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Th is  r e p o r t  was prepared as an account o f  work sponsored by t h e  Un i t ed  S ta tes  

Government. Ne i t he r  t h e  Un i ted  States nor  t h e  Un i t ed  States Department o f  

Energy, nor  any o f  t h e i r  employees, nor  any o f  t h e i r  con t rac to r s ,  subcontractors ,  

o r  t h e i r  employees, makes any warranty ,  express o r  i m p l i e d  o r  assumes any 

l e g a l  l i a b i l i t y  o r  r e s p o n s i b i l i t y  f o r  t h e  accuracy, completeness, o r  usefu lness 

o f  any i n fo rma t i on ,  apparatus, p roduc t  o r  process d i sc l osed  o r  represents  t h a t  

i t s  use would n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s .  



ABSTRACT 

The c a t a l y t i c  a c t i v i t y  o f  var ious minerals,  m e t a l l i c  wastes, and t r a n s i t i o n  

metals was i nves t i ga ted  i n  the l i q u e f a c t i o n  o f  var ious coals. The e f f e c t s  o f  

coal type, process var iab les ,  coal' c leaning, c a t a l y s t  a d d i t i o n  mode, so lvent  

q u a l i t y ,  and solvent  mod i f i ca t i on  on coal conversion and o i l  product ion were 

a1 so studied. 

Coal conversion and o i l  product ion improved s i g n i f i c a n t l y  by the  a d d i t i o n  o f  

p y r i t e ,  reduced p y r i t e ,  specu l i te ,  red  mud, f l u e  dust,  z inc  su l f ide ,  and 

various t r a n s i t i o n  metal compounds. Impregnation and molecular d ispers ion  o f  

i r o n  gave h igher  o i l  product ion than p a r t i c u l a t e  incorpora t ion  o f  i r o n .  

However, the  mode o f  molybdenum a d d i t i o n  was inconsequential .  O i l  product ion 

increased considerably both by adding a s to i ch iomet r i c  mix ture  o f  i r o n  oxide 

and p y r i t e  and by simultaneous impregnation o f  coal w i t h  i r o n  and molybdenum. 

Hydrogenation a c t i v i t y  o f  disposable ca ta l ys t s  decreased sharply  i n  the presence 

o f  n i t rogen  compounds. The removal o f  heteroatoms from process solvent  improved 

thermal as we l l  as c a t a l y t i c  coal l i que fac t i on .  The improvement i n  o i l  

product ion was very dramatic w i t h  a ca ta l ys t .  
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NOMENCLATURE 

Atomic percen t  carbon, % 

F r a c t i o n a l  aromat ic  carbon 

Concen t ra t ion  o f  naphtha1 ene, g  mol e  

F r a c t i o n  o f  aromat ic  carbon o r  a r o m a t i c i t y  

Atomic percen t  hydrogen, % 

F r a c t i o n a l  a lpha p ro tons  de f i ned  as p ro tons  on carbon atoms 
ad jacen t  t o  an aromat ic  r i n g  

F r a c t i o n a l  aromat ic  p ro tons  

F r a c t i o n a l  be ta  and h i ghe r  p ro tons  de f i ned  as those p ro tons  
r e s i d i n g  on two o r  more carbon atoms removed f rom an aromat ic  r i n g  

Percent hydroxy l  hydrogen, % 

Pseudo f i r s t - o r d e r  r a t e  cons tan t ,  g  so l  vent /g  c a t a l y s t  m i  n. 

F i  r s t - o r d e r  r a t e  cons tan t  f o r  t h e  convers ion o f  asphal tenes, h r - '  

F i r s t - o r d e r  r a t e  cons tan t  f o r  t h e  convers ion o f  preasphal tenes, h r - '  

Number average molecu lar  we igh t  

React ion r a t e ,  g  mole/min. 

Number o f  aromat ic  condensed r i n g  

React ion t ime,  min. 

Weight o f  t h e  c a t a l y s t ,  g  

Weight o f  t h e  so l ven t ,  g  

F r a c t i o n a l  convers ion 

A parameter 

Atomic r a t i o  

Degree o f  s u b s t i t u t i o n  on aromat ic  r i n g  



SUMMARY 

Th i s  i s  t h e  f i n a l  r e p o r t  under c o n t r a c t  number DE-AC22-79ET14806 t i t l e d  

"Eva1 u a t i o n  o f  Coal M inera ls  and Metal Residues as Coal L i que fac t i on  Cata lys ts " .  

Th is  c o n t r a c t  w i t h  A i r  Products and Chemicals, Inc .  i nc l uded  a  subcont rac t  

w i t h  Auburn U n i v e r s i t y  t o  p rov ide  screening and eva lua t i on  t e s t i n g  i n  suppor t  

o f  l a r g e r  sca le  cont inuous PDU s tud ies  a t  A i r  Products. The c o n t r a c t  was 

begun on 1  September 1979 and ended on 1  February 1982. 

Th i s  r e p o r t  i s  comprised o f  t h r e e  volumes. I n  t he  p resen t  volume, Volume I, 

a1 1  o f  t h e  work conducted a t  A i r  Products p l u s  s i g n i f i c a n t  r e s u l t s  f rom work 

conducted bo th  a t  Auburn U n i v e r s i t y  and , the  U n i v e r s i t y  o f  Toledo a re  incorporated.  

The work conducted a t  Auburn U n i v e r s i t y  i s  discussed i n  d e t a i l  i n  Volume 11. 

Volume I11 compiles t h e  work ~ o n d u c t e d  a t  t h e  U n i v e r s i t y  o f  Toledo sponsored 

under separate c o n t r a c t  under t h i s  program. Because o f  t h e  ex tens ive  amount o f  

work conducted under t h i s  con t rac t ,  i n  a d d i t i o n  t o  t h e  summary, t he  h i g h l i g h t s  

o f  t h e  program a re  discussed i n  g rea te r  d e t a i l  i n  t h e  Program Synopsis. 

The o b j e c t i v e  o f  t h i s  program was t o  i n v e s t i g a t e  op t i ons  f o r  t h e  development 

o f  low-cost  d isposable c a t a l y s t s  t o  enhance coal  convers ion and o i l  p roduc t i on  

i n  coa l  l i q u e f a c t i o n .  Stud ies y i e l d e d  s i g n i f i c a n t  r e s u l t s  concern ing t he  

c a t a l y t i c  e f f e c t s  o f  d i f f e r e n t  m inera ls ,  metal  1  i c  wastes, and t r a n s i t i o n  

meta ls  on t h e  l i q u e f a c t i o n  behavior  o f  va r ious  coals .  Some o f  t he  impor tan t  

f i n d i n g s  a re  l i s t e d  below. 

o  P y r i t e ,  specu l i t e ,  r e d  mud, and f l u e  dus t  were very  a c t i v e  i n  c a t a l y z i n g  

coal  l i q u e f a c t i o n  reac t i ons ,  a l though they  d i d  n o t  show s i g n i f i c a n t  

a c t i v i t y  i n  so l ven t  hydrogenat ion; t h i s  i n d i c a t e s  t h a t  a  s y n e r g i s t i c  

e f f e c t  e x i s t s  between these a d d i t i v e s  and coal  du r i ng  l i q u e f a c t i o n .  

o  A d d i t i o n  o f  p y r i t e ,  i r o n  ox ide,  r e d  mud, f l u e  dus t  and z i n c  s u l f i d e  

s i g n i f i c a n t l y  increased coal  convers ion and o i  1  p roduc t ion ;  i n  a d d i t i o n  

o i l  p roduc t ion ,  hydrogen consumption and r a t e s  o f  convers ion o f  asphaltenes 

and preasphaltenes increased w i t h  i nc reas ing  temperature. Al though 

p y r i t e  showed t h e  h ighes t  c a t a l y t i c  a c t i v i t y  o f  these a d d i t i v e s ,  i t  

y i e l d e d  the  h ighes t  hydrogen consumpti on as we1 1. 



o C a t a l y t i c  a c t i v i t y  o f  var ious mineral-grade p y r i t e s  was very s i m i l a r .  

o A c t i v i t y  o f  reduced p y r i t e  was comparable t o  t h a t  o f  p y r i t e .  However, 

reduced p y r i t e  requ i red  l ess  hydrogen consumption and y i e l d e d  lower 

hydrocarbon gas product ion than p y r i t e .  

o O i l  product ion increased considerably when p y r i t e  was mixed w i t h  

s to i ch iomet r i c  amount o f  i r o n  oxide. I n  add i t i on ,  hydrogen consumption 

was lower w i t h  a mixture o f  p y r i t e  and i r o n  oxide than w i t h  p y r i t e  alone. 

o Impregnation and molecular d ispers ion  o f  i r o n  gave h igher  o i l  and lower 

hydrocarbon gas product ion than d i d  p a r t i c u l a t e  incorpora t ion  o f  i r on .  

o Add i t ion  o f  calcium was detr imenta l  t o  coal l i que fac t i on .  

o Cobalt, n i c k e l ,  and molybdenum impregnation y i e l d e d  s i m i l a r  l e v e l s  o f  o i l  

product ion, coal conversion, hydrogen consumpti on, and SRC su l  f u r  content.  

o Whereas the mode o f  i r o n  a d d i t i o n  a f fec ted  l i q u e f a c t i o n  performance, the  

mode o f  molybdenum add i t i on  was inconsequential .  

o Simultaneous impregnation o f  coal w i t h  i r o n  and molybdenum s i g n i f i c a n t l y  

increased o i l  product ion. 

o Several minerals and m e t a l l i c  wastes l i k e  chrome ore concentrate, phosphate 

sl ime, and metal g r ind ings  s i g n i f i c a n t l y  increased coal conversion and 

o i  1 product ion. 

o T rans i t i on  metals l i k e  n i c k e l ,  vanadium, t i n ,  and molybdenum a lso  

s i g n i f i c a n t l y  increased coal conversion and o i l  product ion.  

o S u l f i d i n g  o f  i r o n  oxide w i t h  e i t h e r  hydrogen s u l f i d e  o r  mix ture  o f  hydrogen 

and hydrogen s u l f i d e  s i g n i f i c a n t l y  increased i t s  naphthalene hydrogenation 

a c t i v i t y .  



o Basic and nonbasic n i t rogen  compounds poisoned t h e  naphtha1 ene hydrogenation 

a c t i v i t y  o f  sul f i d e d  i r o n  oxide and Co-Mo-A1 c a t a l y s t s .  

o  Removal o f  heteroatoms from process solvent  s i g n i f i c a n t l y .  improved o i l  

product ion i n  thermal as w e l l  as c a t a l y t i c  coal  l i q u e f a c t i o n .  
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PROGRAM SYNOPSIS 

Currently, both catalytic and noncatalytic coal liquefaction processes are 

being examined to establish the technological data base needed for future 

commercialization. The primary goal of any coal liquefaction process is to 

give high yield of distillate oils using a minimum amount of hydrogen. In all 

the liquefaction concepts presently under investigation, a high yield of 

disti 1 late oi 1 s is obtained by using either an expensive catalyst 1 i ke Co-Mo-A1 , 
or severe reaction conditions (e.g., high temperature and pressure). Furthermore, 

high yield.of distillate oils is obtained at the expense of high hydrocarbon 

gas production and concomitantly high hydrogen consumption which makes the 

liquefaction processes less economically attractive. In the literature, 

inexpensive coal minerals have been reported to catalyze coal liquefaction 

reactions, and to be active even at less severe reaction conditions. 

Conceptually, the use of milder reaction conditions together with added 

inexpensive minerals should increase oil production and reduce hydrocarbon gas 

production, and therefore hydrogen consumption. If this is true, such 

inexpensive minerals would greatly improve the above-mentioned conventional 

coal liquefaction processes. Therefore, the objective of this research program 

was to investigate options for the identification of low-cost disposable 

catalysts for use in enhancing the performance and economics of coal liquefaction. 

During this program, most of the work was conducted on Kentucky coals using 

SRC-I1 heavy distillate solvent. High volatile A bituminous eastern Kentucky 

coals, which have low intrinsic liquefaction activity, as well as low ash and 

pyrite contents, were selected as base coals to study the catalytic activity 

of various minerals, metal-containing by-products, waste materials, transition 

metal sulfides, and organic compounds of transition metals. In addition, a 

high volatile B bituminous western Kentucky #9 coal having high liquefaction 

activity, and higher ash and pyrite contents, was included in the program to 

study the effect of coal reactivity on liquefaction, as well as mineral catalysis. 

The program also included two high volatile C bituminous eastern Ohio coals 

from two different locations to study their liquefaction behavior. 



SRC-I1 heavy d i s t i  1  l a t e  (550-8500~)  rece ived  from t h e  S R C - I 1  P i  l o t  P l a n t  a t  

F o r t  Lewis, Washington, was se lec ted  as a process so l ven t  f o r  t h e  program 

because i t  was thought  t h a t  h i gh -bo i l i ng ,  h e a v y - d i s t i l l a t e  so l ven t  was o f  

b e t t e r  qua1 i t y  than  normal -bo i  1  i n g  (450-850°F) s o l  ven t  and t h a t  t h e  y i e l d  o f  

more d e s i r a b l e  products  l i k e  d i s t i l l a t e  o i l s  increased w i t h  so l ven t  q u a l i t y .  

Low b o i l i n g  process so l ven t  (450-850°F) recovered by d i s t i l l a t i o n  of p roduc t  

s l u r r y  was used i n  some experiments t o  determine t h e  e f f e c t  o f  so l ven t  q u a l i t y  

on coal  l i q u e f a c t i o n .  

Kentucky Coal L i q u e f a c t i o n  

Three eas te rn  Kentucky Elkhorn coa ls  were t e s t e d  t o  determine t h e i r  l i q u e f a c t i o n  

behavior.  - T h e  coa ls  were from d i f f e r e n t  coun t ies  b u t  had s i m i l a r  rank, and 

were t h e r e f o r e  expected t o  d i s p l a y  s i m i l a r  l i q u e f a c t i o n  behavior.  However, 

t he  exper imental  r e s u l t s  showed t h a t  t h i y  had very  d i f f e r e n t  l i q u e f a c t i o n  

c h a r a c t e r i s t i c s .  Ove ra l l  conversion t o  p y r i d i n e  so lub les  v a r i e d  from 72 t o  

85%, and o i l  y i e l d s  v a r i e d  from 8 t o  27% a t  t h e  same process ing cond i t i ons .  

