Bergius developed a 

hydrogenation process f o r  c o n ve r t in g  l i g n i t e  to  crude o i l .  He was 

fo l lo w e d  in  1925 by Franz F ische r  and Hans Tropsh, who devised a 

c a t a l y t i c  process f o r  tu rn in g  coal gas d i r e c t l y  in to  g a s o l in e .  Coal 

g a s i f i c a t io n  was developed in  1936 by Lurg i G e s e l ls c h a f t  ( 4 ) .



Several, d i f f e r e n t ,  processes, a re  used to  t ra n s fo rm  coal in to  

l i q u i d s .  These in c lu d e  the Char-O il Energy Development (COED) p y ro ly s is  

process, the  S o lven t Refined Coal (SRC) hydrogenation process, tfte. 

SYNTHOIL c a t a l y t i c  hydrogenating  process, and the  H -C o a l^ e b u l l ie n t -

bed c a t a l y t i c  hydrogenation  process ( 5 ) .  x
/•

One o f  the problems w i th  coal is  i t s  r e l a t i v e l y  low h y d ro g e n ^  

c o n te n t .  L iq u e fa c t io n  processes produce some l i g h t  o i l s ,  bu t most 

o f  the  products are heavy o i l s  o r  t a r .  Research.at Montana Sta te  

U n iv e rs i t y  i s  d i re c te d  a t  c a t a l y t i c  hydrogenation  o f  c o a l-d e r iv e d  

l i q u id s  to  c lean d i s t i l l a t e  f u e ls .  S p e c i f i c a l l y ,  t h i s  s tudy  deals 

w i th  c a t a l y t i c  hydrogenation o f  SYNTHOIL.

Th-e bas ic  goal i s  to  inc rease  the  hydrogen1 to  carbon (H/C) 

atom r a t i o  and decrease the amount o f  s u l f u r  and n i t ro g e n  in  the 

p rodu c t.  SYHTHOIL is  hydrogenated us ing d i f f e r e n t  c a ta ly s ts  a t  

e leva ted  temperatures under hydrogen pressure.



BACKGROUND

The fo l lo w in g  s e c t io n  w i l l  duscuss the SYNTHOIL process, chem is try  

o f  c o a l ,  and chem is try  o f  SYNTHOIL. An overview o f  c a ta ly s is  and 

hydrogenation is  a lso  presented.

SYNTHOIL Process \  ...............

The SYNTHOIL process was o r i g i n a l l y  developed by the  U. S. Bureau 

o f  Mines. The nom in a lly  1/2 ton /day  u n i t  is  lo ca te d  a t  ERDA's 

P i t ts b u rg h  Energy. Research Center, P i t ts b u rg h ,  P ennsy lvan ia . This 

one-step  h y d ro d e s u l fu r iz a t io n  process uses the ra p id  t u rb u le n t  f lo w  

o f  hyrogen to  propel a coal s lu r r y  through a f ix e d  bed r e a c to r .

F igure I  is  a schematic o f  the SYNTHOIL process ( 5 ) .

Coal i s  d r ie d ,  p u lv e r iz e d ,  and mixed w i th  a "recyc led  p o r t io n  ■ 

o f  i t s  own p roduc t o i l  to  form the  coal s lu r r y  t h a t  feeds the 

p reh e a te r .  A ra p id  t u rb u le n t  f lo w  o f  hydrogen prope ls  the feed 

through a f ix e d  bed tu b u la r  re a c to r  coated w i th  a p e l l e t i t i z e d  c a ta ly s t  

o f  c o b a l t  molybdenum on s i l i c a  a c t iv a te d  a lum ina. Reaction c o n d it io n s

are  840°F and 4000 ps ig  w i th  excess hydrogen.
%

The p roduc t leaves the re a c to r  and is  sen t to  a vapor l i q u i d  

s e p a ra to r .  Gases then go to  a p u r i f i c a t i o n  system where , they are 

separated in to  w a te r ,  ammonia, hydrogen s u l f i d e ,  hydrogen, and 

hydrocarbon gases. The hydrogen s u l f i d e  is  converted to  elemental 

s u l f u r .  Hydrogen is  re c y c le d .  The hydrocarbon gases are sen t to  a 

g a s i f i e r  and s h i f t  c o n v e r te r  where they  are combined w i th  w a te r and
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oxygen to  make hydrogen.

From the  se p a ra to r  the l i q u id s  go to  a c e n t r i fu g e  to  remove the 

s o l i d  res idu e  from the  p roduc t o i l . P a r t  o f  t h i s  p roduc t o i l  is  

then re cyc le d  to  be s lu r r i e d  w i th  the  feed c o a l .  The s o l id s  are 

p y ro l iz e d  to  y i e ld  p roduc t o i l  and ash re s id u e . The ash, which 

con ta ins  some carbonaceous m a t e r i a l i s  sen t to  the g a s i f i e r  and 

s h i f t  c o n v e r te r  to  a id  in  hydrogen p ro d u c t io n .

The SYNTHOiL p roduc t is  a heavy o i l  t h a t  is  e s s e n t ia l l y  f re e  o f  

s u l f u r  and de-ashed.

' !
Chemistry o f  Coal

A n a ly t ic a l  c h a ra c te r iz a t io n  o f  coal is  im po rtan t  in  the 

l i q u e fa c t io n  process. Coal can be c h a ra c te r iz e d  as a compound 

c o n s is t in g  o f  a low H/C r a t i o , ' h i g h  amounts o f  s u l f u r ,  n i t r o g e n ,  

oxygen, and m inera l m a tte r  (a sh ) .  The u l t im a te  a n a ly s is  o f  the  West 

V i r g in ia  b itum inous coal used as feed in  the  SYNTHOIL process is  

g iven in  Table I .

The coal s t r u c tu r e  c o n s is ts  o f  a rom atic  r in g  c lu s te r s  g e n e ra l ly
'

no la rg e r  than 6 o r  7 r in g s  t i e d  to g e th e r  by b r idge  l in k a g e s .  These 

connecting  a l i p h a t i c  chains in  the  coal polymer are l im i t e d  e s s e n t ia l l y  

to  th re e  carbon atoms ( 6) .

The o b je c t iv e  o f  coal l i q u e fa c t io n  is  to  rup tu re  the  l inkages  

to  o b ta in  the  r in g  s t ru c tu re s  as in d iv id u a l  molecules and then to  

f u r t h e r  break the  arom atic  c lu s te r s .  I t  is  p o s tu la te d  t h a t  coal is
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TABLE I /  ANALYSIS OF COAL, SYNTHOIL, AND .CRUDE OIL

U lt im a te  A na lys is , Wt. Pet.

C o a l( I ) SYNTHOIL Crude O il

Carbon 73.8 87.62 86.0

Hydrogen 5.3 7.97 10.0 ■

Oxygen 7.6 2.08 0.5

N itrogen 1.4 0.97 0.5

Sul f u r 3 .8 0.43 . 3.0

Ash ■ ■ 8.1 1.50 -

H / C ^ R a t i o 0.86 1.09 1.40

( I )  West V i r g in ia  b itum inous coal

(2) Approximate a n a ly s is  f o r  t y p ic a l  petro leum crude

(3) Atom R a tio

I
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th e rm a l ly  s p l i t  to  form re a c t iv e  frag m en ts . The fragments e i t h e r  

po lym erize  to  form benzene - inso lub le  products o r  are s t a b l i z ie d  by 

the a d d i t io n  o f  hydrogen to  form s o lu b le  products ( 7 ) .

-Since coal con ta ins  perhaps 7 to  15 percen t oxygen and a lso  

s u b s ta n t ia l  n i t ro g e n  and s u l f u r ,  these elements must be e l im in a te d .  

Most o f  the  oxygen is  converted  to  w a te r  in  conven tiona l coal 

l i q u e fa c t io n  us ing  hydrogen. S u l fu r  comes in  th re e  fo rm s : ( I )  i n ­

o rgan ic  ( p y r i t e s ) , (2) s u l f a t e s ,  and (3) o rgan ic  (mercaptans and 

t h i o l s ) .  D e s u l fu r iz a t io n  occurs most r e a d i l y ,  because,many s u l f u r  

compounds are d e s u l fu r iz e d  and then hydrogenated. N itrogen  is  p a r t  

o f  and l in k e d  to  coal and is  hard to  sepa ra te .

Chemistry o f  SYNTHOIL

SYNTHOIL is  a coal l i q u e fa c t io n  p roduct t h a t  resembles a t a r  o r  

heavy fu e l  o i l . The hydrogen to  carbon atom r a t i o  o f  t h i s  coal l i q u i d  

is  low er than the correspond ing r a t i o  f o r  petro leum crudes (See

Table I ) .  The heteroatom le v e l  o f  SYNTHOIL is  h ighe r  however,
/

s p e c i f i c a l l y  oxygen and n i t ro g e n .  S u l fu r  is  lower than most 

petro leum crudes t h a t  are r e f i n e r y  feed s tocks .

The one o u ts tand ing  chemical c h a r a c t e r i s t i c  o f  SYNTHOIL is  the 

small- amount o f  any in d iv id u a l  compound.

Characterizing the SYNTHOIL coal liqu id  shows how i t  compares

to crudes. SYNTHOIL exhibits s lig h tly  higher carbon content, but
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s i g n i f i c a n t l y  low er hydrogen co n te n t .  These data suggest both a h ig h e r  

degree o f  a r o m a t ic i t y  and a more h ig h ly  condensed r in g  s t ru c tu r e  f o r  

SYNTHOIL. The coal l i q u i d  con ta ins  s i g n i f i c a n t l y  more m a te r ia l  in  the 

aspha ltene f r a c t io n s  than do the  petro leum l i q u i d s .

The s a tu ra te  f r a c t io n s  o f  'SYNTHOIL are a l l  p redom ina te ly  naphthenic 

w i th  v a ry in g  amounts o f  I  to  6 r in g  naphthenes b e in g .d e te c te d .

O le f in i c  hydrocarbons observed in  SYNTHOIL l i q u id s  may a r is e  from 

hydrothermal c ra ck in g  in  the coal l i q u e fa c t io n  process ( 8 ) .

N itrogen  compounds in  SYNTHOIL c o n s is ts  o f  p y r i d in e s , q u in o l in e s ,  

and in d o le s .  In hyd roden it r o g e n a t ion, C=C would hydrogenate f i r s t  

and C-N hyd rogeno lys is  is  cons idered to  be the ra te  de te rm in ing  

s tep  ( S ) .

Of the  two p r in c ip a l  forms o f  s u l f u r  in  c o a l ,  the p y r i t i c  s u l f u r  

is  e l im in a te d  com p le te ly  w h i le  60-80 percen t o f  the o rgan ic  s u l f u r  is  

e l im in a te d  in  the  SYNTHOIL process. S u l fu r  compounds c o n s is t  o f  

th iophenes, benzothiophenes and napthobenzothiophenes (1 0 ) .  In 

h y d r o d e s u l fu r iz a t io n ,  a rom atic  s a tu ra t io n  is  not a p re re q u is i te  f o r  

C-S bond b reak ing  (9 ) .

Trace metal a n a ly s is  o f  SYNTHOIL revea led  the  fo l lo w in g  metals 

in  descending q u a n t i t a t i v e  o rd e r :  S i ,  A l ,  Fe, T i ,  K, Na, Mg, Ca, Pb,

V, and N i .  The u n u sua l ly  h igh co n c e n tra t io n s  f o r  s i l i c o n  and aluminum 

may be due to  small amounts o f  c a ta ly s t  o r  o th e r  in o rg a n ic  contaminants 

from  the  SYNTHOIL process ( 8 ) .
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• Scanning e le c t ro n  m icroscope a n a ly s is  o f  aged CoO/MoOg/SiOg/Al 

c a t a ly s t  p e l le t s  from the SYNTHOIL process showed in o rg a n ic  and o rgan ic  

contam inants both on the  e x t e r io r  su r fa ce  and in  the pore mouths o f  

the  c a t a ly s t .  Ferrous s u l f i d e  contaminated 50 to  70% o f  the 

c a t a ly s t .  Aluminum'and s i l i c o n  contaminated 10 to  20% o f  the c a ta ly s ts  

Trace meta ls were v a r ia b ly  d i s t r ib u te d  through the c a ta ly s t  (1 1 ) .

Th is  same k ind o f  d e a c t iv a t io n  due to  res idue  lay-down w i l l  

p robab ly  not be as sever’e in  c a t a l y t i c  upgrading o f  the  SYNTHOI L 

l i q u i f i e d  c o a l ,  because o f  the e l im in a t io n  o f  in o rg a n ic  fe r ro u s  

s u l f i d e ,  decrease in  t ra c e  m e ta ls ,  and the  lower ash con ten t ( 10, 11) .

C a ta ly s is  and Hydro c ra ck in g

Development o f  improved hyd rocrack ing  c a ta ly s ts  is  ve ry  im po rtan t 

to  the  coal l i q u e fa c t io n  p rocess . Th is  s e c t io n  w i l l  d iscuss the 

bas ics o f  c a ta ly s is  and g ive  d i r e c t io n  f o r  t h is  s tudy and fu tu re  

c a ta ly s is  work.