Hydrogen consumption and SRC contents  a l s o  d i f f e r e d .  

Because t h e  i n t r i n s i c  l i q u e f a c t i o n  r e a c t i v i t y  o f  t h e  western Kentucky coa l  

used i n  t he  program was h igher  than t h a t  o f  eas te rn  Kentucky coa ls ,  i t  was 

expected t o  g i v e  supe r i o r  p roduc t  d i s t r i b u t i o n .  Indeed, western Kentucky coal  

showed h ighe r  convers ion t o  p y r i d i  ne s o l  ub l  es. Except i  nq o v e r a l l  coa l  convers ion,  

no major d i f f e r e n c e s  i n  p roduc t  d i s t r i b u t i o n  were noted. A s t rong  c o r r e l a t i o n  

was observed between SRC s u l f u r  and i n i t i a l  t o t a l  s u l f u r  contents  o f  a l l  the  

Kentucky coa ls ,  exc lud ing  E l  khorn #2 coa l .  No d e f i n i t e  t rends  i n  o v e r a l l  coa l  

convers ion and p roduc t  d i s t r i b u t i o n s  were noted w i t h  t he  v a r i a t i o n s  i n  ash and 

p y r i t i c  s u l f u r  contents .  

Ohio Coal L i que fac t i on  
- 

To f u r t h e r  t e s t  t h e  e f f e c t  o f  m inera l  mat te r  and p y r i t i c  s u l f u r  contents  on 

coal  l i q u e f a c t i o n ,  f o u r  samples o f  Ohio coa ls  hav ing s i m i l a r  rank  b u t  d i f f e r e n t  

m inera l  mat te r  and p y r i t i c  s u l f u r  contents  were tes ted .  The coal  hav ing h i gh  

minera l  and p y r i t i c  s u l f u r  contents  showed s l i g h t l y  h i ghe r  o v e r a l l  coa l  convers ion 

and o i l  p roduc t i on  than t h e  coal  hav ing low minera l  and p y r i t e  s u l f u r  contents .  

No o the r  major d i f f e r e n c e s  i n  p roduc t  d i s t r i b u t i o n  were noted. 



b Since the  rank o f  both Ohio coals (h igh v o l a t i l e  C bituminous) was lower than 

t h a t  of western Kentucky coal (h igh  v o l a t i l e  B bituminous), l i q u e f a c t i o n  

r e a c t i v i t y  should have been h igher  i n  the  Ohio coal .  However, the  experimental 

data showed no s i g n i f i c a n t  d i f ferences between the  o v e r a l l  conversion o f  Ohio 

and western Kentucky coals. Furthermore, no d e f i n i t e  t rend  i n  o i l  product ion 

was noted. 

E f f e c t  o f  Process Var iables on Kentucky Coal L iquefac t ion  

~ i f f e r e n t  Kentucky coal s no t  on ly  showed d i f f e r e n t  1 i que fac t i on  behavior as 

discussed e a r l i e r ,  b u t  a lso  responded d i f f e r e n t l y  t o  reac t i on  temperature. 

With increas ing  temperature, Elkhorn #3 coal (Letcher County) showed an increase 

i n  o v e r a l l  conversion, whereas the  o ther  th ree  Kentucky coals (Floyd County 

Elkhorn #3, Elkhorn #2,: and Kentucky #9) showed e i t h e r  no change o r  a decrease 

i n  o v e r a l l  conversion. O i l ,  hydrocarbon gas, and water product ion increased 

w i t h  temperature w i t h  a l l  coals  except Elkhorn #2. Mixed r e s u l t s  were noted 

i n  t he  product ion o f  asphaltenes and preasphaltenes. Although t h e i r  product 

d i s t r i b u t i o n s  were d i f f e r e n t ,  v a r i a t i o n s  i n  hydrogen consumption, and SRC 

s u l f u r  and hydrogen contents o f  t he  generated o i l  f r a c t i o n  w i t h  temperature 

were uni form f o r  a l l  Kentucky coals. 

Process solvent 'qual  i t y  p lays an important  r o l e  i n  coal 1 iquefac t ion .  Experi- 

ments on Elkhorn #3 (Floyd County) coal showed.that o v e r a l l  conversion was 

h igher  w i t h  low-hydrogen-content (h igh-boi l ing-range) so lvent  than w i t h  high- 

hydrogen-content ( low-boi l ing-range) solvent.  The q u a l i t y  o f  so lvent  determined 

by the  combined concentrat ion o f  Ha and Ho protons was h igher  f o r  high-hydrogen- 

content  so lvent  than f o r  low-hydrogen-content solvent.  Despite h igher  so lvent  

q u a l i t y ,  t h i s  high-hydrogen-content so lvent  resu l ted  i n  increased hydrogen 

consumption and decreased desu l fu r i za t i on .  The on ly  advantage i n  us ing  high- 

q u a l i t y  so lvent  was t h a t  i t  d i d  a i d  i n  improving o i l  product ion. Therefore, 

the use o f  high- o r  low-hydrogen-content so lvent  i n  coal ' l i que fac t i on  reac t ions  

rill he governed by the  process economics and desi red product  s la te ,  

Another process var iab le ,  hydrogen p a r t i a l  pressure, has been repor ted t o  

a f f e c t  o i l  y i e l d  i n  coal l i que fac t i on .  An experiment w i t h  Kentucky Elkhorn #2 

coal was c a r r i e d  out  t o  simulate the  e f f e c t  o f  hydrogen p a r t i a l  pressure on 



1 iquefaction by increasing the t o t a l  hydrogen flow ra te .  The increase in flow 

r a t e  showed no e f f ec t  on overall coal conversion, b u t  increased o i l  production, 

as well as the ra tes  of conversion of asphaltenes and preasphaltenes. Hydrogen 

consumption, hydrogen content, and qua1 i t y  of the generated oi 1 increased, and 

SRC su l fu r  content decreased with increasing flow ra te .  These observations 

indicate  t ha t  higher hydrogen flow r a t e  and presumably higher hydrogen par t i a l  

pressure a re  advantageous i n  noncatalytic coal l iquefaction.  

Mineral Catalysis in Solvent Hydrogenation 

Extensive research has been performed in the area of mineral ca ta lys i s  in coal 

l iquefaction.  I t  i s  well known t h a t  in coal l iquefact ion,  high-molecular-weight 

compounds rupture thermally, producing unstable f ree  radicals .  These f ree  

radicals  can react  with hydrogen donated by hydrogen donor species present i n  

the process solvent t o  form s tab le  species. Therefore, the presence of 

su f f i c i en t  hydrogen donor compounds in the coal l iquefaction reaction mixture 

prevents the repolymerization of f ree  radicals  and a ids  in producing low- 

molecular-weight products l i ke  o i l s  and asphaltenes. I t  has been speculated 

t ha t  mineral matter catalyzes coal l iquefaction reactions by enhancing the 

t rans fe r  of hydrogen from the gas t o  l iquid  phase and maintaining the  hydrogen 

donor capabi l i ty  of the process solvent. To be t t e r  understand the role  of 

minerals and metall ic  wastes in coal l iquefaction reactions,  these materials 

were mixed w i t h  the process solvent and passed through the process system a t  

typical  coal l iquefaction reaction conditions. The original  process solvent 

and reactor e f f luen t  streams were analyzed by solvent separation t o  determine 

the concentration of o i l s ,  asphaltenes, and preasphaltenes. The hydrogen 

content and the hydrogen donor capabi l i ty  of process solvent increased s l i gh t l y  

without addit ive.  However, addition of pyr i t e ,  zinc su l f i de ,  and f l ue  dust t o  

the feed solvent yielded a greater  increase in hydrogen content and hydrogen 

donor capabi l i ty  of the process solvent. The addition of these minerals a lso  

promoted the conversion of the small amount of residual insolubles (asphaltenes) 

in the process solvent t o  o i l s  and hydrocarbon gases. These resu l t s  help 

confirm tha t  mineral matter plays an important ro le  in maintaining the qual i ty  

of the process solvent during coal l iquefaction.  



Although p y r i t e ,  specu l i te ,  red  mud, and f l u e  dust  promoted conversion o f  the  

small amounts o f  asphaltenes t o  o i l s ,  they d i d  no t  show s i g n i f i c a n t  a c t i v i t y  

i n  conver t ing  the  very small amount o f  preasphal tenes i n  the  solvent  t o  

asphaltenes and o i l s .  Overal l  they were very weak c a t a l y s t s  f o r  so lvent  

hydrogenation compared w i t h  Co-Mo-A1 o r  Ni-Mo-A1 ca ta l ys t s .  I n  cont ras t ,  the  

reac t i on  ra tes  o f  conversion o f  the  asphaltenes and preasphaltenes were s i g n i -  

f i c a n t l y  h igher  w i t h  the  ca ta l ys t s  i n  the  coal l i q u e f a c t i o n  reac t i on  than w i t h  

solvent  hydrogenation. These observat ions i n d i c a t e  t h a t  synergism e x i s t s  

between these various add i t i ves  and coal dur ing  the  l i q u e f a c t i o n  reac t ion .  

Experiments on solvent  hydrogenation were a l so  inst rumenta l  i n  determining 

changes t h a t  might occur i n  the  mineral form o f  var ious add i t i ves  du r ing  coal 

l i que fac t i on .  P y r i t e  was completely converted t o  p y r r h o t i t e  dur ing  the  reac t ion ,  

causing an increase i n  t o t a l  hydrogen consumption; otherwise, hydrogen consumption 

was very s i m i l a r  t o  t h a t  o f  no-addi t ive and var ious-add i t i ve  runs. Specu l i te  

and red  mud conta in ing  Fe203 as the  major phase were transformed t o  Fe304, 

FeS, and elemental i r o n  dur ing  so lvent  hydrogenation runs, bu t  no add i t i ona l  

hydrogen consumption resu l ted  from t h i s  t ransformat ion.  No changes i n  the  

composit ion and phases o f  z inc  s u l f i d e  and f l u e  dust  were noted when they were 

used i n  so lvent  hydrogenation. 

Cata lys is  i n  Coal L iquefac t ion  

This program a l so  invo lved the c a t a l y t i c  a c t i v i t y  o f  var ious minerals,  m e t a l l i c  

wastes, and t r a n s i t i o n a l  metals i n  the  l i q u e f a c t i o n  o f  Kentucky coals. C a t a l y t i c  

a c t i v i t y  was measured i n  terms o f  o i l  product ion and hydrogen consumption. 

Py r i t e .  Add i t ion  o f  p y r i t e  t o  the coal l i q u e f a c t i o n  reac t i on  mix ture  s i g n i f i -  

c a n t l y  increased o v e r a l l  coal conversion and o i l  product ion compared w i t h  

no-addi t ive runs. However, the increase i n  o i l  product ion was achieved a t  t he  

expense o f  a  s i g n i f i c a n t  increase i n  hydrogen consumption. Preasphal tene 

product ion decreased w i t h  p y r i t e ,  bu t  no c l e a r  t rend  was observed f o r  asphaltene 

product ion. Hydrogen content and the q u a l i t y  o f  the generated so lvent  was 

h igher  w i t h  p y r i t e  compared w i t h  basel ine runs. These r e s u l t s  f u r t h e r  v e r i f y  

t h a t  mineral  mat ter  catalyzes the coal l i q u e f a c t i o n  reac t i on  by mainta in ing o r  

improving so lvent  q u a l i t y  dur ing l i que fac t i on .  No s i g n i f i c a n t  t rend  was noted 



J .  i n  SRC s u l f u r  content w i t h  p y r i t e  add i t ion .  Analysis o f  the coal l i q u e f a c t i o n  

res idue showed complete conversion o f  p y r i t e  t o  p y r r h o t i t e .  S im i l a r  r e s u l t s  

were noted i n  so lvent  hydrogenation w i t h  p y r i t e .  

Process var iab les  such as reac t i on  temperature, pressure, and reac t i on  t ime 

have been known t o  i n f l uence  both c a t a l y t i c  and nonca ta l y t i c  coal l i q u e f a c t i o n  

react ions.  Increasing reac t i on  temperature and pressure have been shown t o  

increase o i l  product ion and hydrogen consumption i n  nonca ta l y t i c  coal l i que -  

f ac t i on .  It i s  t he re fo re  important t o  know how d i f f e r e n t  process var iab les  

a f f e c t  o i l  product ion and hydrogen consumption i n  t he  c a t a l y t i c  coal l i que -  

f a c t i o n  process. This in fo rmat ion  w i  11 help both i n  i d e n t i f y i n g  c r i t i c a l  

process var iab les  and i n  op t im iz ing  the  c a t a l y t i c  coal l i q u e f a c t i o n  process. 

I n  a d d i t i o n  t o  increas ing  o i l  product ion, hydrogen consumption, and the ra tes  

o f  conversion o f  asphaltenes and preasphaltenes, h igher  reac t i on  temperature 

w i t h  p y r i t e  increased o v e r a l l  conversion o f  Kentucky coals. Therefore, 

considerably h igher  o i l  product ion can be obtained w i t h  p y r i t e  a t  a  h igher  

reac t i on  temperature, b u t  a t  the  expense o f  increased hydrogen consumption. 

Increasing hydrogen f l o w  r a t e  d i d  no t  s i g n i f i c a n t l y  change the  o v e r a l l  conversion 

o f  Kentucky coals i n  the  presence o f  p y r i t e .  However, h igher  f l ow  r a t e  y i e l d e d  

h igher  o i l  product ion (and lower hydrogen consumption) w i t h  western Kentucky 

coal ,  whereas i t  y ie lded  no s i g n i f i c a n t  improvement i n  o i l  product ion w i t h  

eastern Kentucky coals. As discussed e a r l i e r ,  o i l  product ion improved s i g n i -  

f i c a n t l y  w i t h  increas ing  hydrogen f l ow  r a t e  i n  the  nonca ta l y t i c  l i q u e f a c t i o n  

o f  an eastern Kentucky coal.  These data suggest t h a t  the nonca ta l y t i c  l i que -  

f a c t i o n  o f  eastern Kentucky coal and c a t a l y t i c  l i q u e f a c t i o n  o f  western Kentucky 

coal are somehow mass- t ransfer- l imi ted.  More work i s  needed t o  p o s i t i v e l y  

determine whether the above d i f fe rences are due t o  mass t r a n s f e r  o r  t o  reac to r  

conf igura t ion .  