A c a t a ly s t  is  e f f e c t i v e  in  in c re a s in g  the ra te  o f  a re a c t io n  by 

o f f e r in g  an a l t e r n a t i v e  mechanism path which has a low er a c t iv a t io n  

energy than the unca ta lyzed  process. Development o f  hyd rocrack ing  

c a ta ly s ts  is  aimed a t  improving s e l e c t i v i t y  and s t a b i l i t y .

The hydrocracking catalyst is dual functiona l. The two functions

that i t  serves are ( I )  cracking of high molecular weight hydrocarbons,

and (2) hydrogenation o f the unsaturates formed e ither during the
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c ra ck in g  s tep  o r  o the rw ise  p resen t in  the feeds tock . The. dual 

fu n c t io n a l  na ture  is  prov ided by in c o rp o ra t in g  a metal hydrogenation 

component onto a h igh su rface  area c ra ck in g  component. In a way 

hydrogenation helps c ra c k in g .  The metal hydrogenation s i t e s  keep 

the  ac id  s i t e s  o f  the  c ra ck in g  c a t a ly s t  c lean and a c t iv e  by hydro­

genating the coke precursors  ( 12) .

A t y p ic a l  c ra ck in g  c a ta ly s t  i s  s i l i c a - a lu m in a .  The hydrogenation 

component is  u s u a l ly  a metal ox ide such as c o b a l t ,  n i c k e l , molybdenum, 

tungs ten ,  vandium, p la t in u m , e tc .  Combinations o f  two o r  more o f  

these components can be used, f o r  example, c o b a lt  and molybdenum (1 3 ) .  

The meta ls are u s u a l ly  converted  from  the oxide forms in to  the s u l f id e  

forms by p ro trea tm en t w i th  hydrogen s u l f i d e .

I t  i s  im p o r ta n t  to  n o t .o n ly  look a t  the  metal lo a d in g  and chemical 

com pos it ion  o f  the  s u p p o r t ,  bu t a lso  the phys ica l p ro p e r t ie s  o f  the  

c a ta ly s t  such as su r face  a rea, pore s iz e ,  p a r t i c l e  s iz e ,  and morphology. 

C a ta ly s t  s tu d ie s  w i th  heavy feedstocks and coal ta rs  have in d ic a te d  

t h a t  a la rg e  pore d iam eter g ives b e t te r  r e s u l t s  (12, 14 ) .  Heating 

above a c e r ta in  c r i t i c a l  tempera ture  may cause i t  to  lo se  a c t i v i t y .

This obse rva t io n  suggests t h a t  i t  is  the phys ica l o r  c r y s t a l l i n e  

s t r u c tu r e  which somehow im parts  c a t a l y t i c  a c t i v i t y  to  a m a te r ia l  ( 9 ) .

Molecular sieve zeolites have increased in use in catalysis as

supports due to th e ir greater ac id ity  and increase in number of sites

as compared to amorphous supports. The zeolites higher a c tiv ity
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may be seen in  more s e l e c t i v i t y ,  g re a te r  to le ra n c e  f o r  n i t ro g e n  compounds, 

and the  a b i l i t y  to  c o n ve r t  h igh b o i l i n g  p o in t  feeds tocks  (9 ,1 3 ,1 5 ) .

As mentioned above, most c a ta ly s ts  are p re s u l f id e d  w i th  hydrogen 

s u l f i d e .  P re s u l f id in g  helps m a in ta in  c a ta ly s t  a c t i v i t y .  The hydrogen 

s u l f i d e  ac ts  as a hydrogen c a r r i e r  and s a tu ra te s  c y c l i c  o le f in s  which 

m ight o the rw ise  form h ig h - b o i l in g  polymers and thus fo u l  the  c a ta ly s t  

s u r fa c e .  Hydrogen s u l f i d e  increases h y d ro d e n it ro g e n a t ion by in c re a s in g  

the  hyd roc rack ing  a c t i v i t y  o f  the c a t a ly s t .  However, s u l f id e d  c a ta ly s ts  

lower h y d ro d e s u l fu r iz a t io n  (9 ) .

In heterogenous c a ta ly s is  i t . i s  im p o r ta n t  to  determ ine the ra te  

o f  each s tep  in  the  c a ta ly s is  process. The sequence o f  steps f o r  

c o n v e r t in g  re a c ta n ts  to  products  is  as fo l lo w s  (1 6 ) :

1. D i f fu s io n  o f  re a c ta n ts  to  e x t e r io r  c a ta ly s t  su r face

2. D i f fu s io n  o f  re a c ta n ts  in  c a ta ly s t  pores

3. A dso rp t ion  onto a c t iv e  s i t e s

4. "Chemical re a c t io n

5. Desorp tion o f  products

6 . D i f fu s io n  o f  p roduc t ou t o f  c a ta ly s t  pore

7. D i f f u s io n  o f  p roduc t away from e x t e r io r  c a ta ly s t  su rface

The effects o f mass transfer on the catalyst could determine the

reaction rate. The diffusional processes can be studied to determine

th e ir  e ffect (17).
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Film  d i f f u s io n  te s ts  c o n s is t  o f  making two s e r ie s  o f  runs a t  two 

d i f f e r e n t  cons tan t c a t a ly s t  charges v a ry in g  the  l i q u i d  feed ra te .  The 

w e igh t  o f  c a ta ly s t / fe e d  ra te  is  p lo t t e d  versus conve rs ion .  I f  the 

curves c o in c id e  d i f f u s io n  has no e f f e c t .  For f ix e d  bed re a c to rs  w i th  

la rg e  f lo w  ra te s ,  d i f f u s io n  re s is ta n c e  is  u s u a l ly  n e g l ig ib le .

As s iz e  o f  the  c a ta ly s t  decreases, the re s is ta n c e  to  pore, 

d i f f u s io n  decreases because the  path o f  d i f f u s io n  becomes s h o r te r .

Pore d i f f u s io n  te s ts  in v o lv e  two s e r ie s  o f  runs a t  two d i f f e r e n t  

c a ta ly s t  p e l l e t  s i z e s . Pore re s is ta n c e  is  n e g l ig ib le  i f  you ge t the 

same convers ion  a t  the  same r a t i o  o f  c a ta ly s t  w e igh t to  feed ra te .



■RESEARCH OBJECTIVE

The o b je c t iv e  o f  t h i s  research work is  c a t a l y t i c  convers ion o f  

ERDA1s SYNTHOIL l i q u i f i e d  coal to  c lean d i s t i l l a t e  f u e l s . Clean 

d i s t i l l a t e  fu e ls  means more d i s t i l l a b l e  l i q u i d  p rodu c t,  one th a t  shows 

an inc rease  in  convers ion  in  the  ASTM d i s t i l l a t i o n  g raphs . An- 

e f f e c t i v e  c a ta ly s t  w i l l  a lso  reduce the  amount o f  s u l f u r  and n i t ro g e n  

in  the  p rodu c t.  -

The research plan cons is te d  o f  h y d ro t re a t in g  SYNTHOIL w i th  

commercial hyd rocrack ing  c a ta ly s t s ,  u s u a l ly  from the  petro leum 

in d u s t r y ,  in  rock ing  bomb au toc lave  t e s t s .  Successful o p e ra t io n  o f  the  

con tinuous  re a c to r  was demonstrated w i th  the best c a ta ly s ts  from bomb 

runs . ' The e f fe c ts  o f  v a ry in g  l i q u i d  h o u r ly  space v e lo c i t y ,  te m p e ra tu re r 

and hydrogen f lo w  ra te  were s tu d ie d  in  the continuous re a c to r .

I t  is  hoped t h i s  work w i l l  g ive  d i r e c t io n  to  fu tu re  s tu d ie s  in  

the  hyd rocrack ing  o f  SYNTHOIL.



MATERIALS, EQUIPMENT, AND PROCEDURES

Coal, A na lys is

A 5 5 -g a l lo n  drum o f  c e n t r i fu g e d  SYNTHOIL (FB-49C) was rece ived 

from the  Un ited S ta tes Energy Research and Development A d m in is t ra t io n ,  

P i t ts b u rg h  Energy Research Center, P i t t s b u rg h ,  Pennsylvan ia .

This 5 5 -g a l l  on "drum sample o f  c e n t r i fu g e d  SYNTHOIL was made 

from  a West V i r g in ia  c o a l ,  the  source is  the  P i t ts b u rg h  Seam from 

I re la n d  Mine. A n a lys is  o f  the feed coal as rece ived  is  l i s t e d  in  

Table I I .

TABLE I I .  ANALYSIS OF FEED COAL TO SYNTHOI L PROCESS

Proximate A n a ly s is ,  W f. P e t . ( a s  rece ived )

M ois ture 1.6
V o la t i l e  M a tte r 41.6

Fixed Carbon 48.6

Ash 8.1

U lt im a te  A n a ly s is , W t. Pet.

Hydrogen 5.3

Carbon 73.8

N itrogen 1.4

Oxygen 7.6

Sul f u r 3 .8

Ash 8.2

Forms o f  S u l f u r , Wt. Pet.

S u l fa te 0.09

P y r i t i c 1.79 •

. Organic 1.92

C a lo r i f i c  va lue ,  BTU/lb 13,400
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SYNTHOIL A na lys is

The SYNTHOIL sample was produced using P i t ts b u rg h  Energy Research 

C e n te r 's  n om in a lly  1/2 ton /day  u n i t  w i th  a 14.5 f o o t  long c a t a l y t i c  

re a c to r .  C ond it ions  were 4,000 p s ig ,  450°C, l i q u i d  feed ra te  a t  25 lb .  

per hour. The c a ta ly s t  was 1 /8 "  pel le t s  o f . c o b a l t ,  molybdenum on 

s i l i c a  a lum ina. A n a lys is  o f  the  SYNTHOIL sample drum is  l i s t e d  in  

Table I I I .

TABLE I I I .  SYNTHOIL ANALYSIS

S u l fu r  in  Product., w t .  p e t .  0.41

Ash in  P roduct, w t .  p e t .  1.50

V is c o s i t y  o f  P roduct, SSF 0 180°F 50.5

S p e c i f ic  G ra v i ty  o f  Product 1.103

S o lven t A n a l y s i s , Wt. Pet. (Ash Free)

Organic Benzene In s o lu b le s  4 .2

Asphaltenes (Pentane In s o lu b le s
from Benzene S o lub les )  22.5

O i ls  (Pentane Solub les from
Benzene S o lub les )  71.8

1 1

U lt im a te  A n a ly s is ,  Wt. Pet.

Carbon 87.62

Hydrogen 7.97

Oxygen . 2 .08

N itrogen 0.97

S u l fu r  0.43

Ash .. . ■ 1.58
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C a ta ly s t  P r e s u l f id in g  .

Commercial c a ta ly s ts  as rece ived  were d r ie d  and s u l f id e d .  

S u l f id in g  the  c a ta ly s ts  promotes hyd roc rack ing  and thus hydrode­

n i t r o g e n a t i  on (9 ) .

The s u l f i d in g  apparatus c o n s is ts  o f  a two" f o o t  Io h g 5' one inch 

I .D .  p iece  o f  s te e l  p ipe .  The pipe is  loaded w i th  1/4' inch Norton 

a lum ina supports  and the  c a t a ly s t  to  be s u l f id e d .  E x i t  gases were 

scrubbed w i th  w a te r and sodium hyd rox ide . ■ : ■

A m ix tu re  o f  hydrogen and 10% hydrogen s u l f i d e  f lows through the 

s u l f i d i n g  re a c to r  f o r  twe lve  hou rs . The tempera ture was m ain ta ined 

a t  350oC w i th  an e l e c t r i c  p ipe h e a te r .  Flow o f  the  gas m ix tu re  

con tinues  u n t i l  the  c a ta ly s t  hs.s .coo led . The s u l f id e d  c a ta ly s ts  were 

s to re d  in  sealed con ta ine rs  to  m in im ize exposure to  a i r  and m o is tu re .

Bomb Runs

Batch runs were made in  a Parr  s e r ie s  4000 pressure re a c t io n  

apparatus (1 8 ) .  D e ta i ls  o f  the  au toc lave  and h e a te r  are shown in  

F igure  2.

The 500 m l. Inconel Parr  bomb was charged w i th  150 ml o f  SYNTHOIL 

and 25 ml o f  s u l f id e d  c a t a ly s t .  The head was placed on the. body and 

secured w i th  the screw cap. A copper gaske t between the  head and 

body in s u re  a t i g h t  f i t .  A f t e r  the  e ig h t  cap,screws had been torqued 

down, the  gauge b lock  was connected to  the  head.
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FIGURE 2. AUTOCLAVE AND HEATER DETAILS
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■ The bomb was p ressu r ize d  w i th  2000 ± 100 ps ig  o f  hydrogen using 

a Haskel gas boos te r  (1 9 ) .  I f  no "leaks were de tec ted ,  the  bomb 

assembly was in s e r te d  in to  the  ro c k e r  h e a te r .  The bomb was anchored 

w i th  the r e ta in in g  b o l t  t h a t  screws in t o ' t h e  bomb base. An i r o n -  

constantan thermocouple in s e r ts  in to  the ho le  o f  the re ta in in g  b o l t .  

Temperature was recorded on a Honeywell tem pera ture  re c o rd e r .

The rocke r  was a c t iv a te d  by a sw itch  in  the .back  o f  the heater 

base. The tem pera ture  was c o n t r o l le d  manually w i th  a . Powerstat v a r ia b le  

t ra n s fo rm e r .  Reaction t im e was one hour a t  450°C.

A f t e r  the run , the bomb was removed from the  hea te r and cooled 

in  room a i r .  The pressure was s lo w ly  b led  o f f  to  assure no loss  o f  

p ro d u c t . The p roduct was s to re d  in  sample b o t t le s  u n t i l  an a lys is  

cou ld  be performed.

Continuous Reactor

Design and f a b r i c a t io n  o f  the  continuous re a c to r  was conducted 

by the  Chemical Engineering Department a t  Montana S ta te  U n iv e r s i t y .

The continuous re a c to r  apparatus is  shown in  F igure 3.

The re a c to r  c o n s is ts  o f  a one inch I . D . , th ree  f e e t  long piece 

o f  Inconel p ipe .  The re a c to r  f i t s  in to  an aluminum b lock  which is  

wrapped w i th  n i chrome h e a t in g  w ire s .  Th is  is  a l l  enclosed in  a metal 

c o n ta in e r  f i l l e d  w i th  z o n o l i te  in s u la t io n  to  l i m i t  heat lo s s .

A 1/4 inch  s ta in le s s  s te e l  rod runs down th e  m iddle o f  the
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re a c to r  and serves as a the rm ow e ll.  Three i ron -cons tan tan  thermocouples 

measure the  tempera ture  a t  the  to p ,  m idd le ,  and bottom o f  the  re a c to r .  ' 

The thermocouples are connected to  a Honeywell tem pera ture  re co rd e r .

The top  s e c t io n  o f  the  re a c to r  is  packed w i th  i n e r t  Norton 

Denstone bed support to  p reheat and d i s t r ib u te d  the  re a c ta n ts .  The 

c a t a ly s t ,  which f i l l s  the m iddle s e c t io n ,  is  mixed w i th  i n e r t  support 

to  e l im in a te  ho t spo ts .  More Denstone support  f i l l s  the bottom o f  

the re a c to r .

Because o f  the  v iscous na tu re  o f  SYNTHOIL, the  g lass feed 

r e s e r v o i r  and 1/8 inch s ta in le s s  s te e l feed l in e s  a re  wrapped w i th  

h ea t ing  tapes . They are heated to  app rox im a te ly  80°C. The heated 

SYNTHOIL is  pumped under pressure to  the top  o f  the  re a c to r  w i th  a 

H ills-McCanna chemical p ro p o r t io n in g  pump.

Technica l grade hydrogen f low s through a m icro m e te r ing  va lve 

and then a b a l l  check va lve  to  the top o f  the r e a c to r .  •

SYNTHOIL and hydrogen f lo w  c o n c u r re n t ly  through the t r i c k l e  bed 

type r e a c to r .  The products  from the  bottom o f  the  re a c to r  are 

separated in  a g a s - l iq u id  se p a ra to r .  The gases then pass through a 

Grove back pressure re g u la to r  va lve  th a t  c o n t ro ls  the  pressure  o f  

the  system. The gases are scrubbed w i th  sodium hydrox ide  and vented 

to  the atmosphere.

The l i q u i d  p roduc t is  c o l le c te d  in  the  ca tchpo t.  When the 

re c e iv e r  becomes f u l l ,  the va lve  between the sepa ra to r  and ca tchpo t
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is  c losed . The pressure is  b led  o f f  and .the  l i q u i d  p roduct c o l le c te d  

from the o u t le t  on the bottom o f  the  ca tchpo t.  The pressure re lease  

va lve  and l i q u i d  va lve  are  c losed a f t e r  the  product dump. N itrogen 

i s  used to  re p re s s u r iz e  the  l i q u i d  ca tchpo t through the gas i n l e t .

When the  va lve  from the  s e p a ra to r  is  reopened, th e re  i s  no in te r r u p t io n  

to  the  system p ressure . Continuous f lo w  is  m a in ta ined in  the  re a c to r .

Continuous Runs

The fo l lo w in g  d iscu ss io n  on o p e ra t in g  procedures f o r  the 

continuous re a c to r  represen ts  the "b e s t "  method developed. Since 

t h i s  was the  f i r s t  s tudy  us ing the  appara tus , the procedures were 

re f in e d  through the  course o f  the  research . Any re finem ents  t h a t  may 

a f f e c t  the  re s u l t s  w i l l  be noted in  the  Results and D iscussion 

s e c t io n .

The Inconel re a c to r  was f i r s t  f i l l e d  w i th  i n e r t  support and 

c a t a ly s t .  The top  s e c t io n  was packed w i th  50 ml o f  1/4 inch spheres 

o f  Norton Denstone s u p p o r t ,  then 100 ml o f  1/16 inch e x t ru s io n s  o f  

Norton i n e r t  s u p p o r t .  A 50-50 m ix tu re  o f  p re s u l f id e d  c a ta ly s t  and 

i n e r t  packing c o n s t i tu te d  the  re a c t io n  s e c t io n .  The volume va r ied  

depending on the  des ired  space v e lo c i t y .  I n e r t  support  and 1/4 inch 

spheres f i l l e d  the reaminder o f  the re a c to r .  A con ica l shaped piece 

o f  s te e l  screen was in s e r te d  in to  the  bottom o f  the  re a c to r  to  hold 

the  c a t a ly s t  and support  m a te r ia ls  in  p la ce .  :
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. The re a c to r  was then in s e r te d  in to  the  aluminum hea ting  b lo c k .

The feed l i n e s ,  s e pa ra t ion  app a ra tu s , ven t  l i n e s  and thermocouple 

leads were then a ttached  onto the re a c to r .  The system was, p ressu r ized  

and te s te d  f o r  le a k s .  I f  no leaks were found, the apparatus was ready 

■for o p e ra t io n .  •••■

The m icro m ete ring  va lve  reg u la te d  the f lo w  o f  hydrogen to  the 

re a c to r .  A wet t e s t  meter was connected to  the vent l i n e  a f t e r  the 

sodium hydrox ide  scrubber system. The m icro  m etering va lve  was 

c a l ib r a te d  w i th  the  wet t e s t  meter be fo re  each run and a c a l ib r a t io n  

curve drawn. •

The Powerstat v a r ia b le  t rans fo rm ers  manually c o n t r o l le d  the 

tem pera ture  o f  the r e a c to r .  C o n tinuo us 'm on ito r in g  o f  the  temperature 

by the  Honeywell tempera ture  reco rde r  helped m a in ta in  iso the rm a l 

c o n d i t io n s . Heating tapes , c o n t r o l le d  by V a r ia c s , su p p l ie d  heat to  

the  feed r e s e r v o i r ,  pump head, and feed l i n e s .

When the  re a c t io n  tempera ture was reached, the -m e te r in g  pump 

was s ta r te d .  The f lo w  o f  SYNTHOIL was measured by reco rd in g  the 

le v e l  in  the graduated g lass feed r e s e r v o i r .  Frequent read ings were 

necessary because o f  f lu c tu a t io n s  in  the  m ete ring  pump performance.

Readings were made o f  the  hydrogen b o t t le  p ressu re , i n l e t  

p ressure , re a c to r  p ressu re , and back p ressure  r e g u la to r .  Observations 

were a ls o  noted f o r  the  bubb ling  a c t io n  in  ^he scrubber.

Once the  d es ire d  f lo w  ra te s  and temperatures were ach ieved ,- the -.
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re a c to r  was a l low ed to  opera te a t  cons tan t  o p e ra t in g  c o n d it io n s  f o r  

seve ra l hours be fo re  a p roduct sample was ta k e n . When ope ra t in g  

parameters were changed, the  system was again a llowed to  reach steady 

s ta te  be fo re  product samples were c o l le c te d .  The samples were 

ob ta ined  as noted p re v io u s ly  in  the  d iscuss io n  o f  appara tus . Each 

sample was app rox im a te ly  150 to  250 ml.

The runs u s u a l ly  took about tw e lve  hours. No a ttem pt was made -to 

run c o n t in u o u s ly  f o r  more than one day, because i t  Was f e l t  t h a t  

con tinuous m o n ito r in g  o f  the  re a c to r  pressures was necessary to  in su re  

t h a t  the  re a c to r  system d id  ho t p lug .  More w i l l  be noted on p lugg ing  

and run t imes in  the  Results and D iscuss ion s e c t io n .

. A f t e r  the  run , the SYNTHOIL f lo w ,  t h e ' hydrogen f lo w ,  and heat 

were stopped. Heavy motor o i l , pumped through the system, helped - 

c lean o u t  the  l i n e s  and loosen the  c a ta ly s t  and support m a te r ia l  in  

the re a c to r .  The feed l i n e  was d isconnected from the  re a c to r  and 

to lue ne  was. pumped through the  l i n e  to  c lean the  feed r e s e r v o i r ,  check , 

va lves in  the  pump head, and feed l i n e s .  Caution! Toluene should 

n o t  be pumped through the ho t re a c to r .

A f t e r  the  re a c to r  has cooled to  room tem pera tu re , to lue ne  may 

be pumped through the  r e a c to r .  The re a c to r  is  then taken a p a r t .  Some 

o f  the  c a ta ly s t  and support m a te r ia l  w i l l  f a l l  o u t  o f  the  re a c to r ,  bu t 

u s u a l ly  the re a c to r  must be d r i l l e d  o u t .  The re a c to r ,  g a s - l iq u id  

s e p a ra to r ,  l i q u i d  ca tchpo t and back pressure re g u la to r  va lve  are then
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cleaned w i th  to lue ne  and d r ie d  w i th  acetone.

A n a ly t ic a l  Procedures

The products  from th e  ro c k in g  bomb au toc lave  and continuous 

re a c to r  were analyzed to  determ ine the e x te n t  o f  c ra c k in g ,  d e s u l fu r iz a ­

t i o n ,  and d e n it ro g e n a t io n .  Samples were com p le te ly  mixed to  g ive a 

re p re s e n ta t iv e  sample. Dry ing the  samples w i th  D r ie r i t e  (anhydrous 

CaSO^) to  remove w a te r was found to  be in e f f e c t i v e .  Loss o f  product 

occurred  due to  the d ry in g  process and the  excess hand ling  o f  sample. 

C e n t r i fu g in g  o f  the  p roduct d id  n o t  y i e l d  any w a te r .

The amount o f  c ra ck in g  was determined by ASTM atmospheric  

d i s t i l l a t i o n  (2 0 ,2 1 ) .  Th is  t e s t  determ ines the  amount o f  product 

t h a t  b o i ls  a t  temperatures up to 700 F. The data from the d i s t i l l a t i o n  

was p lo t t e d  on the same graph as the  ASTM d i s t i l l a t i o n  data f o r  the  

SYNTHOIL feed. Comparisons between the products ,and  feed , and among 

the  products w i l l  be d iscussed.

The w e igh t  percen t s u l f u r  in  th e  samples was determined by the 

qua r tz  tube combustion method us ing a Bico-Brown Shell design s u l f u r  

d e te rm in a t io n  apparatus (2 2 ,2 3 ) .  In te r fe re n c e  from c h lo r id e s  and /o r 

n i t ro g e n  in  the  samples, nece ss ita te d  us ing  a g ra v im e t r ic  procedure 

which p r e c ip i t a te s  the s u l fa te  us ing barium c h lo r id e  ra th e r  than 

d i r e c t  t i t r a t i o n  w i th  a standard sodium hydrox ide s o lu t io n  (2 4 ) .  -

A n a lys is  o f  SYNTHOIL feed showed a 0.44 we igh t pe rcen t s u l f u r .



-  25 -

v-

The P i t ts b u rg h  Research Center re p o r ts  a 0.41 we igh t percen t s u l f u r  

f o r  the  SYNTHOIL sample. Results are presented as w e igh t  percent 

d e s u l f u r iz a t io n  based on a SYNTHOIL feed o f  0.44 w e ig h t"p e rc e n t  s u l f u r .

The Macro K je ldah l method was used f o r  n i t ro g e n  de te rm ina t io n  

(2 4 ,2 5 ,2 6 ) .  The n i t ro g e n  con ten t f o r  SYNTHOIL has been repo r te d  as 

0.97 w e igh t percen t ( 8 ) .  Ana lyz ing  s ix  SYNTHOIL samples and ta k in g  an 

average y ie ld e d  a va lue o f  1.06 w e igh t percent n i t ro g e n .  Results are 

presented as w e igh t percen t d e n it ro g e n a t io n  based on a SYNTHOTL feed 

o f  1.06 w e igh t percen t n i t r o g e n .

Chromatograph a n a ly s is  o f  the  o f f -g a s e s  from th e  continuous - 

re a c to r  be fo re  scrubb ing  was a ttem pted. No hydrocarbon gases, hydrogen 

s u l f i d e  o r  ammonia cou ld  be de tec ted  due to  excess hydrogen which' 

d i lu t e d  the .sam p le s .

No products were sent ou t f o r  complete a n a ly s is , because o f  the 

many compounds found in  coal l i q u i d s .  I t  was f e l t  t h a t ,  comparison 

o f  ASTM d i s t i l l a t i o n  curves p rov ided good and inexpens ive  r e s u l t s .