A l l  the  above experiments were c a r r i e d  ou t  us ing a  very h igh  concentrat ion o f  

p y r i t e  (10 w t  % based on s l u r r y )  t o  p o s i t i v e l y  i d e n t i f y  the c a t a l y t i c  a c t i v i t y  

o f  p y r i t e  i n  coal l i que fac t i on .  Because the  use o f  such a  h igh  concentrat ion 

i n  a  t r u e  p l a n t  s i t u a t i o n  would be u n r e a l i s t i c ,  the concentrat ion o f  added 



p y r i t e  was reduced t o  a . l e v e 1  o f  2.5 w t  % based on s l u r r y ,  which would represen t  

an upper l i m i t  f o r  any added d isposable c a t a l y s t  i n  coa l  l i q u e f a c t i o n .  Lowering 

t he  concen t ra t i on  o f  p y r i t e  d i d  n o t  change t he  o v e r a l l  convers ion o f  bo th  

E l  khorn #2 and #3 coal  s. Wi th  decreas ing p y r i t e  concen t ra t ion ,  o i  1  p roduc t i on  

decreased f o r  E lkhorn #3 coa l ,  b u t  remained unchanged f o r  E lkhorn  #2 coal .  

Hydrogen consumption a l s o  decreased w i t h  decreasing p y r i t e  concen t ra t ion .  

The sample o f  p y r i t e  used i n  t h e  above experiments was separated from P i t t s b u r g h  

#8 seam coal .  It has been repo r ted  i n  t h e  l i t e r a t u r e  t h a t  p y r i t e  f rom d i f f e r e n t  

sources behaves d i  f f e r e n t l y .  However, da ta  o b t a i  ned i n the  p resen t  program 

us ing  var ious  mineral-grade p y r i t e s  and those separated from var ious  coa ls  

showed no s i g n i f i c a n t  d i f f e r e n c e s  i n  o v e r a l l  coa l  conversion. O i l  p roduc t ion ,  

however, was h igher  w i t h  minera l -grade p y r i t e s  than  w i t h  those separated from 

var ious  coa ls ;  these r e s u l t s  cou ld  be r e l a t e d  t o  t h e  r e l a t i v e  p u r i t y  o f  the! 

p y r i t e  samples. 

I n  summary, s i g n i f i c a n t  p y r i t e  c a t a l y t i c  a c t i v i t y  was observed i n  coa l  l i q u e -  

f a c t i o n .  P y r i t e  a d d i t i o n  increased o i  1  p roduc t i on  as we1 1 as hydrogen 

consumption, bo th  f o r  h i gh  v o l a t i l e  A bi tuminous eas te rn  and B bi tuminous 

western Kentucky coals .  Al though v a r i a t i o n s  i n  o i l  p roduc t i on  and hydrogen 

consumption w i t h  d i f f e r e n t  process v a r i a b l e s  i n  t h e  presence o f  p y r i t e  were 

d i f f e r e n t ,  an increase i n  o i  1  p roduc t i on  was always assoc ia ted w i t h  'an increase 

i n  hydrogen consumption. React ion temperature had t h e  most pronounced e f f e c t  

on o i l  p roduc t i on  and hydrogen consumption. Hydrogen consumption was a l so  

s e n s i t i v e  t o  t h e  concent ra t ion  o f  t h e  added p y r i t e  and cou ld  be reduced by 

c a r e f u l l y  c o n t r o l l i n g  t he  amount o f  added p y r i t e .  F i n a l l y ,  o i l  p roduc t i on  and 

hydrogen consumption cou ld  be op t im ized  by c a r e f u l l y  s e l e c t i n g  t he  var ious  

process va r i ab les  i n  t h e  coal  l i q u e f a c t i o n  reac t i on .  

Reduced P y r i t e .  Add i t i on  o f  p y r i t e  t o  t he  coal  l i q u e f a c t i o n  r e a c t i o n  undoubtedly 

increased o i l  p roduc t i on  over t h a t  o f  n o n c a t a l y t i c  runs, b u t  t h i s  increase was 

achieved a t  t h e  expense o f  g rea te r  hydrogen consumption. P a r t  o f  t h e  increased 

consumption was due t o  t he  reduc t i on  of p y r i t e  t o  p y r r h o t i t e .  Since p y r i t e  

reduces t o  p y r r h o t i t e  a t  coal  l i q u e f a c t i o n  r e a c t i o n  cond i t i ons ,  i t  was thought  

t h a t  t h e  t r u e  c a t a l y t i c  a c t i v i t y  o f  p y r i t e  may be due t o  some a c t i v e  form of 

p y r r h o t i t e  produced i n  s i t u .  I n  a d d i t i o n ,  t h e  amount o f  hydrogen norma l l y  



consumed t o  reduce p y r i t e  t o  p y r r h o t i t e  could be saved by adding p y r r h o t i t e  

ins tead o f  p y r i t e .  Experimental r e s u l t s  obtained w i t h  the  a d d i t i o n  o f  reduced 

p y r i t e  showed coal conversion and o i  1  product ion comparabl e w i t h  t h a t  obtained 

w i t h  p y r i t e .  No s i g n i f i c a n t  d i f fe rences were noted i n  product  d i s t r i b u t i o n  

w i t h  the a d d i t i o n  o f  e i t h e r  p y r i t e  o r  reduced p y r i t e .  As expected, hydrogen 

consumption was lower w i t h  reduced p y r i t e  than w i t h  p y r i t e .  Therefore, the 

above data i n d i c a t e  t h a t  an improvement i n  process economics can be r e a l i z e d  

w i t h  reduced p y r i t e  ins tead o f  p y r i t e .  I n  s p i t e  o f  t h i s  improvement, c e r t a i n  

problems w i t h  reduced p y r i t e  must be considered, s ince i t  i s  no t  r e a d i l y  

ava i l ab le  i n  the mineral form and has t o  be produced e i t h e r  by hydrogen reduct ion  

o r  p y r o l y s i s  o f  p y r i t e .  Hydrogen reduct ion  o f  p y r i t e  i s  no t  des i rab le  because 

i t  w i l l  o f f s e t  the savings i n  hydrogen consumption achieved by us ing reduced 

p y r i t e  ins tead o f  p y r i t e .  Pyro lys is  o f  p y r i t e  seems t o  be the  on ly  o ther  

choice, bu t  noth ing i s  known about the  a c t i v i t y  o f  t h i s  mater ia l  i n  coal 

l i que fac t i on .  Thus, more work i s  needed t o  study the  a c t i v i t y  o f  t he  reduced 

p y r i t e  produced by py ro l ys i s .  

I r o n  Oxide. A considerable amount o f  work on i r o n  oxide c a t a l y s i s  has been 

reported. L ike  p y r i t e ,  i r o n  oxide i s  inexpensive, ava i l ab le  i n  l a r g e  q u a n t i t i e s ,  

and i s  a p o t e n t i a l  candidate f o r  use as a disposable c a t a l y s t  i n  coal l i que -  

f ac t i on .  I r o n  oxide a d d i t i o n  increased o v e r a l l  coal conversion and o i  1  

product ion,  as we l l  as hydrogen consumption, i n  the  l i q u e f a c t i o n  o f  eastern 

Kentucky coals. Asphaltene product ion decreased, b u t  mixed r e s u l t s  were noted 

i n  hydrocarbon gas and preasphaltene product ion. The a c t i v i t y  o f  reagent-grade 

i r o n  oxide was f a r  super ior  t o  t h a t  o f  mineral-grade i r o n  oxide. A l l  H2S 

generated by desul f u r i z a t i o n  o f  coal was removed by r ~ a ~ e ' n t - ~ r a d e  Fe203, 

whereas i t  was not  w i t h  mineral-grade Fe203. X-ray d i f f r a c t i o n  ana lys is  

revealed complete c o n v e r s i o n o f  both grades o f  Fe203 t o  Fe30q, FeS, and elemental 

i r o n .  SRC s u l f u r  content  decreased w i t h  reagent-grade Fe203, wh i l e  the opposite 

r e s u l t  was noted w i t h  mineral-grade Fe203. Hydrogen content  and thus q u a l i t y  

o f  the generated so lvent  decreased w i t h  the  a d d i t i o n  o f  i r o n  oxide. 

Overal l  coal conversion d i d  no t  change by increas ing  reac t i on  temperature i n  

the presence o f  i r o n  oxide. However, o i l  product ion and hydrogen consumption 

increased w i t h  temperature. Asphaltene product ion was unchanged and preasphaltene 

product ion decreased w i t h  temperature. An increase i n  i r o n  oxide concen- 

t r a t i o n  showed no bene f i c i a l  e f f e c t  on coal l i q u e f a c t i o n .  



I r o n  Oxide vs. Py r i t e .  A study was conducted t o  determine the  r e l a t i v e  a c t i v i t y  

o f  i r o n  oxide and p y r i t e  i n  coal l i que fac t i on .  Experimental data showed t h a t  

p y r i t e  a d d i t i o n  gave h igher  o v e r a l l  coal conversion and o i l  product ion than 

d i d  i r o n  oxide. Hydrogen consumption, however, was f o u r  t imes h igher  w i t h  

p y r i t e  compared w i t h  i r o n  oxide. A l l  the  H2S present  i n  the  gas phase was 

removed by i r o n  oxide, which would r e s u l t  i n  lower ing the c a p i t a l  requ i red  f o r  

a product  gas treatment f a c i l i t y .  I n  cont ras t ,  the amount o f  H2S i n  the  

product  gas increased w i t h  p y r i t e  add i t ion .  The q u a l i t y  (hydrogen donor 

c a p a b i l i t y )  o f  the  generated so lvent  was h igher  w i t h  p y r i t e  than w i t h  i r o n  

oxide. These observat ions show t h a t  p y r i t e  and i r o n  oxide have both advantages 

and disadvantages i n  coal  l i que fac t i on .  Therefore, the  use o f  p y r i t e  and i r o n  

oxide as disposable ca ta l ys t s  w i l l  depend main ly  on the  process economics. 

I r o n  Oxide/Pyr i te  Combined. Because both p y r i t e  and i r o n  oxide tend t o  form 

p y r r h o t i t e ,  an a c t i v e  c a t a l y s t ,  du r i ng  the  coal l i q u e f a c t i o n  reac t ion ,  they 

should improve the l i q u e f a c t i o n  reac t i on  i f  added simultaneously. P y r i t e  w i l l  

reduce t o  a c t i v e  p y r r h o t i t e  dur ing  l i q u e f a c t i o n  and the  H is  gas l i b e r a t e d  by 

i t s  reduc t ion  w i l l  be removed by i r o n  oxide t o  produce an add i t i ona l  amount o f  

a c t i v e  p y r r h o t i  t e .  Therefore, several runs us ing a s to i ch iomet r i c  i r o n  oxide/ 

p y r i t e  mix ture  were made t o  t e s t  t h i s  theory. The mixture d i d  no t  improve 

coal conversion compared w i t h  p y r i t e  alone, b u t  increased i t  considerably over 

i r o n  oxide alone. O i l  product ion increased w i t h  the  mixture compared w i t h  

p y r i t e  o r  i r o n  oxide alone. S i g n i f i c a n t  improvement i n  hydrogen consumption 

was a lso  noted w i t h  t h i s  mixture over p y r i t e  alone. These observat ions show 

the  tremendous p o t e n t i a l  o f  us ing t h i s  mix ture  i n  coal l i que fac t i on .  

I r o n  Dispersion. E a r l i e r ,  o i l  product ion and hydrogen consumption were shown 

t o  increase w i t h  an increase i n  the  concentrat ion o f  the  added p y r i t e .  It i s  

we l l  known t h a t  an increase i n  the  concentrat ion o f  the  disposable c a t a l y s t  

reduces the  processing capaci ty  o f  t he  p l a n t  and increases the  load on the  

so l  i d / l  i q u i d  separat ion u n i t .  Also, the  l oss  i n  recoverable carbonaceous 

mater ia l  increases w i t h  an increase i n  the  concentrat ion o f  s o l i d s  i n  the  feed 

s l u r r y  t o  the separat ion u n i t ,  which u l t i m a t e l y  a f f e c t s  the o v e r a l l  e f f i c i e n c y  

o f  t he  p l a n t .  A l l  these fac to rs  there fore  encourage the use o f  the lowest 

poss ib le  concentrat ion o f  the c a t a l y s t  i n  t he  reac t ion .  



I f  c a t a l y s t  a c t i v i t y  i s  no t  s u f f i c i e n t l y  h igh  a t  low concentrat ion,  i t  may be 

poss ib le  t o  increase a c t i v i t y  by increas ing  c a t a l y s t  surface area. P a r t i c u l a t e  . 

i r o n  ca ta l ys t s ,  such as p y r i t e  and i r o n  oxide, have very low surface-area-to- 
2 weight r a t i o  (1 t o  10 m /g). Therefore, i r o n  must be f i n e l y  dispersed. i n  t he  

coal l i q u e f a c t i o n  reac t i on  mix ture  t o  be e f f e c t i v e .  

Two methods were used t o  f i n e l y  disperse the  i r o n  c a t a l y s t  i n  the  reac t i on  

mixture,  namely, impregnation and molecular d ispers ion.  A water-soluble i r o n  

compound, thermal ly  unstable a t  coal l i q u e f a c t i o n  reac t i on  cond i t ions ,  was 

impregnated i n t o  coal t o  increase the  contact  between i r o n  and coal.  To 

e f f e c t  molecular d ispers ion,  a thermal ly  unstable, process-solvent-soluble 

compound was used. 

Both impregnation and molecular d ispers ion  o f  i r o n  d i d  n o t  change o v e r a l l  coal 

conversion, b u t  increased o i l  product ion by over a f a c t o r  o f  two compared w i t h  

the no-addi t ive run. Coal conversion was somewhat lower w i t h  both methods 

than w i t h  p a r t i c u l a t e  add i t i on  o f  p y r i t e ,  b u t  o i l  product ion was comparable. 

However, hydrogen consumption and hydrocarbon gas product ion were s i g n i f i c a n t l y  

lower w i t h  impregnation and molecular d ispers ion  o f  i r o n  than w i t h  p y r i t e  

add i t ion .  Furthermore, the t o t a l  concentrat ion o f  i r o n  used i n  the  two 

d ispers ion  methods was an order  o f  magnitude lower than t h a t  used i n  the  

p y r i t e  run. These r e s u l t s  show the  s ign i f i cance  o f  i r o n  impregnation and 

molecular d ispers ion  i n  coal l i q u e f a c t i o n  react ions.  

M e t a l l i c  Wastes. L i ke  i r o n  compounds, many o ther  inexpensive i n d u s t r i a l  

m e t a l l i c  wastes such as red mud, f l u e  dust,  and z inc  s u l f i d e  are ava i l ab le  i n  

l a rge  q u a n t i t i e s  t h a t  can be used as disposable c a t a l y s t s  i n  coal l i q u e f a c t i o n .  

Therefore, i t  i s  o f  g rea t  i n t e r e s t  t o  determine t h e i r  c a t a l y t i c  a c t i v i t y  i n  

coal l i q u e f a c t i o n ,  as we l l  as t o  compare t h e i r  a c t i v i t y  w i t h  t h a t  o f  p y r i t e .  

Some of the m e t a l l i c  waste samples tes ted  i n  the program have a l ready been 

repor ted t o  cata lyze coal 1 i que fac t i on  react ions.  For example, red  mud was 

ex tens ive ly  used i n  World War I1 by the  Germans t o  1 iquefy  brown coal .  However, 

the  a c t i v i t y  o f  red  mud has never been tes ted  i n  the l i q u e f a c t i o n  o f  U.S 

coal s. 



A d d i t i o n  o f  r e d  mud t o  t h e  l i q u e f a c t i o n  o f  U.S. coa l  increased o v e r a l l  convers ion 

and produced more o i l s  and hydrocarbon gases compared w i t h  no-add i t i ve  runs. 

I n  a d d i t i o n ,  hydrogen consumption increased, and SRC s u l f u r  con ten t  and 

asphaltene and preasphaltene p roduc t i on  decreased. I nc reas ing  r e a c t i o n  

temperature i n  t he  presence o f  r e d  mud increased t h e  o v e r a l l  convers ion of 

coal  and p roduc t i on  o f  hydrocarbon gases and asphal tenes ; however, o i  1  

p roduc t i on  decreased, w h i l e  hydrogen consumption increased. Therefore,  t o  

maximize o i l  p roduc t i on  and min imize hydrogen consumption, lower r e a c t i o n  

temperature should be used w i t h  r e d  mud. 

Since t h e  f l u e  dus t  t e s t e d  conta ined s i g n i f i c a n t  q u a n t i t i e s  o f  i r o n ,  n i c k e l ,  

and molybdenum meta ls ,  i t  was expected t o  have very  h i gh  c a t a l y t i c  a c t i v i t y  i n  

coa l  1  i q u e f a c t i o n  reac t i ons .  As expected, f l  ue dus t  a d d i t i o n  increased o v e r a l l  

coa l  convers ion and o i l  p roduc t ion .  However, hydrogen consumption a l s o  increased. 

An increase i n  t he  r e a c t i o n  temperature decreased o i l  p roduc t i on  and increased 

hydrocarbon gas p roduc t i on  and hydrogen consumption, again i n d i c a t i n g  t h a t  

lower  r e a c t i o n  temperature i s  p re fe rab le .  

Z inc  compounds i n  t h e  form o f  Lewis ac ids  have been repo r ted  t o  s i g n i f i c a n t l y  

ca ta l yze  coal  1  i que fac t i on  reac t i ons  , b u t  they  a re  expensive and cause severe 

co r ros ion  problems. However, z i n c  s u l f i d e  minera l  i s  inexpensive and r e a d i l y  

a v a i l a b l e ,  and t h e r e f o r e  can be used as a d isposable c a t a l y s t .  The l i q u e f a c t i o n  

o f  E lkhorn #3 coal  w i t h  z i n c  s u l f i d e  a d d i t i o n  y i e l d e d  increased conversion; 

however, no change was noted i n  t h e  l i q u e f a c t i o n  o f  E lkhorn  #2 coa l .  O i l  

p roduc t ion ,  hydrogen consumption, and r a t e  o f  convers ion o f  asphaltenes increased 

w i t h  ZnS a d d i t i o n  f o r  bo th  coals .  Asphaltene p roduc t i on  decreased w i t h  ZnS 

a d d i t i o n  due t o  t he  increased r a t e  o f  convers ion o f  asphal tenes. The hydrogen 

con ten t  and q u a l i t y  o f  t h e  generated so l ven t  was e i t h e r  mainta ined o r  increased 

w i t h  ZnS add i t i on .  

P y r i t e  vs. M e t a l l i c  Wastes. The comparison o f  t h e  c a t a l y t i c  a c t i v i t y  o f  

va r ious  m e t a l l i c  wastes w i t h  t h a t  o f  p y r i t e  showed t h a t  coa l  conversion was 

very  s i m i l a r  among a l l  t h e  add i t i ves .  However, p y r i t e  a d d i t i o n  y i e l d e d  h ighes t  

o i l  p roduc t i on  and t h e  lowest  hydrocarbon gas and asphaltene p roduc t ion  among 

a l l  t h e  add i t i ves .  It a l s o  r e s u l t e d  i n  t h e  h i ghes t  hydrogen consumption, SRC 



s u l f u r  content,  and hydrogen content  o f  the  generated solvent.  I n  summary, 

p y r i t e  showed the  h ighest  a c t i v i t y  i n  coal l i q u e f a c t i o n  among the  var ious 

m e t a l l i c  wastes tested.  

Calcium. U.S. coals  conta in  vary ing  amounts o f  calcium, which i s  known t o  

cause scal  i ng problems i n  heat exchangers. T; a.voi d  scal i ng, several researchers 

have proposed the  removal o f  calcium from coal before i t  i s  l i q u e f i e d .  However, 

the  r o l e  o f  calcium i n  coal l i q u e f a c t i o n  i s  no t  w e l l  known. I n  the  present 

program, several calcium-containing mater ia ls ,  i n c l u d i n g  l ime,  were added t o  

the  reac t i on  mix ture  t o  determine t h e i r  e f f e c t .  Although most o f  the  calcium 

mater ia ls  had 1  i t t l e  e f f e c t  on 1  iquefac t ion ,  1  ime a d d i t i o n  y i e l d e d  decreased 

coal conversion and o i l  and asphaltene product ion. Hydrogen consumption and 

hydrocarbon gas product ion increased w i t h  l ime add i t ion .  I n  add i t i on ,  the  

q u a l i t y  o f  generated solvent  was lower rompared w i t h  the no-addi t ive run. 

Although i t  can be concluded t h a t  l ime a d d i t i o n  i s  detr imenta l  t o  coal l i que -  

f ac t i on ,  the  r e s u l t  i s  probably more r e l a t e d  t o  the  b a s i c i t y  o f  the l ime than 

t o  the  presence o f  the  calcium ion.  

T r a n s i t i o n  Metals. T rans i t i on  metals l i k e  coba l t ,  n i cke l ,  and molybdenum were 

repor ted t o  have s i g n i f i c a n t  c a t a l y t i c  a c t i v i t y  i n  coal l i que fac t i on .  The use 

o f  some o f  these metals i s  r e s t r i c t e d  because they are no t  ava i l ab le  i n  l a rge  

quan t i t i es .  However, a t  very low concentrat ions (-250 ppm based on coal ) ,  

these metals can be used economically, e i t h e r  by adding them as p a r t i c u l a t e  

oxides and s u l f i d e s  t o  the feed s l u r r y  o r  by impregnating them i n t o  the  coal 

i n  t he  form o f  water-soluble compounds. The c a t a l y t i c  a c t i v i t y  o f  var ious 

t r a n s i t i o n  metals i n  the  l i que fac t i on  o f  Elkhorn #2 coal was s tud ied  t o  determine 

t h e i r  r e l a t i v e  e f fec t iveness  and t o  i d e n t i f y  the  e f f e c t  o f  mode o f  c a t a l y s t  

a d d i t i o n  on l i q u e f a c t i o n .  

Add i t ion  o f  p a r t i c u l a t e  molybdic oxide and molybdenite increased coal conversion, 

o i l  and asphaltene product ion,  and hydrogen consumption. However, the  product ion 

o f  hydrocarbon gases was not  g r e a t l y  a f fec ted  by molybdic oxide and molybdenite 

a d d i t i o n  compared w i t h  the  no-addi t ive run; SRC s u l f u r  content  remained unchanged. 

O i l  and hydrocarbon gas product ion, as we l l  as hydrogen consumption, increased 

w i t h  increas ing  temperature i n  the  presence of molybdic oxide. Impregnation 

o f  coal w i t h  molybdenum increased the  product ion o f  o i l s  and conversion of 



asphaltenes and preasphaltenes over no-addi t ive runs; however, hydrocarbon gas 

product ion was not  g r e a t l y  af fected.  The most important  observat ion was t h a t  

the  increase i n  o i l  product ion w i t h  molybdenum impregnation was no t  obtained 

a t  the  expense o f  increased hydrogen consumption; i n  f a c t ,  hydrogen consumption 

was lower than i n  t he  no-addi t ive run. 

The comparison o f  c a t a l y t i c  a c t i v i t y  o f  molybdenum impregnated i n t o  coal t o  

t h a t  o f  p a r t i c u l a t e  a d d i t i o n  o f  molybdenum showed t h a t  the  product ion  o f  o i l s  

and hydrocarbon gases was independent o f  the  mode o f  c a t a l y s t  add i t ion .  I n  

cont ras t ,  the  c a t a l y t i c  a c t i v i t y  o f  i r o n  was h i g h l y  dependent on the  mode of 

i t s  a d d i t i o n  i n  coal l i que fac t i on .  

Impregnation o f  coal w i t h  coba l t ,  n i c k e l ,  and molybdenum gave very s i m i l a r  

coal conversion, o i l  product ion,  hydrogen consumption, and SRC s u l f u r  content. 

These data i n d i c a t e  t h a t  expensive molybdenum ca ta l ys t s  can be replaced by 

l ess  expensive ca ta l ys t s  l i k e  coba l t  and n i cke l  w i thout  s i g n i f i c a n t l y  a l t e r i n g  

the  l i q u e f a c t i o n  performance. 

Iron-Molybdenum Impregnation. Simultaneous impregnation o f  coal w i t h  i r o n  and 

molybdenum showed s i g n i f i c a n t  synergism; the  product ion o f  o i l s  was considerably 

h igher  compared w i t h  e i t h e r  o f  them alone. Hydrogen consumption a1 so increased 

w i t h  simultaneous i ron/molybdenum impregnation, b u t  the  increase was not  as 

dramatic as the  increase i n  o i l  product ion.  The iron/molybdenum mix ture  

y i e l d e d  lower product ion of asphaltenes and preasphaltenes and h igher  SRC 

s u l f u r  content  than w i t h  e i t h e r  used separately.  These r e s u l t s  show the  great  

p o t e n t i a l  i n  us ing i r o n  and molybdenum together  as disposable c a t a l y s t s  i n  

coal l i q u e f a c t i o n .  

Other Cata lysts .  Several o ther  p o t e n t i a l  minerals,  m e t a l l i c  wastes, and 

t r a n s i t i o n  metal ca ta l ys t s  were tes ted  f o r  t h e i r  c a t a l y t i c  a c t i v i t y  us ing a 

microautoclave reac tor .  ~ d d i  t i o n  o f  the  minerals t o  the  coal 1 i que fac t i on  

reac t i on  mix ture  a t  very h igh  concentrat ions d i d  increase o v e r a l l  coal 

conversion and o i l  product ion compared w i t h  the no-addi t ive run, b u t  the  

magnitude o f  the  increase i n  o i l  product ion was not  g rea t  enough t o  consider 



them poss ib le  disposable ca ta l ys t s .  However, chrome ore  concentrate, gypsum, 

and k a o l i n i t e  had not iceable c a t a l y t i c  a c t i v i t y  i n  o i l  product ion. More data 

are needed on the  c a t a l y t i c  a c t i v i t y  o f  these minerals a t  lower concentrat ion 

l eve l s .  

Metal 1 i c  wastes 1 i ke phosphate s l  ime, metal gr indings,  and f l u e  dust s i g n i f i -  

c a n t l y  improved o v e r a l l  coal conversion and o i l  product ion. However, t h e i r  

use depends on t h e i r  a v a i l a b i l i t y  i n  l a rge  quan t i t i es ,  as we l l  as t h e i r  cost.  

Coal l i q u e f a c t i o n  residues l i k e  f i l t e r  cake and Kerr-McGee ash concentrate 

were a l so  a c t i v e  ca ta l ys t s  i n  coal l i q u e f a c t i o n .  

Most o f  the t r a n s i t i o n  metal s u l f i d e s  s tud ied  i n  the program improved coal 

conversion and o i l  product ion. The c a t a l y t i c  a c t i v i t y  o f  n i c k e l ,  vanadium, 

and t i n  s u l f i d e s  was espec ia l l y  not iceable. Again, t he  amount o f  c a t a l y s t  

used i n  the program was very h igh  and would no t  represent  a r e a l i s t i c  s i t u a t i o n .  

Su l f i des  o f  i r o n ,  n i c k e l ,  t i n ,  and molybdenum were a l so  a c t i v e  a t  low concen- 

t r a t i o n s .  S t i l l  more'work i s  needed a t  much lower t r a n s i t i o n  metal concentra- 

t i o n s  t o  economically j u s t i f y  t h e i r  use. 