"■'  ; >



RESULTS AND DISCUSSION

■ Tw en ty -e igh t  ro c k in g  bomb au toc lave  te s ts  were performed on 

tw e n ty - fo u r  commercial c a ta ly s ts  and one c h lo r id e  c a ta ly s t  impregnated 

on a support a t  Montana S ta te  U n iv e r s i t y .  Continuous runs were made 

on e ig h t  c a ta ly s ts  in  n ine  runs.

' The products from each run were analyzed f o r  c ra ck in g  by ASTM 

■ a tmospheric d i s t i l l a t i o n .  Heteroatom removal was determined by the 

qua rtz  tube method f o r  s u l f u r  and the  Macro K je ldah l method f o r  n i t ro g e n .

The data and re s u l t s  from the  runs are presented in  the  Append ix.

Al I the c a ta ly s ts  te s te d  in  bomb runs are descr ibed by m anufacturer , 

s iz e ,  metal lo a d in g ,  su p p o r t ,  and support p ro p e r t ie s  in  Appendix A.

The data from the bomb runs is  g iven in  Appendix B. Appendix C l i s t s  

the  continuous run c a ta ly s ts ' ,  da ta , and re s u lts ' .

Th is s e c t io n  w i l l  d iscuss the  most im po rtan t  r e s u l t s  from these 

append ices. The d iscuss io n  is  arranged m ostly  in  ch ro n o lo g ic a l o rder 

w i th  p re l im in a ry  continuous ru n s , bomb ru n s , and then continuous ru n s .

P re l im in a ry  Continuous Runs

To determ ine i f  any hydrogenation  and c rack ing  have.taken place 

and to  g ive  a q u a n t i t a t i v e  comparison o f  the SYNTHOIL feed and run 

p rodu c ts ,  ASTM d i s t i l l a t i o n  o f  SYNTHOIL is  used as a bas is  f o r  

comparison. F igure 4 is  a d i s t i l l a t i o n  curve f o r  SYNTHOIL. The 

percen t SYNTHOIL is  p lo t t e d  vs . the temperature in  degress Fahrenheit
V-: . ’

up to  700°F which is  the end p o in t  f o r  d i s t i l l a t i o n  a t  640 mm. The .
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FIGURE 4. ASTM D i s t i l l a t i o n  Curve f o r  SYNTHOIL
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o b je c t iv e  o f  t h i s  research is  to  s h i f t  t h i s  curve to  the  lower r i g h t .

When the research was s ta r t e d ,  i t  was planned to  t e s t  a l l  c a ta ly s ts  

in  the  continuous re a c to r .  In the  f i r s t  re a c to r  design both the l i q u i d  

and gaseous products  f lowed through the  back pressure re g u la to r  va lve  

ra th e r  than being separa ted before  the va lve .a s  in  F igure 3.

F igure 5 is  a comparison o f  d i s t i l l a t i o n  o f  the SYNTHOIL feed 

and the  p roduc t from Run I .  See Appendix C f o r  continuous run data 

and r e s u l t s .  . SYNTHOIL was fed to  the re a c to r  a t  a l i q u i d  h ou r ly  

space v e lo c i t y  (LHSV) o f  4. The run c o n d it io n s  were a temperature o f  

450°C and a pressure o f  800 p s ig .  The c a ta ly s t  was s u l f id e d  CCI 

c a t a ly s t  C-20-6, Coba lt  Molybdenum on s i l i c a  a c t iv a te d  a lum ina. A 

hydrogen f lo w  ra te  o f  5000.s c f /b b l  o f  feed was used.

Product I  gave a small improvement in  c rack ing  in  the  lower range 

o f  d i s t i l l a t i o n .  The s lope  o f  the  cu rve , however, i s  no t as steep 

and g ives an endpo in t o f  53%. Th is  shows improvement in  the  h ighe r  

b o i l i n g  f r a c t io n s  and is  a s tep in  the r i g h t  d i r e c t io n .

The run was ended be fo re  more v a r ia b le s  cou ld  be te s te d  due to 

p lugg ing  o f  th e  back pressure  re g u la to r  va lve  w i th  t a r .  I t  was 

th e o r iz e d  tha t .u n c ra cke d  SYNTHOIL t a r  was causing the  p lu g g in g .  So 

th e  run was repeated us ing a h ighe r  pressure and lower LHSV to  t r y  

to  inc rease  conve rs ion .

Run 2 was made us ing the  same Co-Mo c a ta ly s t  as in  Run I .  Run 

c o n d it io n s  were 450°C and 1000 ps ig  hydrogen p ressure . A hydrogen
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FIGURE 5. ASTM D is tilla t io n , Run I
Catalyst: CCI C-20-6; 4% CoO, 15% MoOg on Alumina
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f lo w  ra te  o f  10,000 s c f /b b l  was used.

Products 2-1 and 2-2 are graphed in  F igure 6. For p roduct 2 -1 , 

SYNTHOIL was fed  a t  a LHSV o f  1 .4 .  This p roduct was ve ry  n o t ic e a b ly  

l i q u i d  compared to  SYNTHOIL and th e  p roduc t from Run I .  D i s t i l l a t e  

s ta r te d  coming o f f  a t  250°F and 70% d i s t i l l e d  o f f  by the- end p o in t  

700°F. Th is  is  a good improvement over SYNTH0IL. Percent d e s u l fu r iz a ­

t io n  was 70%, w h i le  24% o f  the  n i t ro g e n  was removed.

Product 2-2 is  under the  Same c o n d it io n s  on ly  w i th  an increase in  

LHSV from 1.4 to  3 .0 .  The graph shows no improvement ove r the SYNTHOIL 

No d e n it r o g e n a t ion was noted, but s u l f u r  was reduced 43%.

Again the  run was ended due to  p lugg ing  o f  the  back pressure 

v a lv e .  . Since convers ion  seemed to  drop o f f  w i th  t im e du r in g  the run , 

the  unreacted SYNTHOIL th a t  was p lugg ing  the  va lve  m igh t be due to  

carbon ing up o f  the r e a c to r .  To t e s t  t h i s  th e o ry ,  a temperature' y

decrease from 450°C to  400°C was decided on f o r  the  nex t run .

Run '3 was made using s u l f id e d  Harshaw c a ta ly s t  N i-4401, N ic k e l-  

Tungsten on s i l i c a  a lumina.. Run c o n d it io n s  were a tem pera ture  o f  400PC 

and a pressure o f  800 p s ig . Hydrogen f lo w  ra te  was 10,000 s c f / b b l .  

SYNTHOIL was fed  a t  a LHSV o f  I .  The p roduct from Run 3 and the 

feed are p lo t te d  on F igure  7. D i s t i l l a t e  s ta r te d  coming o f f  a t  

about the same tem pera ture  as SYNTH0IL. End p o in t  gave 62 volume 

pe rcen t d i s t i l l e d .  Heteroatom removal was n e g l ig ib le .

P lugg ing o f  the  back pressure re g u la to r  va lve  ended the  run.
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FIGURE 6. ASTM D is tilla t io n , Run 2
Catalyst: CCI C-20-6; 4% CoO, 15% MoÔ  on Alumina
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FIGURE 7. ASTM D is tilla tio n , Run 3
Catalyst: Harshaw Ni-4401; 6% Ni, 19% W on

Si Iica  Alumina
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In these p re l im in a ry  ru n s , the number one problem was p lugg ing  

o f  the back pressure va lve  th re e  to  fo u r  hours in to  the r u n . This 

prevented any changing o f  parameters du r ing  the  run ,  which would have 

su p p l ie d  more da ta . Down t im e between runs to  clean and recharge the 

re a c to r  and to  s u l f i d e  the c a ta ly s t  was time-consuming and cuts down 

on the number o f  runs t h a t  can be made.

O bservations were made o f  the  product c o l le c t io n  and c le an ing  o f  

the  back pressure re g u la to r  va lve  and p ip in g  from the  re a c to r  to  the 

v a lve .  The f i r s t  p roduc t t h a t  comes from the  re a c to r  was small 

continuous drops o f  o i l .  G radua lly  the  drops change in to  spu rts  as 

the  p roduct surges o u t ,  then s to p s ,  then surges aga in . These spurts  

in c rease  i i r  in te n s i t y - a s  they  decrease in  frequency . A t the  same 

t im e  an increase in  re a c to r  pressure  was noted from 10-50 ps ig  between 

surges and then drops back to  o p e ra t in g  pressure w i th  each surge o f  

the p rodu c t.  The run is  ended when the re a c to r  pressure  increases 

100-200 ps ig  above the  back pressure  w i th o u t  any p roduc t coming o f f .  

When the re a c to r  was taken a p a r t  f o r  c le a n in g , the back pressure 

va lve  and p ip in g  from the re a c to r  were f u l l  o f  t a r  which had to  be 

d r i l l e d  o u t  because i t  had s o l i d i f i e d .

I t  wa's th e o r iz e d  t h a t  the  p lugg ing  problem was because the l i g h t e r  

f r a c t io n s  from the  SYNTHOIL feedstock are e a s i ly  driven o f f  and 

h y d ro tre a te d .  Some o f  the  heav ie r  f r a c t io n s  are a lso  cracked and 

h y d ro tre a te d ,  bu t the  t a r  res idue  t h a t  was l e f t  was too t h ic k  and



v iscous to  f lo w  through the  back 'pressure re g u la to r  v a lv e .  The t a r  

'  accumulates du r ing  the  run u n t i l  i t  b locks  the f lo w  o f  even the l i g h t e r  

o i ls . .

To get around t h is  problem the  p ip in g  coming from th e  re a c to r

was changed. Ins tead o f  runn ing  the  gases and l i q u i d  p roduct through

the  back pressure va lve  and c o l le c t in g  them, on ly  the gases

flowed through the  va lv e .  The gases and l iq u id s  were separated before

the  back pressure v a lv e .  The l i q u i d  p roduct was c o l le c te d  a t  the

bottom o f  the  sepa ra to r  and the  product drawn o f f  in  batches. No

p lugg ing  problems were encountered in  subsequent con tinuous  runs using

t h is  m o d i f ic a t io n .  (

Due to  the  t im e in vo lve d  in  s e t t i n g  up f o r  a continuous run and

c le a n in g  up a f t e r ,  bomb au toc lave  te s ts  were performed on several
\

c a ta ly s t s .  The r e s u l t s  from the bomb runs showed promise in  p re d ic t in g  

c a t a ly s t  success, so i t  was decided th a t  a bomb run shou ld  be made f o r  

each new c a t a ly s t  te s te d .  Data from the  bomb runs would in d ic a te  i f  

any improvement in  c ra c k in g  SYNTHOIL o r  heteroatom removal were 

made, and a t  what tem pera ture  re a c t io n  s t a r t s .

Bomb Runs

The tw e n ty - f i v e  c a ta ly s ts  te s te d  in  bomb runs are  l i s t e d  in  

Appendix A. A l l  c a ta ly s ts  te s te d  except SnClg (Rgn B H )  are 

commercial c a ta ly s t s .  Most c a ta ly s ts  were d r ie d  and s u l f id e d  before

- 34 -
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being loaded in  the  bomb. .N o n -su lt id e d  c a ta ly s ts  w i l l  be po in ted  ou t 

in  the  d is c u s s io n .
r

The bomb runs were operated a t  th e  same run c o n d i t io n s .  An 

i n i t i a l  hydrogen pressure  o f  2000 ± 100 ps ig  was used. The bomb was 

loaded in  a ro c k in g  h e a te r ,  heated to  450 ± 5°C, and held a t  t h is  

tem pera ture  f o r  one hour. Runs B21, B23, and B24 were operated a t  

low er tem pera tures.

Comparisons o f  the c a ta ly s ts  is  a d i f f i c u l t  problem. Each 

c a ta ly s t  must be looked a t  in  i t s  e n t i r e t y .  The typ e ,  w e igh t pe rcen t,  

and com pos it ion  o f  promoters v a r ie s  w i th  each c a ta ly s t .  The type 

,and com pos it ion  o f  the supports are a lso  im p o r ta n t ,  a long w i th  the 

phys ica l p ro p e r t ie s  o f  the  suppo rt;  . fo rm , su rface  a rea, and pore 

s iz e .  Looking a t  Appendix A, i t  can be seen how much the  c a ta ly s ts  

vary from each o th e r .  When one c a t a ly s t  is  sa id  to  be b e t t e r  than 

a n o th e r j  i t  must be remembered th a t  these are s p e c i f i c  c a ta ly s ts  so 

th e re  may be problems in  e x t ra p o la t in g  the  r e s u l t s  to  general c lasses 

o f  c a ta ly s t s .  Th is  d iscuss ion  w i l l  lo o k  a t  s i m i l a r i t i e s  among 

c a ta ly s ts  and t r y  to  draw some general conc lus ions where a p p l ic a b le .