Fundamental Studies 

A c t i v a t i o n  o f  Cata lyst .  E a r l i e r ,  p y r i t e  and i r o n  oxide were shown t o  have 

s i g n i f i c a n t  c a t a l y t i c  a c t i v i t y .  To b e t t e r  understand the  r o l e  o f  these minerals 

i n  coal l i q u e f a c t i o n ,  hydrogenation o f  a pure model compound, naphthalene, was 

s tud ied  i n  the  presence o f  these minerals.  Although both minerals were noted 

t o  be i nac t i ve ,  the  naphthalene hydrogenation a c t i v i t y  o f  i r o n  oxide was 

s i g n i f i c a n t l y  improved by f i r s t  s u l f i d i n g  i t  w i t h  e i t h e r  H2S o r  a mix ture  of 

Hp and HpS gases. 

The hydrogenation a c t i v i t y  o f  a commercial c a t a l y s t  l i k e  Ni-Mo-A1 has been 

repor ted t o  increase w i t h  s u l f i d i n g .  I r o n  c a t a l y s t ,  which normal ly has low 

hydrogenation a c t i v i t y ,  showed unexpectedly h igh  hydrogenation a c t i v i t y  w i t h  

s u l f i d i n g .  More work i n  t h i s  area revealed t h a t  the  hydrogenation a c t i v i t y  o f  

s u l f i d e d  i r o n  oxide was a func t i on  o f  two important  var iab les ,  namely, 



> composi t ion o f  s u l f i d i n g  gas and s u l f i d i n g  temperature. I r o n  ox ide  s u l f i d e d  

w i t h  pure  H2S was much more a c t i v e  than  t h a t  s u l f i d e d  w i t h  a m i x t u r e  o f  Hz and 

H2S gases. Surface area, as w e l l  as t h e  hydrogenat ion a c t i v i t y  o f  t h e  m a t e r i a l  

s u l f i d e d  a t  lower  temperatures,  was h i ghe r  than  t h a t  s u l f i d e d  a t  a h i ghe r  

temperature. I n  a d d i t i o n ,  t h i s  h igh-sur face-area s u l f i d e d  i r o n  ox ide  showed 

naphthalene hydrogenat ion a c t i v i t y ' c o m p a r a b l e  t o  t h a t  observed w i t h  s u l f i d e d  

Co-Mo-A1 c a t a l y s t .  X-ray d i f f r a c t i o n  a n a l y s i s  o f  t h e  s u l f i d e d  i r o n  ox ide  

sample hav ing t h e  h i ghes t  su r face  area and naphthalene hydrogenat ion a c t i v i t y  

,showed t h a t  i t  resembled p y r i t e .  

Po ison ing o f  A c t i v a t e d  Ca ta l ys t .  The h igh-sur face-area s u l f i d e d  i r o n  ox ide  

sample showing ve ry  h i g h  hydrogenat ion a c t i v i t y  was t e s t e d  f o r  i t s  c a t a l y t i c  

a c t i v i t y  i n  coa l  l i q u e f a c t i o n .  S u r p r i s i n g l y ,  i t s  c a t a l y t i c  a c t i v i t y  was 

s i m i l a r  t o  t h a t  o f  low-surface-area Robena p y r i t e .  Th i s  observa t ion  suggested 

t h a t  the s u l f i d e d  i r o n  ox ide  c a t a l y s t  was somehow poisoned i n  t h e  coa l  l i q u e -  

f a c t i o n  system. More work i n  t h i s  area revea led  t h a t  bas i c  and nonbasic 

n i t r o g e n  compounds, when added t o  t h e  naphthalene hydrogenat ion r e a c t i o n  

m ix tu re ,  poisoned bo th  s u l f i d e d  i r o n  ox ide  and Co-Mo-A1 c a t a l y s t s ,  and severe ly  

l i m i t e d  t h e i r  naphthalene hydrogenat ion a c t i v i t y .  

Based on t h e  naphthalene hydrogenat ion exper iments,  n i t r o g e n  compounds were 

removed from t h e  process so l ven t  t o  determine whether t h e  c a t a l y t i c  a c t i v i t y  

o f  t h e  s u l f i d e d  i r o n  ox ide  would improve. Indeed, t h e  p roduc t i on  o f  o i l s  

increased s i g n i f i c a n t l y  w i t h  c a t a l y s t  when t h e  bas i c  n i t r o g e n  compounds were 

removed f rom t h e  process so lven t .  A s i m i l a r  observa t ion  was noted w i t h  phenol 

rme~rluval. Wlrel~ bul.11 I I ~  t r .~ger i  ~ ~ r i i p ~ t i ~ i d s  and phenols were removed from t h e  

process so l ven t ,  a dramat ic  inc rease  i n  o i l  p roduc t i on  was noted i n  t h e  thermal 

as w e l l  as c a t a l y t i c  coa l  l i q u e f a c t i o n  processes. These r e s u l t s  show t h a t  

c a t a l y t i c  and n o n c a t a l y t i c  coa l  l i q u e f a c t i o n  processes can be g r e a t l y  improved 

by p r e t r e a t i n g  t h e  process so lven t .  

Recommendations f o r  Fu r t he r  I n v e s t i g a t i o n  

I n  t h i s  program, severa l  f a c t o r s  c r i t i c a l  t o  t h e  development o f  l ow-cos t  

d isposable  cat.alyst. were i d e n t i f i e d .  However, t h e  f o l l o w i n g  work i s  needed t o  

f u l l y  understand t h e i r  r o l e  i n  coa l  l i q u e f a c t i o n :  



(1) I nves t i ga te  the  r e l a t i v e  e f fec t iveness  o f  p y r i t e  and reduced p y r i t e  i n  

o v e r a l l  coal conversion, o i l  product ion,  and hydrogen consumption. 

(2) I nves t i ga te  the  most e f f e c t i v e  way o f  d ispers ing  i r o n  and o ther  t r a n s i t i o n  

metal ca ta l ys t s  i n  the reac t i on  mixture. 

(3)  I nves t i ga te  the  syne rg i s t i c  e f f e c t  o f  i r o n  and molybdenum, as w e l l  as 

i r o n  and o ther  t r a n s i t i o n  metals. 

(4) I nves t i ga te  the e f f e c t  o f  coal b e n e f i c i a t i o n  on 1  i que fac t i on  w i t h  

disposable ca ta l ys t s .  

(5) I nves t i ga te  poisoning o f  disposable c a t a l y s t  by n i t rogen and oxygen 

compounds. 



The o b j e c t i v e  o f  t h i s  research program was t o  i n v e s t i g a t e  op t i ons  f o r  t h e  

development o f  low-cost  d isposable c a t a l y s t s  f o r  use i n  enhancing t h e  

performance and economics o f  coa l  l i q u e f a c t i o n .  Var ious minera ls ,  metal  

con ta in i ng  by-products,  and waste m a t e r i a l s  were s tud ied  t o  determine whether 

coa l  convers ion and p roduc t  q u a l i t y  were a f f e c t e d  by t h e i r  a d d i t i o n  as c a t a l y s t s .  

The research program was d i v i d e d  i n t o  s i x  major tasks  w i t h  severa l  subtasks 

w i t h i n  each group. An o u t l i n e  o f  t he  program i s , g i v e n  below. 

1. Se lec t  and acqu i re  m inera ls  and meta l -con ta in ing  waste mate.r ia ls.  

2. Examine these ma te r i a l  s  bo th  chemical l y  and phys i ca l  l y  f o r  u n i f o r m i t y ,  

composit ion, f o r e i g n  mat te r ,  mois ture,  and c l ean l i ness .  

3. Se lec t  methods and prepare samples based on phys i ca l  and chemical r e s u l t s  

and p r i o r  exper ience i n  e v a l u a t i n g  c a t a l y t i c  ma te r i a l s .  

4. Evaluate a d d i t i v e s  i n  p r e l i m i n a r y  autoc lave screening t e s t s ,  bo th  alone 

and i n  t h e  presence o f  i r o n  s u l f i d e .  

5. Prepare a d d i t i o n a l  samples f o r  screening t e s t s  i n  t h e  con t inuous ly  

s t i r r e d  tank  r e a c t o r  (CSTR) when warranted. 

6 .  Evaluate p romis ing  ma te r i a l s  under r e a l i s t i c  cond i t i ons  where ope ra t i ng  

parameters approximate commercial des ign cond i t i ons .  



EXPERIMENTAL PROGRAM 

Coal Feedstocks 

Several d i f f e r e n t  coa ls  (E lkhorn #2, Elkhorn #3, Kentucky #9 and two Ohio 

coa ls )  were t e s t e d  i n  t h e  program. A low-ash and l o w - p y r i t e  E lkhorn  #3 coal  

was used i n  t he  screening t e s t s .  The choice o f  E lkhorn #3 coal  was based,upon 

t h e  r e s u l t s  o f  Granof f  and Thomas (3) who found t h a t  convers ion l e v e l s  were 

q u i t e  low f o r  t h i s  l o w - p y r i t e  coa l .  The Pennsylvania S ta te  Coal Data Base 

(PSDB) con ta ins  numerous examples o f  E lkhorn coa ls  t h a t ,  as shown below, have 

low ash and minera l  contents  w i t h  low l e v e l s  o f  p y r i t e .  

Sample I.D. % ash % p y r i t e  s u l f u r  

PSOC-001 3.96 0.10 

PSOC-002 3.90 0.02 

PSOC-003 4.65 0.01 

PSOC-004 2.07 0.18 

PSOC-005 4.78 0.77 

PSOC-006 4.50 0.02 

Therefore,  t o  b u i l d  a  r e a c t i o n  network around a l o w - p y r i t e  coa l  t h a t  a l s o  

g ives  low conversion, an Elkhorn #3 coa l  was se lec ted  t o  determine minera l  

e f f e c t s  on l i q u e f a c t i o n .  

The U n i v e r s i t y  o f  Kentucky I n s t i t u t e  o f  M in ing  and Minera ls  Research ( IMMR)  . 

supp l i ed  i n f o r m a t i o n  regard ing  t h e  E lkhorn  coa ls  and p rov ided  bo th  low-and 

high-ash samples. Numerous channel samples o f  Ohio coa ls  were supp l i ed  by 

Ohio DOE through Professor  W i l l i a m  A. K n e l l e r  o f  t he  U n i v e r s i t y  o f  Toledo and 

Professor  Robert Savage o f  Ohio U n i v e r s i t y .  

The s e l e c t i o n  and a n a l y s i s  o f  severa l  coa ls  t e s t e d  i n  t h e  program a re  discussed 

below. Complete chemical analyses o f  t he  E lkhorn  and Kentucky coa ls  a re  

p rov ided  i n  Tab1 e 1. 

E l  khorn #3. A sample o f  run-of-mi ne (ROM) E l  khorn #3 coa l  ob ta ined  from F loyd  

County, Kentucky was crushed and s ieved  t o  -200 U.S. mesh be fo re  use. The 

ground coal  conta ined 14.6% ash. Th is  coal  sample was e x t e n s i v e l y  eva luated 

bo th  a t  A i r  Products and Auburn U n i v e r s i t y .  

18 



Table 1  

Proximate and U l t ima te  Analys is  o f  Kentucky Coal Samples 

wt. % 

F loyd County Letcher county Letcher County 

E l  khorn #3  E l  khorn #3  E l  khorn #2 Kentucky #9 

Proximate Analvs is  

Mois ture 

Dry Ash 

Vol a t i  1  e  

F ixed  Carbon 

U l  t ima te  Analys is  

C 

H 

N 

S 

0  

D i s t r i b u t i o n  o f  S u l f u r  

To ta l  S u l f u r  

S u l f a t e  S u l f u r  

P y r i t e  S u l f u r  

Organic S u l f u r  

l N o t  Determined 



b Another sample o f  Elkhorn #3 coal was obtained from Letcher County, Kentucky, 

based on the  PSDB number PSOC-001. This  ROM sample was selected from a mine 

c lose t o  the  l o c a t i o n  where the  o r i g i n a l  sample was taken and represented a 

c lose approximation o f  t h a t  l oca t i on .  This  coal was found t o  conta in  33.3% 

ash as opposed t o  3-4% ash repor ted  f o r  PSOC-001. The unexpectedly h igh  ash 

content  i n  the  coal was due t o  the  scraping o f  t he  mine c e i l i n g  the  day the  

sample was co l lec ted .  

Elkhorn #2. Since the  samples o f  Elkhorn #3 coals from Floyd and Letcher 

count ies, Kentucky, were found t o  conta in  h igh  concentrat ions o f  ash, add i t i ona l  

suppl ies o f  low-ash Elkhorn coal  were sought f o r  t es t i ng .  A sample o f  washed 

Elkhorn #2 coal from Letcher County, Kentucky, was obtained w i t h  the  help o f  

IMMR. This  sample was crushed and sieved t o  -150 U.S. mesh before use. The 

coal contained 6.3% ash compared w i t h  high-ash contents o f  the  o ther  two 

Elkhorn #3 coals described e a r l i e r  (14.6 and 33.3%, respect ive ly ) .  

Kentucky #9. A sample o f  Kentucky #9 coal was obtained from the  Pyro mine i n  

Union County. The sample contained 13.1% ash and 1.6% p y r i t e  s u l f u r .  

Ohio Coals. Professors Savage and Kne l l e r  obtained several Ohio coal samples 

represent ing a wide range o f  t o t a l  s u l f u r ,  p y r i t e  s u l f u r  and ash contents. 

The d e t a i l e d  analyses o f  the Ohio coal samples are  repor ted i n  Volume 11. 

Ohio coal samples from two d i f f e r e n t  seams, C la r i on  #4A and P i t t sbu rgh  #8, 

were processed i n  a continuous coal processing development u n i t  (CPDU) t o  

evaluate t h e i r  l i q u e f a c t i o n  behavior. The maceral analyses o f  the  Ohio 

coal samples from thc  two scams are summarized i n  Table 2. 

The d e t a i l e d  analyses o f  the Ohio coal samples from the  two d i f f e r e n t  seams 

are repor ted i n  Table 3. The C la r i on  #4A sample (CPDU-132) was obtained from 

one mine, whereas the o ther  sample CPDU-128A from the same seam was a mixture o f  

coal from two d i f f e r e n t  mines. The r e l a t i o n s h i p  o f  the coals from these two 

d i f f e r e n t  mines i n  the sample i s  unknown. That two samples were from the  same 

seam b u t  from two d i f f e r e n t  mines cou ld  exp la in  the  d i f fe rences i n  t h e i r  ash 

content  and s u l f u r  d i s t r i b u t i o n .  The two samples o f  P i t tsburgh #8 coal were 

a lso  from the  same seam, bu t  were c o l l e c t e d  from two d i f f e r e n t  mines. 