The data f o r  the bomb runs is  p resented in  Appendix B . The 

hyd roc rack ing  r e s u l t s  f o r  each c a ta ly s t  are l i s t e d  as d i s t i l l a t e  

y ie ld s  in  Table IV . The ASTM d i s t i l l a t i o n  r e s u l t s  a re  broken down 

in to  f o u r  p roducts  as fo l lo w s :  ( I )  % Naphtha (IBP -  425 °F ) , (2) % 

Fuel, o i l  (425 -600°F ), (3) % Gas O il (600-700°F), and (4) % Residue
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.TABLE IV. BOMB RUN DISTILLATE YIELDS

Run # • C a ta ly s t

%
Naphtha
IBP-4250

%
Fuel O il 

F • 425-600°F

%
Gas O il 
600-700°F

%
Residue 
700°F+

Tota l 
V o l . % 

D i s t i l  led

SYNTHOIL 4 20 20 56 44

B8 N i-1600 5 17 19 59. 41

B17 " C r - 0103 ' 1 ’ ......... 6 18 ‘ ‘ " 19 ' ' 57 ■ 43

B18 Cr-0105 5 20 19 56 44

B13 W-0801 6 22 18 . 54 46

B23 N i-4301 7 21 19 5.3 47

B19 Ni-3210 5' 23 19 53 47

B14 Mo-1201 10 . 22 17 51 49

B27 HC-5-1.5E 6 20 23 51 49

BI N i-4401 6 23 ■ 20 51 49

B9 N i-3250 8 20 21 51 49

BI 2 HT-100 . 10 . . 22 . 18 50 50- .

B29 She ll 344 8 21. 21 50 ' 50..

B3- N i-1800 4 23 •24 -49 51

B21 . W-0101 6 25 20 - 49 51

B2 ' N i -1601 7 22 22 49 51

BH SnCl 2 8 . 24 21 59 51

B 28 Shell 324 • 10 21 21 48 . 52

B24 Ni-4301 I 22 23 48 ■ 52

B7 N i-4303 12 22 ' 20 .46 54

B26 330-3E 12 22 20 46 . 54

Ot—
H

 
C

O N i-0104 9 23 22 46 54

B6 C-20-6 10 21 25 44 56

B15 W-0101 23. 25 9 43" 57

B20 CoMo-0603 9 25 27 39 61

B5 Ni-4301 9 ' 24 . 28 39 61

B22 HT-400 10 24 30 36 ' 64
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TABLE IV (C o n t ) . BOMB RUN DISTILLATE YIELDS

% % 0I % Tota l .
Naphtha '■ Fuel. O il Gas O il Residue V o l . %

Run # C a ta ly s t IBP-420°F 425-600° F' 600~700°F 700°F+ D is t i  I led

B4 CoMo-0401 11 23 31 ' 35 65

B25 HT-500 11 25 29 35 65-

N o te : . C a ta lys ts  l i s t e d  by run numbers and m anufacturers i d e n t i f i c a t i o n  

numbers. C a ta ly s t  d e s c r ip t io n s  g iven in  Appendix A.
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(700°F + ). The c a ta ly s ts - a re  arranged in  in c re a s in g  o rde r  o f  t o ta l  

volume percen t d i s t i l l e d .  The f i r s t  l i n e  i s ’ the SYNTHOIL feed 

d i s t i l l a t i o n  r e s u l t s .

Looking a t  Table IV , no general trends  as to  what makes a good 

c a t a ly s t  are o b v io u s . Of the s ix  bes t hyd rocrack ing  c a ta ly s t s ,  a l l  

are made by Harshaw. Three are CoMo c a ta ly s ts  (CoMo-0603, HT-400, 

CoMo-0401) and the re  are one each o f  W (W -O lO l) , Ni-W (Ni-4301). and 

Ni-Mo (HT-500). Two c a ta ly s ts  have supports  o f  s i l i c a  alumina 

(CoMo-0401 and N i-4 301 ).  The o th e r  f o u r  supports  are a lum ina. The 

products from these c a ta ly s ts  were l i q u i d  a t  room tem pera ture  and 

flowed e a s i ly .

Cracking shows' about the  ,same t re n d  f o r  a l l  the  llD as til "hydro­

c ra ck in g  c a ta ly s ts  except W-OlOl. Good y ie ld s  in  Naphtha and gas 

o i l  ranges were o b ta ined , w i th  a small increase in  fu e l  o i l .  W-OlOl 

g ives more than tw ice  the y ie ld  o f  Naphtha and less  than h a l f  the 

y ie ld  o f-g as  o i l .

The two best hydrocrack ing  c a ta ly s t s ,  Harshaw c a ta ly s ts  CoMo-0401 

and HT-500, are  graphed in  F igure  8. The d i s t i l l a t i o n  graph f o r  W-OlOl 

is  shown in  F igure 9.

Harshaw Ni-W c a ta ly s ts  were te s te d  in  Runs B.5 (N i-4301) and 

B7 (N i-4 3 0 3 ) .  Both c a ta ly s ts  con ta in  6% Ni and 19% W. Ni-4301 on 

s i l i c a  alumina support g ives b e t t e r  hyd roc rack ing  than N i-4401 on 

alumina sup p o r t .  The same tre n d  can be seen f o r  Ketjen c a ta ly s ts
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Run B25
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FIGURE 8. ASTM D i s t i l l a t i o n ,  Run B4 and Run B25 
Run B4 C a ta ly s t :  Harshaw CoMo-0401
Run B25 C a ta ly s t :  Harshaw HT-500
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FIGURE 9. ASTM D i s t i l l a t i o n ,  Run B15
C a ta ly s t :  Harshaw W-0101; 10% WOg on Alumina
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330-3E (6.2% NiO5 20% WO3 on s i l i c a  a lum ina) and HC-5-1.5E (6.5% NiO, 

21% WOg on a lu m in a ) . The s i l i c a  alumina support d id  a b e t t e r  jo b  o f  

hyd roc rack ing .

Het e r oatom'removal i s  a lso  im p o r ta n t  in  upgrading SYNTHOIL.

Table V l i s t s  the  heteroatom removal f o r  bomb' runs in  o rd e r  o f  

in c re a s in g  h y d ro c ra c k in g . No trends are obvious from the  t a b l e .

The bes t d e s u l fu r iz a t io n  c a ta ly s t  is  N i-0104, which is  a powder 

c o n ta in in g  60% Ni on K ie s e lguhr. Th is  c a ta ly s t  was no t p re s u l f id e d .  

A t the end o f  the run ,  the  powder c a ta ly s t  had to  be chipped ou t o f  

the  bomb. A se r ious  p lugg ing  problem would probab ly  be encountered 

i f  a powder c a t a ly s t  were t r i e d  in  the  continuous f ix e d  bed re a c to r .

One other, c a t a ly s t  tha t.w as  no t p re s u l f id e d  N i-3250, also, gave 

good d e s u l fu r iz a t io n  r e s u l t s ,  t h i s  c a t a ly s t  is  ve ry  in te r e s t in g  

because i t  has an a lk a l in e  support w h i le  most c a ta ly s ts  are s l i g h t l y  

a c id ic .

S u l f id e d  c a ta ly s ts  She ll 324 (NiMo) and Harshaw CoMo-0603 gave 

b e t te r  than 50% d e s u l f u r iz a t io n .

D e n it ro gena t ion  is  much more d i f f i c u l t  than d e s u l f u r iz a t io n .

The two bes t hyd roc rack ing  c a ta ly s ts  gave the best d e n it ro g e n a t io n  

r e s u l t s .  The c a ta ly s ts  are CoMo-0401 and HT-500 (N iM o).

She ll c a ta ly s t  344 (CoMo on a lum ina) gave the best heteroatom, 

removal (48% deS and 32% deN). However, hydrocrack ing  r e s u l t s  w ith  

t h i s  c a t a ly s t  were n o t  very  good.
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TABLE B-. BOMB RUN HETEROATOM REMOVAL

Run # C a ta ly s t V o l . % D i s t i l l e d %DeS % DeN

B8 N i-1600 41 ■ 07 10

B17 Cr-0103 43 . " OO OS

B18 Cr-0105-.= 44 ■ • 05+ . OO

B13 . W-0801 46 27 ■ 04

B23 N i-4301 47 41 17

B19 N i-3210 47 . 05 25

B14 Mo-1201 49 36 19

B27 HC-5-1.5E 49 ■ 25 23

BI Ni-4401 49 41 18

39 Ni-3250 • 49 . • ' 5 O+ ■ 17

B29 ' Shell 344 50 48 32

B12 HT-IOO 50 ' 36 18

B3 Ni-ISOO 51 16 ' OO

B21 W -OlO l' "51 09 OO

B2 Ni-1601 ■ , 51 • 07+ ■ ' 06

B H SnCl2 ■ 51 20* 10

B28 She ll 324
)

N i-4301

52 55 21

B24 ■ 52 23 28

B7 N i-4303 54 45 . 18

B26 330-3E , 54 30 12

BlO ■ Ni-0104 54 57* 16

r
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. TABLE V (C o n t . ) BOMB RUN ,HETEROATOM REMOVAL,

Run # C a ta ly s t V o l . % D i s t i l l e d % DeS % DeN

B6 C-20-6 56 18 25

B15 W-QlOl 57 25 03

B20 CoMo-0603 61 52 25

BE 'Ni-4301 . 61 32 29

B22 HT-400 64 34 13

B4 CoMo-0401 65' 16 33

B25 HT-500 65 32 33

+ C a ta lys ts  not s u l f id e d

Note: C a ta lys ts  l i s t e d  by run numbers and m anufacturers i d e n t i f i c a t i o n

numbers. C a ta ly s t  d e s c r ip t io n s  g iven in ,A ppend ix  A-

% DeS based on SYNTHOIL c o n ta in in g  .44% S 

% DeN based on SYNTHOIL c o n ta in in g  1.06% N
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. Bom runs a lso  supp ly  data on tem pera ture  e f f e c t s . ASTM 

d i s t i l l a t i o n  curves o f  Runs B5, B23, and B24 are graphed in  Figure 10. 

These runs were made us ing the  same Harshaw N i-4301 c a t a ly s t  and keeping 

a l l  run c o n d it io n s  the same except the re a c t io n  tem pera tu re . Run B5 

was operated a t  450°C which is  the usual re a c t io n  tem pera tu re . A 

decrease in  hyd rocrack ing  is  noted in  going from 450°C to  418°C and 

f i n a l l y ,  to  400°C.

The heteroatom removal vs. tem pera ture  is  a lso  g iven in  F igure 10. 

The percen t d e n it ro g e n a t io n  decreases w i th  decreasing tem pera ture .

The s u l f u r  removal s t a r t s  to  show th is  t re n d ,  bu t the h ig h e s t  percent 

d e s u l fu r iz a t io n  is  a t  the lowest tem pera ture .

The bomb runs do a good jo b  o f  sc reen ing  c a t a l y s t s . to  be tes ted  

in  the  continuous re a c to r .

Continuous Runs

C a ta lys ts  were te s te d  in  the continuous re a c to r  to  determ ine the 

e f fe c ts  o f  v a ry in g  the LHSV, te m p e ra tu re ,a n d  hydrogen f lo w .  The 

c a ta ly s t s ,  da ta ,  and r e s u l t s  f o r  these runs are g iven in  Appendix C.

P re l im in a ry  continuous re a c to r  runs were plagued w i th  p lugging 

problems t h a t  caused the  runs to  end a f t e r  on ly  a s h o r t  t im e on 

stream. A 'g a s - l iq u id  sepa ra to r  was in s t a l l e d  a f t e r  the  re a c to r  to  

a l l e v ia t e  the  problem.

Comparing the  bomb runs , Appendix B, to  the  "b e s t"  continuous
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FIGURE 10. Temperature Effects on Bomb Runs
Catalyst: Harshaw Ni-4301; 6 % Ni, 19% W on

S ilica  Alumina
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products  from Runs 4 "through 9,  Appendix C5 f o r  the  same c a ta ly s ts  

shows an improvement in  hydrocrack ing  and d e s u l fu r iz a t io n  f o r  the 

continuous ru n s . D e n itrogena tion  d id  n.ot increase and in  Some cases 

decreased. The " b e s t " ■continuous products  were u s u a l ly  a t  LHSV 

around one.

F igures 11 and 12 are graphs o f  two o f  the  "b e s t "  c a t a l y s t s , 

in  both .the bomb and continuous runs.

Looking a t  F igure 11 f o r  CoMo-0401 shows an inc rease  in  c rack ing  

in  the m idd le  f r a c t io n s .  D e s u lfu rz a t io n  more than doubled from 16% 

to  50%. D e n it ro gena t ion  decreased from  33% to  an i n s ig n i f i c a n t  4%.

Figure 12, f o r  HT-500, in d ic a te s  an inc rease  in  hydrocrack ing  

a l l  a long th e ^curve . Again d e s u l fu r iz a t io n  more than doubled from 

32% to  70%. The percen t d e n it ro g e n a t io n  stayed app rox im a te ly  the 

same a t  33% compared to  32%.

Four samples from  Run 4 w i th  the same hydrogen f lo w  ra te  and 

va ry in g  LHSV are p lo t te d  in  F igure 13. The graph shows t h a t  as LHSV 

is  increased th e re  is  a t re n d  o f  decreas ing  c ra c k in g .  Sample 4-2 

and 4-5 c o n t r a d ic t ,  bu t the  d i s t i l l a t i o n s  are c lose  to g e th e r  and so 

are  LH S V s.

F igure 14 is  a p lo t  o f  the th re e  samples from Run 5, a t  d i f f e r e n t  

LHSV w i th  cons tan t hydrogen f lo w  r a te .  The t ren d  o f  a decrease in  

c ra c k in g  w i th  an inc rease  in  LHSV is  no t observed f o r  a l l  samples. 

Sample 5-1 w i th  a LHSV o f  2.17 g ives a b e t t e r  d i s t i l l a t e  than
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FIGURE 11. ASTM D is tilla t io n , CoMo-040I
Catalyst: 3% CoO, 9% MoO3 on Alumina
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FIGURE 12. ASTM D is tilla tio n , HT-500
Catalyst: 3% NiO, 15.5% MoOg on Alumina
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FIGURE 13. ASTM D i s t i l l a t i o n ,  Run 4 
C a ta ly s t :  Harshaw N i-1601

3% N i,  3% Co, 3% Fe on Alumina



EM
PI
 R 
VTU

PE'
, 

DE
GR

EE
S

- 50 -

20 30 ItO 50 60 70 80 90 100

VOLUME PERCENT DISTILLED

FIGURE 15. ASTM D i s t i l l a t i o n ,  Run 5 
C a ta ly s t :  Harshaw N i-3210

35% Ni on P ro p r ie ta ry  Support
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sample 5-3 w i th  a LHSV o f  1 .05 . No exp la n a t io n  is  r e a d i ly  o b v io u s . 

Looking a t  sample 5-2 w i th  a LHSV o f  0 . 3 7 , i t s  d i s t i l l a t i o n  curve 

is  n o t  ve ry  much improved ove r sample 5-1 as would be expected w i th  

the d i f fe re n c e  i n ' LHSV. Some o th e r  phenomenum such as d e a c t i v i t y  Of 

the  c a t a ly s t  w i th  t im e o r  p o s s ib ly  a decrease in  hydrogen f lo w  ra te  

w i th  t im e cou ld  produce these r e s u l t s .  Hydrogen f lo w  is  c o n t ro l le d  

by a very  f in e  m ic ro -m e te r ing  v a lve .  This va lve  is  c a l ib r a te d  before  

each run w i th  a wet t e s t  meter and a c a l ib r a t io n  curve is  drawn.

Some v a r ia b le  could change du r in g  the  run changing t h is  c a l ib r a t io n .  

For example,- a r e s t r i c t i o n  in  the re a c to r  which produces a la rg e r  

back pressure than in d ic a te d  on the back pressure Regu la to r v a lve ,  

would cause a decrease in  hydrogen f lo w .

Run 6 looked a t  one o f  the  b e t t e r  c a ta ly s ts  CoMo-0401. With 

cons tan t hydrogen f lo w  ra te s ,  the  feed was v a r ie d  to  g ive  d i f f e r e n t  

LHSV. The re s u l t s  are presented in  F igure  15. I t  is  q u i te  ev iden t 

t h a t  d i s t i l l a t i o n  r e s u l t s  are in v e rs e ly  p ro p o r t io n a l  to  LHSV.

F igures 16-19 t r y  to  show some trends in  heteroatom removal. 

F igure  16 is  a p lo t  o f  pe rcen t d e s u l f u r iz a t io n  vs. LHSV f o r  th ree  

d i f f e r e n t  c a ta ly s t s .  As can be seen the percent d e s u l fu r iz a t io n  

decreases as the  LHSV in c rea ses .  The percen t den it ro g e n a t ion graphed 

in  F igure 17 vs. the  LHSV shows a genera l t ren d  o f  in c re a s in g  w i th  

in c re a s in g  LHSV. Two data p o in ts  c o n t r a d ic t  t h is  s ta te m en t,  however.

Heteroatom removal vs. hydrogen f lo w  ra te  is  graphed in  Figures
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FIGURE 15. ASTM D i s t i l l a t i o n ,  Run 6
C a ta ly s t :  Harshaw CoMo-040 I

3% CoO, 9% MoOg on S i l i c a  Alumina
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FIGURE 16. Percent Desulfurization vs. LHSV
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FIGURE 17. Percent Denitrogenation vs. LHSV
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Run No. 4

Run No. 9

5000 10,000 15,000 20,000

HYDROGEN FLOW (s c f /b b l  Feed)

FIGURE 18. Percent Desulfurization vs. Hydrogen Flow
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Run Mo. 4

Run No. 9

10,000 15,000

HYDROGEN FLOW (s c f /b b l  Feed)

20,000

FIGURE 19. Percent Denitrogenation vs. Hydrogen Flow
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18 and 19 f o r  Run 4 (N i-1601) and Run 9 (H T-500). The LHSV was 

app rox im a te ly  c o n s ta n t .  In Figures 18 and 19 the percen t d e s u f lu r iz a -  

t io n  and pe rcen t d e m 'tro gena t ion ,  r e s p e c t iv e ly ,  reach a maximum a t  

app ro x im a te ly  10,000 s c f /b b l  and then decrase . The w o rs t  re s u l ts  were 

a t  hydrogen f lo w  ra te s  g re a te r  than 15,000 s c f / b b l . A t these high 

f lo w  ra te s  the hydrogen must blow the  SYNTHOIL through the  c a ta ly s t  

bed so f a s t  t h a t  good c o n ta c t in g  and re a c t io n  do no t occur.

Run 9, c a ta ly s t  HT-500, was made to  determine the e f f e c t  o f  

hydrogen f lo w  ra te .  F igure 20 shows th a t  a hydrogen f lo w  ra te  o f  

11,000 s c f /b b l  g ives the bes t hyd roc rack ing  resu lts - .  Th is  agrees 

w i th  the  f lo w  ra te  f o r  heteroatom removal g iven above.

Run 7 was made us ing  a Ni-W c a ta ly s t  'N i-4301. Four d i f f e r e n t  

tem pera tures were te s te d .  The ASTM d i s t i l l a t i o n  r e s u l t s  are graphed 

in  F igure  21. I t  is  noted th a t  hyd rocrack ing  decreases w i th  a 

decrease in  tem pera tu re .

F igure 22 is  the  heteroatom removal fo r .  the  continuous run . In 

t h i s  graph percen t d e s u l fu r iz a t io n  and percen t d e n it ro g e h a t io n  show 

the  same general t re n d  o f  decrease w i th  a decrease in  te m p e ra tu re . -

The data from  Run 8 (N i-4303) is  g iven in  Appendix C. The 

o b je c t  o f  the  run was to  determ ine i f  th e re  was any d e a c t iv a t io n  

o f  the  c a ta ly s t  du r ing  a 12 hour run (normal one day ru n ) .  Samples 

8 -1 ,  8 -2 ,  and 8-3 were taken the  f i r s t  day o f  the  run.. Al I ope ra t ing  

parameters were kept as c o n s is te n t  as po ss ib le  f o r  the 12 hour run.'
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FIGURE 20. ASTM D i s t i l l a t i o n ,  Run 9
C a ta ly s t :  Harshaw HT-500; 3% NiO, 15.5% MoO3

on Alumina
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FIGURE 21. ASTM D is tilla t io n , Run 7
Catalyst: Harshaw Ni=4301; 6% NiO, 19% WO3

on S i l ica Alumina
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FIGURE 22. Percent D e s u l fu r iz a t io n  and D en itrogena tion
vs. Temperature

Run No. 7
C a ta ly s t :  Harshaw N i-4301
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No d e a c t iv a t io n  o f  the  c a ta ly s t  was noted in  hyd roc rack ing ,  

d e s u l f u r iz a t io n ,  o r  d e n it ro g e n a t io n  du r ing  the 12 hours. The SYNTHOIL 

feed to  the  re a c to r  was then stopped and a stream o f  hydrogen was 

t r i c k l e d  through the re a c to r  o v e rn ig h t .  Samples 8-4 and 8-5 were 

taken the  second day . The hydrogen f lo w  ra te  was doubled from 

5000 to  10,000 s c f / b b l . A l l  o th e r  o p e ra t in g  parameters remained the 

same. A decrease was noted from the  f i r s t  day in  h yd roc rack ing ,  

d e s u l fu r iz a t io n  and d e n it ro g e n a t io n .  I t  was hoped t h a t  t h i s  t e s t  

would a l low  runs to  be made on consecu tive  days w i th  no d e a c t iv a t io n  

o f  the  c a t a ly s t .  But w h i le  no d e a c t iv a t io n  o f  the  c a ta ly s t  seems 

to  occur in  a 12 .hour run , the  c a ta ly s t  does see degradation- from 

SYNTHO I L res idue  in  s i t t i n g  o v e rn ig h t .  '

The d isc repanc ies  in  the  data show a need to  ge t a- b e t te r  - f i x  on 

the  f lo w  ra te s  through the  re a c to r .  The Hills-McCanna chemical 

p ro p o r t io n in g  pump was u n r e l ia b le .  Flow v a r ie d  f o r  no apparent 

reason. R e p e a ta b i l i t y  was d i f f i c u l t  due to  the  inaccuracy  in  s e t t in g  

the  pump s t ro k e .

Hydrogen f lo w  was even more o f .a  problem to  measure and c o n t ro l .  

Changing any pressure in  the  system would a f f e c t  "the hydrogen f lo w .

As an example the back pressure  increased due to  p lugg ing  and also 

due to  increased pressure drop across the  re a c to r  once SYNTHOIL was 

pumped through the re a c to r .  A wet t e s t  meter was connected to  the 

gas o u t le t  a f t e r  the scrubber in  runs 8 and 9. By assuming t h a t  90%
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o f  the  gases coming o f f  were hydrogen, r e la t i v e  changes in  hydrogen 

f lo w  cou ld  be determ ine. A hydrogen f lo w  meter i s  necessary to  

g ive  accu ra te  q u a n t i t a t i v e  numbers f o r  hydrogen f lo w .

No m a te r ia l  balances were made on the  system, because o f  the 

problems w i th  the hydrogen and SYNTHOIt feeds as mentioned above. 

S e n s i t iv e  chromatograph a n a ly s is  o f  the  e x i t  gases is  a lso  necessary

I
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CONCLUSIONS

1. Hydrocrack ing , d e s u l f u r iz a t io n ,  and d e n it r o g e n a t ion o f  SYNTHOIL 

can be accomplished to  some degree using commercial hydro- 

t r e a t in g  c a ta ly s t s .

2. No general s tatements can be made as to  what makes a "good"

c a ta ly s t . ' ............................... ..

3. Harshaw c a ta ly s t  HT-500 (Ni-Mo on a lum ina) gave the best 

hyd roc rack ing  and d e n it ro g e n a t io n  r e s u l t s  in  both the bomb and 

continuous ru n .

4 . S he ll c a ta ly s t  344 (CoMo on a lum ina) gave the best heteroatom 

removal in  a bomb (48% d e s u l fu r iz a t io n  and 32% d e n it r o g e n a t io n ) .

5. N itrogen  is  the  more d i f f i c u l t  heteroatom to  remove.

5. Coiiflnuous runs a t  LHSV =. I .  g ive  b e t te r  hydrogenation and

d e s u l f u r iz a t io n  r e s u l t s  than the bomb run f o r  the  same c a ta ly s t .

7. Hydrocrack ing and heteroatom removal decrease as the  LHSV 

in c re a s e s .

8 . A hydrogen f lo w  ra te  o f  app rox im a te ly  10,000 s c f /b b l  showed 

the bes t hyd rocrack ing  and heteroatom removal.

9. A re a c t io n  tem pera ture  o f  450°C and a pressure o f  800 ps ig  g ives 

the  bes t r e s u l t s  in  hyd rocrack ing  and heteroatom removal.



FUTURE WORK

1. • Hydrogen f lo w  meter is  needed to  c o n t ro l  f lo w  r a t e s .

2. Exhaust gases should be sampled w i th  a chromatograph to  analyze 

f o r  l i g h t  hydrocarbons, hydrogen s u l f i d e  and ammonia. Data 

w i l l  a l lo w  a m a te r ia l  balance to "be  made on the  system.

3. The e f fe c ts  o f  f i lm  and pore d i f f u s io n  should be te s te d  to  

determ ine i f  they are ra te  c o n t r o l l i n g  steps in  c a t a l y s i s .

4. ■ Study o f  c a ta ly s t  support  ch e m is try ,  phys ica l p ro p e r t ie s ,  and

r e a c t i v i t y  is  necessary to  determine the best suppo rt.

M o lecu la r  s ieve  z e o l i t e s  need to -be  looked a t  in  t h i s  area.

5. Optim ize metal lo a d in g .  Work should in c lud e  a n a ly s is  o f  

c a ta ly s t  p ro p e r t ie s  o f  both commercial c a ta ly s ts  and those

- made a t  .Montana -State -U n iv e rs i ty .  •



APPENDICES



Run # 

BI

B2

B3

B4

B5

B6

BZ

B8

APPENDIX A. BATCH RUN CATALYST DESCRIPTION

C a ta ly s t

Harshaw c a t a l y s t  N i-4 4 0 1 - (1 /1 0 "  e x t ru s io n s )  6% NiO5 

19% WOg on S i l i c a  A lum ina. .

Harshaw c a t a ly s t  N i-1601 (1 /8 "  t a b l e t s ) '3% NiO5 3% CoO5 

3% FeO on a c t iv a te d  A lum ina.'
p

Surface area = 78 m /g  Pore volume = .28 cc/g  

Harshaw c a t a ly s t  N i-1800 (4 -8  mesh g ranu les) - 

10% N i ) ,  1% CuO on S i l i c a .
p

Surface area. = 3 m /g

Harshaw c a t a ly s t  CoMo-0401 ( 1 / 8 "  t a b le ts )  3% CoO5 9% MoOg

on S i l ica  Alumina. ■ -

Surface area -  160 nT/g Pore volume -  0.40 cc/g

Harshaw c a ta ly s t  N i-4301 (1 /1 2 "  e x t ru s io n s )  6% NiO5-

19% WOg on S i l i c a  Alumina.