Table 2 

Maceral Content o f  Ohio Coal Samples 

Volume Percent 

P i t t sbu rgh  #8 

C la r i on  #4A (Belmont County) 

Sample No. CPDU1-132 CPDU-128A CPDU- 1 31 CPDU- 131 A 

V i  tri n i  t e  83.8 86.7 86.9 87.3 

Resini  t e  2.3 1.5 0.9 1.9 

Exi n i  t e  5.3 4.3 2.7 2.8 

Fusi n i  t e  3.3 3.0 3.7 1.1 

Semi fus in i te  4.2 3.4 4.7 6.1 

Scl e r o t i  n i  t e  0.4 0.2 0.8 0.3 

M i c r i n i  t e  0.6 0.9 0.3 0.5 

I n e r t o d e t r i n i t e  0.1 0.0 0.0 0.0 

l C P D U  - continuous process development u n i t  



Table 3 

Analys is  o f  Ohio Coals 

C l a r i o n  #4A P i t t s b u r g h  #8 

CPDU' - 132 CPDU- 1 28A CPDU- 1 31 CPDU- 131 A 

Proximate Analys is  

Mo is tu re  3.98 2.79 1.69 1.44 

Ash 15.09 25.00 14.47 12.65 

Vol a t i  1 e Mat te r  38.38 35.21 38.70 39.94 

F ixed  Carbon 42.55 37.00 45.14 45.97 

U l t ima te  Analys is  

S u l f u r  D i s t r i b u t i o n  

S u l f a t e  S u l f u r  0.28 

P y r i t e  S u l f u r  1.49 

Organic S u l f u r  1.94 

' ~ i r  Products sample number 



J Cleaned Coals - Coal samples from the  I r e l a n d  mine were cleaned and suppl ied 

by Richard P. K i  1 lmeyer o f  DOE' s P i t tsburgh Mining Technology Center (PMTC). 

The analyses o f  t he  raw and cleaned coal samples are given i n  Table 4. 

Minerals,  M e t a l l i c  Wastes and Metal-Containing By-Product Samples 

Samples o f  var ious minerals and m e t a l l i c  wastes were obtained f o r  p repara t ion  

and charac ter iza t ion .  The l i s t  o f  samples and t h e i r  sources i s  given i n  

Table 5. 

Robena p y r i t e  sample was d r i e d  a t  l l O ° C  and ground t o  99.9% -325 U.S. mesh i n  

n i t rogen.  The chemical analys is  o f  Robena p y r i t e  i s  given i n  Table 6. The 

sample was comprised o f  75% p y r i t e ,  5% carbonaceous organic mater ia l  and 20% 

magnetite, quar tz  and o ther  inorganic mater ia ls .  The surface area o f  the  
2 p y r i t e  was 1.0 m /g. and the sample was r e l a t i v e l y  nonporous. 

The d e t a i l e d  chemical analys is  o f  the var ious p y r i t e  samples, and some o f  the  

minerals and m e t a l l i c  wastes are presented i n  Tables 7 t o  18. I n  add i t i on ,  

the  d e t a i l e d  thermal analys is  o f  var ious minerals and m e t a l l i c  wastes are  

presented i n  Appendix G. 

Process Solvent 

S R C - I 1  f u e l  o i l  blend (FOB), S R C - I 1  heavy d i s t i l l a t e ,  and d i s t i l l a t e s  recovered 

from product l i q u i d  s l u r r y  were used as process solvents i n  t he  program. The 

S IX - I1  FOB aiid Iredvy disLil1al;e were received f r o m  t h e  P i t t s b u r g  and Midway 

Coal Mining Company (PAMCO) Solvent-Refined-Coal P i l o t  P lan t  a t  F o r t  Lewis, 

Washington. The ana lys is  o f  the  S R C - I 1  FOB as suppl ied by PAMCO i s  g iven i n  

Table 19. The FOB was repor ted t o  have approximately 20 w t  % 550°F+ f r a c t i o n .  

The FOB was d i s t i l l e d  i n  a 125-gal batch vacuum d i s t i l l a t i o n  u n i t  i n t o  two 

f r a c t i o n s  , i n i  ti a1 temperature t o  550°F (ob ta i  ned as overhead product) and 

550°F+ (obtained as bottoms). The cond i t ions  and mater ia l  balance o f  a par- 

t i c u l a r  d i s t i l l a t i o n  run  are given i n  Table 20. The 550°F+ f r a c t i o n  was used 

as a process so lvent  and i s  i d e n t i f i e d  as FOB #1 i n  t h i s  repor t .  A t y p i c a l  

ana lys is  o f  FOB #1 i s  given i n  Table 21. The gas chromatography (GC) s imulated 

d i s t i l l a t i o n  o f  FOB #1 provided i n  Table 22 showed t h a t  11 w t  % o f  t he  ma te r ia l  

b o i l e d  below 550°F. The d i f f e rence  between vacuum d i s t i l l a t i o n  and the  GC 



Table 4 

P y r i t e ,  Ash, and S u l f u r  Analyses o f  I r e l a n d  Mine Coal Sample 1 

wt.% 

Samp 1 e p y r i t e  Ash - 
S u l f u r  Content ,% 

P y r i t i c  S u l f a t e  Organic . T o t a l  

Raw Coal 3.98 35.04 2.13 0.10 2.08 4.31 

Deep Cleaned 

Coal ( F l o a t  1.30) 0.17 2.48 0.09 (0.01 2.68 2.77 

, Deep Cleaned Coal 

( F l o a t  1.30) and 

Concentrated 

P y r i t e  M i x t u r e  3.83 15.47 2.05 0.02 2.85 4.92 

O i l  Agglomerat ion 

Clean Coal 5.08 10.32 2.72 0.35 2.57 5.64 

Concentrated 

P y r i t e  46.82 73.86 25.05 0.36 1.16 26.57 

Samples ob ta ined  f rom M r .  ~ i c h a r d  K i  1 lmeyer o f  P i t t s b u r g h  Min ing  Technology 

Center,  DOE. 



Table 5 

Sources o f  M ine ra l s  and Metal  Con ta in ing  By-Product Samples 

Robena P y r i t e  

[FeS21 

U. S. S tee l  Corpora t ion  

Robena Mine 

Angel ica,  Pennsylvania 

South Dakota P y r i t e ,  Wards Natu ra l  Science Estab l ishment  

[FeS21 Rochester, New York 
- 

Mexi can P y r i t e  Auburn U n i v e r s i t y  Geology Department 

[FeS21 Auburn, A1 abama 

P y r i  t e  Separated from 

Molybdenum Ore 

Other  P y r i t e  Samples 

[FeS21 

Magnet i te  

CFe3O4I 

Climax Molybdenum Company 

Greenwich, Connec t i cu t  

A i r  Products and Chemicals, I nc .  

A l lentown,  Pennsylvania 

U. S. S tee l  Corpora t ion  

Angel ica,  Pennsylvania 

A lbanian Chrome Ore Concentrates I n t e r l a k e ,  I n c .  

Bever l y ,  Ohio 

Kaol i n i  t e  

[A1 2Si05.(H20)n1 

M o n t m o r i l l o n i t e  

[A12Si4010(OH)21 

Burgess Pigment Company 

P. 0. Box 349 

Sande rsv i l l e ,  Georgia 

Georgia K a o l i n  Company 

433 N. Broad S t r e e t  

E l i zabe th ,  New Jersey 



Table 5 

(Continued) 

Sources o f  Minera ls  and Metal Containing By-Product Samples 

Apa t i t e  

[Cal c i  um Phosphate] 

I lmen i  t e  

[FeTiOg] 

Z i  rcon 

[ZrSi04] 

Rut i  1 e 

[T i021 

Gyps um 

[CaS04 2H201 

Fel dspar 

[KAl s i  308] 

Lime 

CCaOl 

Borni  t e  

[Cu5FeS41 

S tau f fe r  Chemical Company 

Westport, Connecticut 

Pesses Company 

296505 H a l l  S t .  & Cochran 

Solon, Ohio 

Chemal 1 oy 

P.O. Box 350 

Bryn Mawr, Pennsylvania 

Pesses Company 

296505 H a l l  S t .  & Cochran 

Solon, Ohio 

C. A. Wagner 

Phi lade1 ph i  a, Pennsylvania 

Feldspar Corporat ion 

Spruce Pine, North Carol ina 

P f  i zer Mineral  s 

Chicago, I l l i n o i s  

The Anaconda Company 

Geological Department 

520 Hennessy Bui 1 d i  ng 

P.O. Box 621 

But te,  Montanna 



Table 5 

(Conti nued) 

Sources o f  Minerals and Metal Containing By-Product Samples 

C a l c i t e  Ci Auburn U n i v e r s i t y  Chemical Engineering 

I C ~ C O ~ I  Department, Auburn, Alabama 

I l l i t e  

lW\12(A1Si3010)(OH)21 

Quar tz  

Department o f  Geology 

U n i v e r s i t y  o f  Missour i  

Columbia, Missour i  

Sawyer Research Products 

35400 Lake1 and Boulevard 

East Lake, Ohio 

Pea Ridge Magnetite Concentrates Bethlehem Steel Corporat ion 

[Fe3o41 Bethlehem, Pennsylvania 

B l a s t  Furnace Slag 

Molybdeni t e  

[MoS21 

Molybdenite Concentrate 

Molybdic Oxide 

CMo2031 

Flue dust 

Bethlehem Steel Corporat ion 

Bethlehem, Pennsylvania 

Wards Natura l  Science Establishment 

Rochester, New York 

C l  i nlax Mol ybdeiiuiii Co~iipai'ty 

Greenwich, Connecticut 

Climax Molybdenum Company 

Greenwich, Connecticut 

A i r  Products and Chemicals, Inc.  

Greenv i l le ,  Pennsylvania 



Table 5 

(Conti nued) 

Sources o f  M i  nera l  s and Metal Contai n i  ng By-Product Sampl es 

Super A1 1 oy G r i  nd i  ngs 

A1 n i co  G r i  nd i  ngs 

Do1 omi t e  

ICaMg(CO3)1 

Potassium Carbonate 

C K2C03 I 

Sodium Carbonate 

CNa2CO3I 

O i l  Shale 

Z inc Oxide 

CZnOl 

X-Type Molecular Sieve . 

Mordeni t e  

A i r  Products and Chemicals, Inc. 

Greenv i l le ,  Pennsylvania 

A i r  Products and Chemicals, Inc .  

Greenv i l le ,  Pennsylvania 

David New Minerals  

Providence, Utah. 

F isher  S c i e n t i f i c  Co. 

F a i r  Lawn, New Jersey 

Fisher  S c i e n t i f i c  Co. 

F a i r  Lawn, New Jersey 

John Ward Smith, Manager 

Div. o f  Resource Charac ter iza t ion  

U.S.  Department o f  Energy 

Laramie Energy Technology Center 

P. 0. Box 3395 

Un ive rs i t y  S ta t ion ,  Wyoming 

J. T. Baker Chemical Co. 

Ph i l l i psbu rg ,  New Jersey 

W. R. Grace and Company 

llpper Darby , Pennsylvania 

W. R. Grace and Company 

Upper Darhy, Pennsylvania 



Table 5 

(Continued) 

Chabazi t e  

Specul i t e  

[ Fe2O3 1 

Red Oxide 

Sources o f  M inera ls  and Metal Conta in ing  By-Product Samples 

Reagent Grade Fe203 

Red Mud 

Z inc  S u l f i d e  

Concentrate 

CZnSl 

W. R. Grace and Company 

Upper Darby, Pennsylvania 

Chemal 1 oy Company, Inc .  

Bryn Mawr, Pennsylvania 

Fe r ro  

Ottawa Chemical D i v i s i o n  

Toledo, Ohio 

F ischer  S c i e n t i f i c  Company 

F a i r  Lawn, New Jersey 

U. S. Department o f  I n t e r i o r  

Bureau o f  Mines 

Tuscaloosa Research Center 

U n i v e r s i t y  o f  Alabama 

Tuscaloosa, Alabama 

Meta ls  and Minera ls  Research 

Zerba Resear'c1.1 CelsLev 

Bethlehem, Pennsylvania 

Z inc  F lue  Dusts Laclede F lue  Dust 

( low z i n c  and h igh  z i n c  con ten t )  Courtesy Dave Taschler  

A i r  Products and. Chemicals, Inc .  

G reenv i l l e ,  Pennsylvania 



Table 5 

(Continued) 

Sources o f  Minerals and Metal Containing By-Product Samples 

Copperas 

[FeS04 7H20] 

Phosphate Slime 

Brown F l y  and Bottom Ashes 

T e x t i l e  Chemical Company 

Reading, Pennsylvania 

E. I. F i e l d  

U. S. Bureau o f  Mines 

Tuscaloosa, Alabama 

Alan E. Bland 

IMMR, U n i v e r s i t y  o f  Kentucky 

Lexi ngton, Kentucky 

Green River  F l y  and Bottom Ashes Alan E. Bland 

(blend and high) IMMR, U n i v e r s i t y  o f  Kentucky 

Lexington, Kentucky 

Paradise F l y  and Bottom Ashes Alan E. Bland 

IMMR, U n i v e r s i t y  o f  Kentucky 

Lexington, Kentucky 

Coal Preparat ion P lan t  

Refuse Mater ia l  s 

Various Fe203 Cata lysts  

Metal Su l f ides  

Alan E. Bland 

IMMR,  Un ive rs i t y  o f  Kentucky 

Lexington, Kentucky 

A i r  Products and Chemicals, Inc.  

Allentown, Pennsylvania 

ICN Pharmaceuticals, Inc .  

Plainview, New York 



Table 6 

Chemical Ana lys is  o f  Robena P y r i t e  

w t .  % 

Carbon 4.48 

Hydrogen 0.34 

N i t rogen  0.61 

Sul f u r  41.34 

Oxygen 5.97 

I r o n  42.30 

4.96 Other I m p u r i t i e s  (by d i  f fe rence)  

To ta l  100.00 

Ash 67.9 

Surface Area .= 1.0 m'/g 



Table 7 

Chemical Ana lys is  o f  Var ious P y r i t e  Samples 

Sampl e 

McDowell Country, West V i r g i n i a  

Washington County, Pennsylvania 

Union County, Kentucky 

Cambria County, Pennsylvania 

Webster County, Kentucky 

Robena, Pennsylvania 

P y r i t e  Content 

P y r i t i c  S u l f a t e  Ca lcu la ted  f rom 

F e - Ash - Sul f u r  S u l f u r  P y r i t e  Sul f u r  



Table  8 

chemical Analyses o f  Specul i t e  Sample 

w t . %  

Table  9 

Chemical Analyses o f  Pea Ridge Magnet i te  Concentrate 



Table 10 

Chemical Analyses o f  F lue  Dust, 

Supera l l  oy G r i  n d i  ngs and A1 n i co  G r i  nd i  ngs 

Supera l l  oy F lue  Dust A1 n i  co 

N i 55.9 10.98 9.26 

Mo is tu re  - - 

Mg - - 
Ac id  11.1solu l~ le  9.13 



Table 11 

Chemical Analyses o f  Red Mud 

2'3 

Fe203 
Si02 

T i02  

CaO 

wt. % 

15.0 

51.5 

1.7 

6.7 

7.0 

Na20 1.0 

Loss on I g n i t i o n  9.3 

Table 12 

Chemical Analyses o f  Z inc S u l f i d e  Concentrate 

CaO 

wt .  % 

62.6 

31.2 

0.54 

0.21 

1.0 

0.28 

0.14 

2.45 

0.03 



Table 13 

Elemental Analyses o f  Z inc  F l  ue ' ~ u s t  Samples 

Elements Low Z inc  Sample, wt.% High Z inc  Sample, wt.% 

A1 0.30 0.35 

. Ca 5.00 4.80 

Z n 11.60 33.60 

C u 

Fe 

Mg 
M n 

N a 

Pb 

0 (by d i f f e r e n c e )  

To ta l  

Table 14 

1 Chemical Analyses o f  Copperas (Ferrous Su l f a te )  

Ferrous Su l f a te ,  FeS04 

I r o n ,  Fe203 

T i  t a n i  urn, T i02  

Magnesium Su l f a te ,  MgS04 

Copper, Cu 

Lead, Pb 

Water I n s o l u b l e  Ma t te r  

Water o f  C r y s t a l l i z a t i o n  

wt. % 

53.78 

0.06 

0.33 

1.80 

0.0004 

0.0005 

0.28 

(13.28 

' ~ n a l ~ s i s  p rov ided  by T e x t i  l e  Chemical Company, 

Reading, Pennsylvania 



Table 15 

Chemical. Ana lys is  o f  Lime 

wt.% 

CaO 94.0 

MgO 0.7 
Si02 1.8 

2'3 0.4 

Fe203 0.1 

Table 16 

Chemical Ana lys is  o f  Phosphate Sl ime 

CaO 

P205 Equ iva len t  

MgO 

wt. % 

16.2 

12.0 

2.9 

3.4 

36.5 

0.3 

0.8 

1.5 

1 .0  

2.3 

0.2 

Loss on I g n i t i o n  a t  500°C 10.3 



Table 17 

Chemical Composit ion o f  Var ious Fe203 Ca ta l ys t s  

Number Source o f  Fe203 Support Heat Treatment 

705x8- 5x1 25% Pure 75% F l y  Ash Calc ined 

813x1-1x4 75% Pure 25% F l y  Ash Calc ined 

831x1-1 75% Pure 25% F l y  Ash Not Calc ined - 

705x9-3x2 25% U.S. S tee l  75% F l y  Ash Calc ined 

705x9-3 25% U. S. S tee l  75% F l y  Ash Not Calc ined 

814x1-1x12 50% U. S. S tee l  50% F l y  Ash Cal c i  ned 

705x16-1x6 25% U.S. S tee l  75% S i l i c a  Calc ined 

705x1 6- 1 25% U. S. S tee l  75% S i l i c a  Not Calc ined 

81 4x3-2x2 50% U.S. S tee l  50% S i l i c a  Calc ined 

Table 18 

~ n a l y s i  s o f  Molybdeni t e  Concentrate 

wt.% 

Molybdenum Desul f i de 86-96 

MolyIsde1.1uri1 51 -57 

Sul f u r  35-28 

Copper 0.2 Max 

Balance Ma in ly  S i  1 iceous 

M a t e r i a l  ' 



Table 19 

Sp. G r a v i t y  60/60°F 
O A P I  @ 60°F 
V i s c o s i t y  @ 100°F, cS t  

@ 210°F, cS t  
Pour Po in t ,  OF 
F lash  Po in t ,  OF ASTM D93 
B tu / l  b 
Coal Tar Acid,  m1/100 g 

Analyses o f  t h e  SRC I1  Fuel O i l    lend' 

D i s t i l  l a t i o n  Y i e l d  

E f f e c t i v e  Pressure 

Recovery, % 
Residue, % 
Lost ,  % 

0.999 % P y r i d i n e  I nso lub les  0.02 
10.14 % Conradson Carbon 0.34 
4.527 % Ash 0.02 
1.289 % Water t r a c e  

-55 % Carbon 86.21 
160 % Hydrogen 8.64 

17590 % N i t r ogen  0.95 
25.9 % S u l f u r  0.21 

% Oxygen 3.99 

ASTM D l  160 ASTM 086 

Ana lys is  p rov ided  by M r .  R. E. Perrussel  o f  t he  P i t t s b u r g  & Midway Coal 
M in ing  Co., DuPont, Washington 



Table 20 

D i s t i l l a t i o n  o f  SRC I1 Fuel O i l  B lend 

Condi t ions o f  t h e  Vacuum D i s t i l l a t i o n  

No. o f  t h e o r e t i c a l  p l a t e s  

Ref lux  Ra t i o  

Pressure 

Th i s  m a t e r i a l  was charged t o  t h e  s t i l l  us i ng  p ressu r i zed  N2; t h e  vacuum 

d u r i n g  d i s t i l l a t i o n  was mainta ined by a c o n t r o l l e d  N2 bleed. 

Ma te r i  a1 Balance: 

To ta l  Charge/Batch = 903 l b s  

Overhead Product (550°F-) = 672 l b s  

Bottom Product (550°F+) = 221 l b s  

To ta l  Recovery = 893 lbs/98.9% 

Bottom Product (550°F+) = 24.5% o f  t h e  t o t a l  charge 



Element 

Carbon 

Hydrogen 

Oxygen 

Ni t rogen 

S u l f u r  

Solvent S e ~ a r a t i o n  

Table 21 

Deta i led  Analysis o f  Process Solvents 

 FOB^ #I FOB #3 FOB #4 

88.79 89.53 88.67 

7.40 7.20 7.64 

1.96 1.56 2.06 

1.20 1.07 1.11 

0.48 0.64 0.52 

O i  1 s 90.8 

Asphal tenes 8.9 

Preasphal tenes 0.4 

I nso lub le  Organic 0.0 

Ma te r i a l  ( IOM) 

D i s t r i b u t i o n  o f  Hydrogen i n  the  O i l  F rac t i on  

H ~ r o m a t i  c (H~r)  42.0 

H ~ e n z y  1 i c (Ha) 29.3 

Hother (Ho) 28.7 

FOB #11 

' FOB - f u e l  o i l  b lend 



FIGURE 1 
SIMULATED DISTILLATION OF THE 

PROCESS SOLVENTS 

TEMPERATURE, OF 



Table 22 

Simulated Distillation of Process Solvents 

Temperature, OF 

wt. % Distilled  FOB^ #I FOB #3 FOB #4 FOB #11 

I . B . P .  

5% 

FOB - fuel oil blend 



simulated d i s t i l l a t i o n  can be expla ined by the  l a r g e r  number o f  t h e o r e t i c a l  

d i s t i l l a t i o n  p la tes  i n  simulated d i s t i l l a t i o n  as opposed t o  crude vacuum 

d i s t i  1  l a t i o n ;  the  simulated d i s t i l  l a t i o n  column had 200 t h e o r e t i c a l  p la tes ,  

whereas the  vacuum d i s t i l l a t i o n  u n i t  had on l y  15-20 p la tes .  The so lvent  

separat ion data (see Appendix C f o r  de ta i  l e d  solvent  separat ion procedure) 

given i n  Table 21 showed t h a t  FOB #1 contained approximately 90.8 w t  % o i  1. 

. Two d i f f e r e n t  batches o f  product  s l u r r y  taken from the  coal processing 

development u n i t  (CPDU) run  25 were d i s t i l l e d  t o  recover the  process solvent.  

The d i s t i l l a t i o n  c u t  po in t s  were mistakenly s e t  a t  450 and 850°F ins tead o f  

550 and 850°F, respect ive ly .  The d e t a i l e d  ana lys is  o f  these two solvents 

(100% pentane-soluble o i l ) ,  FOB #3 and #4, are g iven i n  Table 21. The hydrogen 

and oxygen contents o f  FOB #4 were h igher  than those o f  FOB #3. The simulated 

d i s t i l l a t i o n  o f  the  solvents (Figure 1 and Table 22) showed t h a t  FOB #4 contained 

a s l i g h t l y  l a r g e r  amount o f  h igh  b o i l i n g  p o i n t  compounds than FOB #3. Table 23 

showed t h a t  the  d i s t r i b u t i o n  o f  n i t rogen groups was s i m i l a r  i n  both the solvents, 

b u t  t he  d i s t r i b u t i o n  o f  oxygen groups was d r a s t i c a l l y  d i f f e r e n t .  FOB #4 

contained a considerably h igher  concentrat ion o f  hydroxyl groups compared w i t h  

FOB #3. The d i s t r i b u t i o n  o f  protons i n  the  two solvents was determined by 

pro ton  nuclear magnetic resonance (H'NMR) and i s  shown i n  Table 21. FOB #4 t o  

contained h igher  hydrogen content  and a greater  p ropo r t i on  o f  hydrogen-donatable 

compounds (Ha and Ho) than d i d  FOB #3. This  observat ion suggests t h a t  FOB #4 

i s  a b e t t e r  hydrogen donor solvent  than FOB #3 and would show higher  coal 

1 i que fac t i on  a c t i v i t y .  Since the amount o f  450-850°F process so lvent  was 

l i m i t e d ,  a dec is ion  was made t o  use i t  exc lus i ve l y  f o r  the  d i s s o l u t i o n  study o f  

Ltie Ohio coal samples. 

S R C - I 1  heavy d i s t i l l a t e ,  i d e n t i f i e d  as FOB #11, was used f o r  most o f  the  

program. A d e t a i l e d  chemical and so lvent  separat ion ana lys is  o f  FOB #11, 

which i s  summarized i n  Table 21, agrees we l l  w i t h  FOB # l .  The GC simulated 

d i s t i l l a t i o n  o f  FOB #11, presented i n  Table 22, .showed t h a t  6% o f  t he  mater ia l  

b o i l e d  below 550°F and 3% above 850°F. 



Table 23 

D i s t r i b u t i o n  o f  Oxygen and N i t r ogen  Compounds 

i n  t h e  Process So lven t  

To ta l  Oxygen, wt.% 

FOB #4 

2.06 

Absol u t e  Re1 a t i v e  Absolute R e l a t i v e  

0 as e the r  0  0.81 52.0 0.27 13.0 

To ta l  N i t rogen  , wt.  % 

Absolute Re1 a t i v e  

0.79 74.0 

Absolute R e l a t i v e  

0.80 72.0 

0.31 28.0 

FOB - f u e l  o i l  b lend  



Equipment Descr ip t ion  

Thermal Analyzer - The thermal s t a b i l i t i e s  o f  t he  minera ls  and m e t a l l i c  wastes 

was evaluated by thermal g rav imet r ic  ana lys is  (TGA) and d i f f e r e n t i a l  thermal 

ana lys is  (DTA) i n  the  presence o f  he1 i um o r  n i t rogen us ing  Perkin-Elmer* TGS-1, 

DuPont 990, and Premco Model 50 thermal analyzers. The r e a c t i v i t y  o f  the  

mater ia l  w i t h  hydrogen was evaluated i n  t he  TGA a t  atmospheric pressure and i n  

t he  pressur ized thermal g rav imet r ic  reac tor  (PTGR) a t  h igher  hydrogen pressures. 

See Appendix A f o r  the design and operat ion o f  t he  PTGR. 

S u l f i d i n g  Reactor - Samples o f  i r o n  oxide were s u l f i d e d  e i t h e r  w i t h  pure 

hydrogen s u l f i d e  o r  w i t h  a  mix ture  o f  hydrogen and hydrogen s u l f i d e  gases t o  

produce a c t i v e  i r o n  s u l f i d e  ca ta l ys t .  The d e t a i l e d  desc r ip t i on  o f  the equipment 

and s u l f i d i n g  procedure are  described i n  Appendix E. 

Tubing-Bomb Reactor - Two small tubing-bomb reac tors  (17.5 and 46.3-mL volume) r 

were designed and assembled a t  Auburn U n i v e r s i t y  f o r  p re l im ina ry  screening 

studies o f  the c a t a l y t i c  a c t i v i t y  o f  var ious minerals and m e t a l l i c  wastes.' 

The reac to r  assembly i s  shown i n  F igure 2. A reac t i on  mix ture  conta in ing  3 g  

coal ,  6  g  process solvent  and a  predetermined amount o f  c a t a l y s t  was used i n  

most o f  t he  experiments. The reac to r  was pressur ized w i t h  hydrogen t o  1250 

p s i g  a t  25OC, l eak  tested,  and placed i n  a  preheated f l u i d i z e d  sand bath. 