2Surface area = 228 m /g  Pore volume = .37 cc/g

C a ta ly s t  and Chemical Co. c a ta ly s t  C-20-6 ' '

M o  CoO5 15% MoOg on Alumina.

Harshaw c a t a ly s t  N i-4303 (1 /1 2 "  e x t ru s io n s )

6% NiO5 19% WOg on Alumina.

2Surface area = 152 m /g  Pore volume = 0 . 5 4  cc/g

Harshaw c a ta ly s t  N i-1600 (1 /4 "  spheres) 3% NiO5 3% CoO5

3% FeO on in e r t  S i l i c a  Alum ina.

2Surface area = I  m /g
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Run # 

B9

BlO

B H

B I 2 

B13 

BI 4 

B15

C a ta ly s t

Harshaw c a t a ly s t  N i-3250 (1 /8 "  t a b le ts )  50% Ni on 

a I k a l i n e  su p p o r t .

Surface area = 150 m /g  Pore volume = 0.34 cc /g

Harshaw c a ta ly s t  N i-0104 (powder) 60% Ni on K iese lguhr
2

Surface area = 150 m /g  Pore volume = .2. cc /g  

C a ta ly s t  impregnated on support  in  house 26% SnCl^ 

on S i l i c a .

Support: Johns-M anv i l le  c e l I i t e  408 (5 /3 2 "  p e l le t s )
2

Surface area = 3 m /g  Pore volume = 0.65 cc /g  

Pore d iam eter (mean) = .98y

Harshaw c a t a ly s t  HT-100 (1 /1 2 "  e x t ru s io n s )  3.8% N iu s

16.8% MoOg on 1.5% S i l i c a  promoted Alumina.

2
Surface area = 175 m /g  Pore volume = 0.54 cc /g

Harshaw c a t a ly s t  W-0801 (1 /8 "  t a b le ts )  10% W0g. on

h igh a c t i v i t y  Alumina -
2

Surface area = 145 m /g  Pore volume = 0.36 cc /g  

Harshaw c a t a ly s t  Mo-1201 (1 /8 "  ta b le ts )  10% MoOg on 

high a c t i v i t y  Alumina.

Surface area = 160 m /g  Pore volume = 0.36 cc /g

Harshaw c a t a ly s t  W-OlOl (1 /8 "  ta b le ts )  10% WOg on Alumina.
2

Surface area = 75 m /g  Pore volume = 0 .3 7  cc /g
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B17

B18

\

B19

B20

B21

B22

B23

B24

B25

Harshaw c a ta ly s t  0 -0 1 0 3  (1 /8 "  t a b le t s )  12% CrOg 

on a c t iv e  Alumina.

2
Surface area = 63 m /g  Pore volume = 0 . 3 5  cc/g

Harshaw c a ta ly s t  Cr-0105 (1 /8 "  t a b le t s )  9% Cr2Og,

1.5% K2O on a c t iv e  Alum ina.

2Surface area = 67 m /g  Pore volume = 0 . 3 4  cc /g  

Harshaw c a t a ly s t  Ni-3210 (3 /1 6 "  t a b le t s )  35% Ni on 

p ro p r ie ta r y  suppo rt.
O

Surface area = '175 m l g Pore volume = 0.45 cc /g  

Harshaw c a ta ly s t  CoMo-0603 (1 /8 "  t a b le ts )  3% CoO, 

9% MoOg on Alumina.

2
Surface area = 160 m /g  Pore volume = 0.40 cc/g  

Same c a ta ly s t 'a s  Run #B15

Harshaw c a t a ly s t  HT-400 (1 /1 6 "  e x t ru s io n s )  3% CoO5 

15% MoOg on Alumina.

2
Surface area = 220 m /g  Pore volume = 0.55 cc /g  

Same c a ta ly s t  as Run #B5 

Same c a ta ly s t  as Run #B5

Harshaw c a t a ly s t  HT-500 (1 /8 "  e x t ru s io n s )  3% NiO5 

15.5% MoOg on Alumina.
p

Surface area = 210 m /g  Pore volume = .44 cc /g
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Run •# 

B26

B27

B28

B29

C a ta ly s t

Ketjen c a t a ly s t  K e t je n f in e  330-3E, 6.62% NiO5 19.8% WOg 

on S i l i c a  Alumina
O

Surface area = 193 m /g  Pore volume = 0 .43 cc /g  

Ketjen c a ta ly s t  HC-5-1.5E; 6.5% N i0, 21% WOg on

Alumina.

2
Surface area = 200 m /g  Pore volume = 0.62 cc /g  

She ll C a ta ly s t  324 (1 /116" e x t ru s io n s )  2.7% N i ,

13.2% Mo, on A lum ina .
n

Surface area = 160.m / g  Pore volume = 0 . 5  cc /g  

Shell c a ta ly s t  344 (1 /1 6 "  e x t ru s io n s )  2.4% Co,

9.9% Mo on Alumina. . ■

Surface area = 195 m /g  Pore volume = 0 . 6  cc /g

)



APPENDIX B. BATCH RUN DATA

Run #B1

C a ta ly s t
take-up

Psiq
D i s t i l l a t e  Y ie ld
V o l . % Mt. % % DeS % DeN

N i-4401 800 49 '' • 49 41 . 18

ASTM D i s t i l l a t i o n : V o l. % Temp ( 0F) V o l. %' .Temp ( 0F)

5 395 • 30 608
10 450 40 ' 662

' 20 540 49 700

Run #B2
H

2
take-up  . D i s t i l l a t e Y ie ld

C a ta ly s t Psi q V o l. % Wt. % % DeS % DeM

Ni -1601 150 51 51 07 06

ASTM D i s t i l l a t i o n : V o l. % Temp ( 0F) Vol . % Temp ( 0F)
- 5 . 410 40 660 '

10 450 ■ 50 697
20 540 51 700
30 • 610

Run #B3 H
2

take-up D i s t i l l a t e  Y ie ld
C a ta ly s t Psiq V o l. % Wt. % % DeS % DeN

N i-1800 100 •51 50 ' 16 20

ASTM D i s t i l l a t i o n : V o l. % Temp ( 0F) V o l . % Temp-(0F)

5 445 30 620
10 480 • 40 665
29 . 553 . 51 700
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Run #B4 H

2

C a ta ly s t
take -up

Psiq
D i s t i l l a t e  Y ie ld  

V o l . % W t. % % DeS % DeN

CoMo “•0401 1300 65 61 16 33

ASTM D i s t i l l a t i o n : -  -Vol. -% Temp ( 0F) V o l. % Temp ( 0F)

5 200 ■ .40 630
10 410 50 660
20 ■ 510 60 685
30 580 65 ■ 700

/

Run #B5 H
2

take -up D i s t i l l a t e  Y ie ld
C a ta lys t- Psig V o l . % W t. % %DeS % DeN

N i-4301 700 61 59 32 29

ASlM D i s t i l l a t i o n :  V o l . % Temp ( 0F) V o l. % Temp ( 0F)

5 350 40 630
10 445 50 668
20 530 61 700
30 590

Run #B6 

C a ta ly s t

H
2

take -up  
Psiq .

D i s t i l l a t e  Y ie ld  
V o l . % W t. % % DeS % DeN

C-20-6 675 56 53 18 25

ASTM D i s t i l l a t i o n :  V o l . % Temp ( cF) : V o l . ■% Temp ( 0F)

5 355 ■40 650
10 420 50 685
20 515 56 ■ 700
30 590
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Run 7tB7___

2

C a ta ly s t
take -up

Psiq
D i s t i l l a t e  Y ie ld  

V o l . % W t. % %DeS % DeN

N i-4303 90 54 49 45 18

ASTM D i s t i l l a t i o n :  -' V o l . % ■ Temp- ( 0F) V o l . % Temp- ( 0F)' ' .

5 360 40 642
10 405 50 685
20 515 54 ’ 700
30 585

Run #B8 

C a ta lys t"

H
2 .

take -up  D i s t i l l a t e  Y ie ld  
Psig V o l . % W t. % %DeS % DeN

N i-1600 275 . 41 41 07 10

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) O>■ Temp ( 0F)

5 430 30 660
10 490
20 590

41 700

Run #B9 

C a ta ly s t

H
2

take -up
Psig

D i s t i l l a t e  Y ie ld  
V o l . % W t. % % DeS- % DeN

Ni-3250 .700 49 50 50 17

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) V o l . % Temp ( 0F)

5 390 30 620 :
■ 10 440 ' 40 ■ 670

20 540 49 700 '
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Run #B10 H

2
take -up  D i s t i l l a t e  Y ie ld

C a ta ly s t Psiq Vol . % W t. % %DeS % DeN

N i-0104 600 54 .53 57 ' 16

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) V o l, % Temp ( 0F)

5 355 40 ' 645
10 430 50 686
20 520 53 700
30 580.

Run m i H
2

take -up  D i s t i l l a t e  Y ie ld
C a ta ly s t P s ig . V o l , % W t. % %DeS % DeN

S nC lp . 775 ■ 51 50 20 10

ASTM D is t i l l a t i o n :  V o l . % Temp ( 0F) Vol . % Temp ( 0F)

5 390 30 585
10 445 40 640

.

20 522 51 700

Run B 1 2 ' H
2

take -up  D i s t i l l a t e  Y ie ld
C a ta ly s t Psiq V o l . % Wt. % %DeS % DeN

HT-IOO 800 . 5 0  50 . 36 18

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) V o l. % Temp ( 0F)

5 300 3.0 . 590
10 425 40 650
20 521. 50 700



- 74 -

Run #B13 H

2

C a ta ly s t
take -up  D i s t i l l a t e  Y ie ld  

Psig V o l . % W t. % %DeS % DeM

W-080I 500 46 47. . ■ 27 04

ASTM D i s t i l l a t i o n :  Vol . % ' Temp ( 0F) , V o l . % . Temp ( 0F)

5 410 ' 30 615
10 463 . 4 0  ’ • 670
20 543 46 700

Run #814 . 

C a ta lys t-

I

H
2

take -up  
Psig .

D i s t i l l a t e  Y ie ld  
V o l . % W t. % %DeS % DeN

Mo-1201 500 49 46 36 19

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) . V o l. % Temp ( 0F)

5 365 30 390
10 430 .40 650

20 520 49 700

Run # B15 

C a ta ly s t

H
2

take -up  D i s t i l l a t e  Y ie ld  
Psig ' V o l . % Wt. % % DeS % DeN

W-0101 800 57 55 25 03

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) Vol . % Temp ( 0F)

5 . 305 40 620.
10 338 50 ■ 680
20 .405 . 57 700
30 475
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Run =317 H .
2

take -up D i s t i l l a t e . Y i e l d
C a ta ly s t Psiq ' V o l . % W t. % % DeS % DeN

Cr-0103 . 200 43 41 00 ' 05 .

ASTM D i s t i l l a t i o n : -  V o l . % Temp-( 0F) ■ Vol .' % •Temp- ( 0F) .

5 ' 405 30 635
10 485 40 685
20 : 570 43 700

Run -B 18 

C a ta ly s t

H
2

take -up
Psig

D i s t i l l a t e  Y ie ld  
V o l . % W t. % % DeS % DeN

C r-0105 250 44 43 OS 00

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) V o l . % Temp ( 0F)

5 425 30 628
10 480 40 680

••

20 560 44 700

Run =B19 H
2

take-up D i s t i l l a t e  Y ie ld
C a ta ly s t Psiq V o l . % W t. % % DeS % DeN

N i-3210 ' 400 47 45 05 25

ASTM- D i s t i l l a t i o n :  Vol . % Temp ( 0F) V o l . % Temp ( 0F)

5 425 30 610 •
10 470 40 670
20 540 : 47 . 700



Run =B20
2

take -up D i s t i l l a t e  Y ie ld
C a ta ly s t Psiq V o l . % W t. % % DeS % DeN

CoMo-0603 700 ,61 57 52 ' 25

ASTM. D is t i l l a t i o n : . . -  V o l ; % ' Temp ( 0F) Vol . Temp (°F). ■

5 355 40 628
.10 432 50 675
20 504 . 61 700
30 570

Run # B21 H ' . ■-
2

take-up D i s t i l l a t e  Y ie ld
C a ta ly s t  • Psig Vol , % W t. % % DeS % DeN
W-OlOl 400 51 50 09 00

ASTM D i s t i l l a t i o n :  ■ V o l . % Temp.( 0F) V o l . % Temp ( 0F)'

5 415 30 • 595
10 467 40 665
20 540 51 700

Run =822 

C a ta ly s t

H
2

take-up
Psiq

D i s t i l l a t e  Y ie ld  
V o l . % Wt. % % DeS-

(

% DeN

HT-400 1000 64 62 34 13

ASTM D i s t i l l a t i o n :  Vol . % Temp ( 0F) Vol % Temp ( 0F)

5 355 40 630
10 418 50 670
20 510 60 693
30 580 64 700
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Run # B23 

C a ta ly s t

H
2

take -up  D i s t i l l a t e  Y ie ld  
Psig . Vol , % W t. % % DeS % DeN

N i-4301 250 47 . 45 - 41. 17

ASTM D i s t i l l a t i o n : -  V o l . % - Temp ( 0F) VoT. Temp (°-F)

- ( ' 5 400 30 618
10 475 40 675
20 540 47 700

Run # 2 4  

C a ta ly s t

H
2

take -up  D i s t i l l a t e  Y ie ld  . 
Psig Vol . % W t, % % DeS % DeN

N i-4301. 400 52 51 23 28 -

ASTM D i s t i l l a t i o n :  V o l . % ' Temp ( 0F) V o l . S Temp ( 0F)

5 395 30 605
10 470 . 40 665
20 540 52 700

Run #325
H

C a ta ly s t

2
take-up

Psiq
D i s t i l l a t e  Y ie ld  

V o l . % W t. % % DeS % DeN

HT-500 1000 65 64 32 34

V o l . % Temp ( 0F) Vol . % Temp I

5 315 . 40 622
10 410 50 668
20 500 60 692
30 560 65 700

ASTM D i s t i l l a t i o n :
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Run #B26 ^

2
take-up D i s t i l l a t e  Y ie ld

C a ta ly s t Psig V o l . %. W t. '.25 % DeS %■ DeN

330-3E 700 54 51 30 12

ASTM D i s t i l l a t i o n :  V o l . %■ Temp ( 0F) V o l . % Temp ( 0F)

5 340 40 .628
. 10 405 50 688
• 20 512 54 .. . 700

30 573 ■ '

Run #B27 H
2

take-up D i s t i l l a t e  Y ie ld
C a ta ly s t Psig Vol . % W t. % % DeS % DeN

HC-5 500 49 48 25 23

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) V o l . % Temp ( 0F)

5 415 30 623
10 468 40 675
20 560 49 700

Run # 2 8  

C a ta ly s t

H
2

take-up
Psig

D i s t i l l a t e  Y ie ld  
V o l . % W t. % % DeS % DeN

She ll 324 700 51 52 55 21

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F) Vol . % Temp ( 0F)

5 325 30 592
10 422 40 660
20 435 ■ 51 700
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H2
take-up D i s t i l l a t e  Y ie ld  ■

C a ta ly s t_______ Psig ' V o l . % Wt. %________ % DeS % DeN

Shell 344 800 50 47 48- 32

ASTM D i s t i l l a t i o n :  V o l . % Temp ( 0F)_______V o l . 0L Temp ( 0F)

Run #B29

' 5 330 - 30 ■ 610
10 450 40 670
20

NOTES:

540 50 700

I .  SYNTHOIL Feed A n a lys is

D i s t i l l a t e  Y ie ld Weight Weight
Vol . % W t. % % S % N

44 43 .44 1.06
)

ASTM D i s t i l l a t i o n :  V o l . % . Temp ( 0F) ■ V o l . % Temp ( 0F)

0 380 30 632
. 5 440 40 682 -

10 490 44 700
20 570

'2. C a ta ly s ts  l i s t e d  by run numbers and manufacturpers id e n t i f i c a t i o n

numbers. C a ta ly s t  d e s c r ip t io n s  g iven in  Appendix A.
-V

3. Hg take-up  is  c a lc u la te d  by ta k in g  the d i f fe re n c e  between the 

charge pressure -2000 psig- o f  hydrogen and the  p ressure  upon 

c o o l in g  the  bomb to  room tem pera ture  a f t e r  the run.

4 . ASTM D i s t i l l a t i o n  data can be graphed w i th  volume percen t as the 

abscissa and the  tem pera ture  as the  o rd in a te .  Use a volume pe r­

cen t o f  5 as s t a r t  because d i s t i l l a t e  s ta r te d  coming o f f  a l l  

samples a t  <200°F. End p o in t  f o r  d i s t i l l a t i o n  is  700°F .
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Bomb run c o n d i t io n s :  450°C f o r  I  hour.

Except -  Run #B21 run a t  427°C

Run #B23 run a t  400°C ' -

Run #B24 run a t  418°C'



APPENDIX C . . CONTINUOUS RUN DATA

Run .#1

C a ta ly s t  and Chemical Company c a ta ly s t  C-20-6 
4% CoO, 15% MoOg on Alumina

Temperature: 450°C Pressure: 800 p s ig .

H2 F1o-w D i s t i l l a t e  Y ie ld
Sample # LHSV s c f /b b l  Vol.% Wt. % %DeS %DeN

1-1 4 5000 54 51 27 : 19

ASTM D i s t i l l a t i o n :  V o l . 0I  Temp ( 0F)_____ V o l . % ■ Temp (°F)

0 360 30 582
•5 404 40 ' 631
ib 440 50 680
20 502 • 54 700

Run #2 ,

Same c a ta ly s t  as in  Run #1

Temperature: 450°C Pressure: 1000 psig

H2 F1ow D i s t i l l a t e  Y ie ld
Sam ple# LHSV s c f /b b l  ' Vol.% 'Wt. % %DeS . %DeN

2-1
2-2

1.4 10,000 70 67 70 24

3.0  10,000 51 50 43 01

ASTM D i s t i l l a t i o n :  Sample #2-1 Sample #2-2
V o l . % Temp ( 0F) V o l. % T e m p (0F)

0 252 0 370
5 332 5 444

10 441 10 494
20 460 20 556
30 520 30 628
40 565 40 682
50 594 - 50 698
60 657 51 700
70 700 .?
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Run #3

Harshaw C a ta ly s t  N i-4401 (1 /1 0 "  e x t ru s io n s )
6% NiO, 19% WOg on S i l i c a  Alumina

Tem perature: 400°C P re s s u re : . 800 ps ig

Hg How D i s t i l l a t e  Y ie ld
Sample # LHSV s c f /b b l Vol . % Wt. % %DeS %DeN

3-1 1:0 10,000 62 61 09 13

ASTM D is t i l l a t i o n : V o l. % Temp ( 0F) V o l. % Temp ( 0F) .

0 301 . 30 576
5 429 40 63?

10 471 50 670
. 20 532 62 700

Run #4

Harshaw c a t a ly s t  Ni -1601 ( 1/ 8" t a b le ts )
3% NiG-, 3% CoO, 3% FeO on a c t iv e  Alumina
Surface area = 78 m2/g Po re volume = 0 .28 cc /g

Temperature: 450°C Pressure: 800 ps ig

Hg Flow D i s t i l l a t e  Y ie ld
Sample # LHSV s c f /b b l V ol . % Wt. % %DeS %DeN

4-1 1.25 10,000 67 65 30 06

4-2 2.00 10,000 55 52 25 06

4-3 2.24 5,000 54 52 11 06

4-4 2.14 15,000 60 . 57 11 ' 01
4-5 2.87 10, 000. 59 57 11 13

4-6 4.00 10,000 54 52 I02 01

>
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A

Run #4 (co n t)

ASTM D i s t i l l a t i o n :  

4 - 1
Vol.% Temp ( 0F)

O 215
5 415

10 453
20 525
.30 575
40 620
50 657
60 683
67 700

4-4
V o l .% Temp ( 0F)

0 216
. 5 .428
11 . 458
20 522
30 . 579
'40 630
50 670
60 700

4-2
V o l . % Temp ( 0F)

0 300
5. , 410

10 466
20 531
30 594
40 645
50 685
55 700

4-5
V o l . % Temp ( 0F)

0 . 218
5 420

10 458
20 515
30 581
40 642
50 680
59 700

4-3
V o l . % Temp ( 0F)

0 218
5 428

10 464
20 531
30 606
40 650
SO 692
54 700

4-6
V o l . % Temp ( 0F)

0 250
Z 425

10 454
20 . 540
30 598
40 660
50 692
54 .700
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Run #5

Harshaw c a t a ly s t  Ni-3210 (3 /1 6 "  t a b le ts )
35% Ni on p ro p r ie ta r y  support  .
Surface area = 175 m vg  Pore voluem = 0.45 cc/gm

Temperature: 450°C Pressure: 800 psig

Hg Flow D i s t i l l a t e .  Y ie ld
Sample # ■ LHSV s c f /b b l  • V o l . . % Wt. % %DeS %DeN

5-1 2.17 10,000 57 54 H 00
5-2 ' .37 10,000

OU
D

COLO 55 29

5-3 1.05 10,000 51 50 48 15 ■

ASTM D i s t i l l a t i o n :

5- I ■ 5-2 5-3
Vol . % . Temp ( 0F) Vol . % Temp ( 0F) Vol . % Temp (

0 380 0 <200 0 <200
10 462 5 390" 5 . . 436
20 508 10 427 10 470
30 564 20 501 20 541
40 615 30 560 30 597
50 679 40 606 40 648
57 . 700 50 654 50 698

■ 60 695 51 700
63 700
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Run #6

Temperature: 450°C Pressure: ' 800 psig'

Harshaw cata lyst CoMo-0401 (1/8" tablets) ■
3 %  CoO, 9% M0O3 on S ilica  Alumina
Surface Area = 160 i r r / g  Pore volume = 0.40 cc/g

Hg Fl ow D i s t i l l a t e Y ie ld
Sample # LHSV s c f /b b l Vol . % Wt. % %DeS %■ DeN

6-1 1.00 10,000 65 62 .50 04

6-2 2.03 1 0 , Ooo 48 51. 36 16

6-3 4.80 10,000 43 50 • 20 . 00

ASTM D i s t i l l a t i o n :

6- I 6-2 . 6- 3
V o l . % Temp ( 0F)' V o l . % Temp (° F) V o l . % Temp ( 0I

0 <200 0 ’ 220 0 360.
5 336 5 440 ' B 468 ,

10 399 10 466 10 510
20 466 20 540 20 580
30 530 30 595 30 642
40 574 . 40 • 654 43 700 ■
50 620 48 700
60 688
65 700
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Run #7

Harshaw C a ta ly s t  Ni-4301 (1 /1 2 "  e x t ru s io n s )
6% NiO, 19% WO3 on 
Surface area = 228

S i l i c a
m2/g

Alumina
Pore volume = 0.37 cc/g

Temperature: v a r ie s Pressure: 800 psig

Sample #
Temp
( 0C) LHSV

Hg Flow 

s c f /b b l
D i s t i l l a t e  Y ie ld

Vol.% Wt. % %DeS %DeN

7-1 451 1 .7 1 10,000 65 65 36 28
7-2 423 1.70 10,000 51 48 30 ' 00
7-3 402 2.0 10,000 45 ' 45 27 00
7-4 378 1.67 10,000 46 44 16 18

ASTM D i s t i l l a t i o n :

V o l .
7-1

% iemp. ( 0F) Voi .
7-2

% Temp ( 0F) Vol .
7-3

% Tetiip ( uF)'

0 225 0 * 340 0 330
5 330 . 5 404 5 ■ 437

10 370 10 462 10 476
20 458 20 528 20 560
30 514 30 591 30 614
40 572 40 644 40 680

• 50 628 51 700 45 - 700
60 689
65 . 700

7-4
■ Vol . % Temp ( 0F)

0 370
5 ■ 430

10 487
20 570
30 630
40 685
46 700
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Temperature: 450°C Pressure: 800 psig

Run .#8

Harshaw cata lyst Ni-4303 (1/12" extrusions)
6% NiO9 19% WO3 on alumina
Surface area = 152 m r / g  Pore volume = 0.54 cc/g

H2Flow
D i s t i l l a t e Y ie ld

Sample # LHSV s c f /b b l V o l . % Wt. % %DeS %DeN

8-1 1.00 5,000 57 54 .68 17

8-2 0.98 ^ 5,000 56 54 61 03

8-3 1.00 5,000 62 57 68 17

8-4 1.03 IOjOOO .53 52 50 00
8-5 .96 10,000 48 47 20 12

ASTM D i s t i l l a t i o n :

8-1 8-2 8- 3
V o l . % ' Temp (° F) V o l . % ' Temp ( °F} V o l . % Temp ('

Q 190 0 180 0 200.
5 264 5 360 5 350

10 410 10 408 ' 10 405
20 -500 20 500 20 475
30 552 30 577 30 528
40 629 40 632 40 590
50 680 50 690 50 630
57 700 56 700 62 700

8-4 8--5
V o l . % Temp ( 0F) V o l . % Temp ( 0F)

0 200 0 300
5 410 . 5 . 437

10 468 10 480
20 527 20 550
30 576 30 604
40 625 40 680

■ 53 700 48 700
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Run #9

Temperature: 450°C Pressure: 800 ps ig

Harshaw Catalyst HT-500 (1/8" extrusions) .
3% NiO5 15.5% MoOq on Alumina
Surface area = 210 m^/g Pore volume = 0.44 cc/g

-Hg -F low D i s t i l l a t e Y ie ld
Sample # .LHSV s c f /b b l V o l . % Wt. % %DeS % DeN

9-1 1.02 11,000 72 69 70 31

9-2 0.90 8,000 64 61 67 18

9-3 0.92 18,000 64 61 50 12

ASTM D i s t i l l a t i o n :

9-1 9-2 9-3
V o l . % Temp ( 0F) V o l . % Temp ( °F) V o l . % Temp (°

0 200 0 200 0 200
5 200 5 344 5 380 '

10 340 10 410 10 430
20 440 20 480 20 510
30 . 505 30 535 30 554
40 564 40 580 40 595
50 600 50 630 50 557
60 • 650 60 692 60 690
72 700 64 700 64 700
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