Typ i ca l l y ,  l ess  than 2  minutes were requ i red  t o  heat t he  reac tor  t o  the reac t i on  

temperature. The reac to r  was a g i t a t e d  a t  860 st rokes per  minute w i t h  the  he lp  

o f  a  va r iab le  speed motor. The reac to r  was maintained a t  the  reac t i on  

temperature f o r  a  s p e c i f i e d  amount o f  t ime and then cooled by p l a c i n g  i t  i n  a  

water bath. Product gases were vented and weighed. Product s l u r r y  was solvent-  

separated t o  determine the  product  d i s t r i b u t i o n .  A summary o f  the  solvent  

separat ion procedure used a t  Auburn U n i v e r s i t y  i s  g iven i n  Appendix B. 

Dupl icate runs were c a r r i e d  ou t  i n  t he  17.5-mL reac to r  t o  t e s t  the  reproduci-  

b i l i t y  o f  the system. ~ ~ d r o ~ e n a t i o n  runs o f  process so lvent  (FOB #1) were 

conducted th ree  times and the  reac t i on  products were so lvent  separated. The 

reac t i on  cond i t ions  and the  so lvent  separat ion r e s u l t s  are given i n  Table 24. 

S i m i l a r i l y ,  s i x  d i f f e r e n t  coal 1  i que fac t i on  runs were made and the  r e s u l t s  a re  

-- ~ 

Mention o f  t rade name does no t  imply endorsement by DOE o r  the  cont rac tor .  
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FIGURE 2 
REACTOR SYSTEM USED IN 

LIQUEFACTION EXPERIMENTS 

VARIABLE 
SPEED 

ELECTRIC 

TACHOMETER 

I 1  r AGITATOR SHAFT 

/ 1 MICROREACTOR (TUBING BOMB) 



Table 24 

R e p r o d u c i b i l i t y  Tes t  o f  Solvent  Hydrogenation Runs 

Mean Standard Dev ia t i on  

O i l s  90.68 0.87 

Asphal tenes 8.66 1.21 

Preasphal tenes 0.46 0.31 

Residue 0.19 0.06 

React ion Condi t ions:  Reactor - 17.5-mL tubing-bomb 

Solvent  - FOB #1 

Temperature - 410°C 

Pressure - 1250 p s i g  Hz a t  25OC 

React ion Time - 30 minutes 

C a t a l y s t  - None 

Table 25 

Reproduci b i  1 i t y  ~ e s t  o f  Coal L i que fac t i on  Runs 

To ta l  Product L i qu id ,  wt.% 

Mean Standard Dev ia t i on  

O i  1 s 62.92 0.62 

Asphal tenes 12.28 0.80 

Preasphal tenes 9.65 0.53 

Res i due 15.14 0.42 

React ion Condi t ions:  Solvent  - 69 

Coal (E lkhorn #3, F loyd  County) - 3g 

Reactor - 17.5-mL tubing-bomb 

Temperature - 410°C 

Pressure - 1250 p s i q  H2 a t  25OC 

React ion Time - 30 minutes 



summarized i n  Table 25. Maximum standard dev ia t i ons  o f  14.0 and 6.5% were 

observed i n  t h e  asphaltene f r a c t i o n  of t h e  so l ven t  hydrogenat ion and coa l  

l i q u e f a c t i o n  runs, r espec t i ve l y .  A maximum standard d e v i a t i o n  o f  6.5% i n  t h e  

case o f  coal  l i q u e f a c t i o n  runs i s  w e l l  w i t h i n  t he  range o f  exper imental  e r r o r .  

Coal Processing Development U n i t  (CPDU) - Process s tud ies  were done i n  a 

cont inuous 100-1 b/day coa l  1 i q u e f a c t i o n  u n i t  equipped w i t h  a cont inuous s t i r r e d  

autoclave. The use o f  a s t i r r e d  t ank  r e a c t o r  ensured t h a t  so l ven t  v a p o r i z a t i o n  

matched t h a t  o f  an ac tua l  S R C - I  d i s s o l v e r  and t h a t  coal  m inera ls  d i d  n o t  

accumulate. Since t h e r e  was no s l u r r y  preheater ,  a l l  o f  t h e  sens ib l e  heat  was 

p rov ided  by res i s tance  heaters  on t h e  reac to r .  Because o f  t h e  h i gh  heat  f l u x ,  

t he  r e a c t o r  w a l l  was about 27OF h o t t e r  than  t he  b u l k  s l u r r y .  M u l t i p l e  thermo- 

couples revea led  t h a t  t h e  s l u r r y  temperature i n s i d e  t h e  r e a c t o r  v a r i e d  by o n l y  

g0F from t o p  t o  bottom. The products  were quenched t o  320°F be fo re  f l o w i n g  t o  

a g a s / l i q u i d  separator  t h a t  was operated a t  system pressure. The s l u r r y  was 

t h r o t t l e d  i n t o  t he  p roduc t  r e c e i v e r  w h i l e  t h e  p roduc t  gases were cooled t o  

recover  t h e  p roduc t  water  and o rgan ic  condensate. D e t a i l e d  schematic and 

opera t ion  o f  t he  CPDU a re  g iven  i n  Appendix H. 

Coal l i q u e f a c t i o n  runs were performed a t  d i f f e r e n t  r e a c t i o n  cond i t ions .  A t  

l e a s t  10 r e a c t o r  volumes o f  t h e  p roduc t  were d iscarded be fo re  p roduc t  samples 

were co l l ec ted .  A complete sample s e t  cons i s ted  o f  one 0.5 l b  p roduc t  s l u r r y ,  

one 1 - l i t e r  p roduc t  s l u r r y  as back-up sample, a l i g h t  condensate sample, and a 

p roduc t  gas sample. 

Product s l u r r y  was so lvent -separated i n t o  f o u r  f r a c t i o n s :  (1) pentane-so lub le  

m a t e r i a l  ( o i l ) ,  (2) pentane- inso lub le  and benzene-soluble m a t e r i a l  (asphaltene),  

(3) benzene-insol ub le  and p y r i d i n e - s o l  ub le  m a t e r i a l  (preasphal tene) and (4) 

p y r i d i n e - i n s o l u b l e  m a t e r i a l .  The l a t t e r  con ta ins  i n s o l u b l e  o rgan ic  ma te r i a l  

( I O M )  and minera l  res idue.  The so l ven t  separa t ion  scheme i s  descr ibed i n  

Appendix C. Each f r a c t i o n  was f u r t h e r  sub jec ted  t o  d e t a i l e d  elemental 

ana l ys i s ,  as w e l l  as t o  nuc lear  magnetic resonance spectroscopy (NMR), near 

i n f r a r e d  ana l ys i s ,  and s imulated d i s t i l l a t i o n  (ASTM D2886). Product gases 

were analyzed by o n - l i n e  gas chromatography up t o  C4 hydrocarbon gases i n c l u d i n g  

at.her nonhydrocarbon gases (H2S, NH3, CO and C02). The p roduc t  water  was a 

combinat ion o f  t h e  condensed water  c o l l e c t e d  a t  t he  u n i t  p l u s  t he  amount 

c a l c u l a t e d  by assuming t h e  water  vapor e x i t i n g  t h e  process u n i t  was i n  e q u i l i - .  

b r i  urn w i t h .  t h e  condensed water.  
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Tes t  o f  R e p r o d u c i b i l i t y  o f  CPDU - The r e p r o d u c i b i l i t y  o f  t h e  coal  l i q u e f a c t i o n  

r e a c t i o n  and p roduc t  work-up r e s u l t s  was t e s t e d  us ing  5.0 wt% p y r i t e  i n  t h e  

feed s l u r r y .  Two d i f f e r e n t  samples taken from CPDU runs 4 hours a p a r t  were 

analyzed independent ly;  t h e  da ta  a re  presented i n  Table 26. The p roduc t i on  o f  

hydrocarbon gases, CO, Cop and H2S, was reproduc ib le .  The v a r i a t i o n  i n  t h e  

hydrocarbon gases p roduc t ion  was l e s s  than 3% o f  t h e  va lue repor ted.  The 

p roduc t ion  o f  o i l s ,  preasphaltenes, I . O . M .  and water  a l s o  reproduc ib le .  

S i g n i f i c a n t  v a r i a t i o n  i n  t he  p roduc t i on  o f  asphaltenes was noted. The inc rease  

i n  asphaltenes i n  sample no. 31-113 was o f f s e t  by a corresponding decrease i n  

o i l s  and preasphaltenes. 

The convers ion o f  coal  was unchanged, and t h e  t o t a l  hydrogen consumption and 

SRC s u l f u r  con ten t  were almost i d e n t i c a l  (Table 26). The d i s t r i b u t i o n  o f  

elements i n  t he  var ious  f r a c t i o n s  shown i n  Table 27 was a l s o  s i m i l a r  except 

f o r  s l i g h t  v a r i a t i o n s  i n  oxygen and n i t r o g e n  contents .  From these r e s u l t s  i t  

cou ld  be concluded t h a t  t h e  da ta  ob ta ined  from t h e  CPDU and work-up l a b o r a t o r y  

were reproduc ib le .  S l i g h t  v a r i a t i o n s  i n  t h e  p roduc t i on  o f  o i l s ,  asphaltenes, 

preasphaltenes, and elemental d i s t r i b u t i o n  were noted. The v a r i a t i o n  i n  t he  

o i l s  p roduc t ion  was o n l y  2.4 w t  % (absolute) .  

Brown-Ladner C a l c u l a t i o n  - NMR, N I R ,  and elemental analyses o f  t h e  o i l s  were 

used i n  t he  mod i f i ed  Brown-Ladner equat ions (1,8) t o  c a l c u l a t e  average s t r u c t u r a l  

parameters f o r  t h e  o i l  molecules. These parameters p rov ide  a s e n s i t i v e  measure 

o f  determin ing t h e  changes i n  t he  d i s t r i b u t i o n  o r  rearrangement o f  t h e  carbon 

and hydrogen ske le ton  i n  t he  o i l s .  The s t r u c t u r a l  parameters de f i ned  by t he  
/ 

mod1 f I ed Brown- Ladner equat ions ar-e as rul 1 uws: 



Sam01 e No. 

Table 26 

L iquefac t ion  o f  F loyd County 

E l  khorn #3 Coal i n  t he  Presence o f  P y r i t e  

Feed Composition 

Temperature, OF 

Residence Time, Min. 

Pressure, p s i g  
- 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

co, co2 

O i l s  

Asphal tenes 

Preasphal tenes 

I .O .M.  

Water 

Conversion, % 

Hz Consumption, w t . %  MAF Coal 

To ta l  

From Gas 

FI.UIII Sol ver~ L 

By P y r i t e  

SRC S u l f u r ,  % 

65% Solvent  + 30% Coal + 5% P y r i t e  

850 850 

38 38 

2000' 2000 

( ) = negat ive va lue 



Table 27 

D i s t r i b u t i o n  o f  Elements i n  Frac t ions  o f  L ique fac t i on  

Product from Floyd County Elkhorn #3 Coal i n  the  Presence o f  P y r i t e  

Sample No. 

P y r i t e ,  w t . %  o f  Feed S l u r r y  5.0 5.0 

O i l  F rac t ions ,  w t . %  

c 
H 

0 

N 

S 
- 
n MW 

Asphal tene Frac t ion ,  w t . %  

C 

H 

0  

N 

S 
- 
n MW 

Preasphaltene Frac t ion ,  w t . %  



where Ha* = f r a c t i o n a l  alpha protons def ined as protons on 
carbon atoms immediately adjacent t o  an aromatic 
r i n g  

Ho* = f r a c t i o n a l  beta and h igher  protons def ined as those 
protons r e s i d i n g  on two o r  more carbon atoms 
removed from an aromatic r i n g  

HAR = f r a c t i o n a l  aromatic protons 

y = -  H0 atomic r a t i o  

C = atomic percent carbon 

H = atomic percent  hydrogen 

HOH = percent hydroxyl hydrogen 

CAR = f r a c t i o n a l  aromatic carbon 

a = degree o f  s u b s t i t u t i o n  on aromatic r i n g s  

fa = f r a c t i o n  o f  aromatic carbon 

The parameter Y represents the average number o f  Ho hydrogen atoms on the  

carbon atoms t h a t  are two o r  more carbons away from the  aromatic r i n g .  A 

f i x e d  value o f  2.0 was chosen f o r  Y i n  the  ca l cu la t i on .  The parameter X ,  the  

average number o f  hydrogen atoms on carbons alpha t o  an aromatic r i n g ,  was 

found by t r i a l  and e r r o r  us ing equat ion 1 and the add i t i ona l  equat ion 4. 



A l l  ca l cu la ted  XsEST values were i n  the  range 2.0 + 0.2. The s i m p l i f i e d  

equations described above assume t h a t  bridge-head hydrogens are an i n s i g n i f i c a n t  

f r a c t i o n  o f  the  t o t a l  hydrogen and t h a t  a l l  o f  the  oxygens are attached d i r e c t l y  

t o  t he  r i n g ,  e i t h e r  as phenols o r  as c y c l i c  ethers. The bridge-head hydrogens 

are def ined as hydrogens attached t o  an ethylene l i n k  t o  two condensed aromatic 

r i n g s  such as acenaphthal ene. 

The fa, carbon aromat ic i ty ,  i s  def ined as the  r a t i o  o f  aromatic carbon atoms 

t o  t o t a l  carbon atoms. Since carbon atom data are no t  ava i lab le ,  fa i s  i n d i r e c t l y  

der ived from proton data and elemental analyses us ing equat ion 1. HAR/CAR i s  
the  r a t i o  o f  hydrogen atoms a t  t he  per iphery o f  the  aromatic r i n g  s t r u c t u r e  t o  

the  aromatic carbon atoms. This  number i s  a usefu l  i n d i c a t o r  o f  t he  degree o f  

condensation o f  the  compounds; f o r  example, HAR/CAR values f o r  benzene (one 

r i n g  aromatic compound), naphtha1 ene ( two- r i  ng condensed aromatic compound) 

and phenanthrene ( th ree- r ing  condensed aromatic compound) 

6 aromatic protons = 8 aromatic protons = 0 - 8  are 
6 aromatic carbons 10 aromatic carbons 

and lo protons = 0.71, respect ive ly .  Therefore HAR/CAR 
14 aromatic carbons 

decreasesas the  number o f  condensed aromatic r i n g s  i n  the  compound increases. 

Sigma (a) i s  def ined as the  r a t i o  o f  subs t i tuents  on the  aromatic r i n g  t o  the  

t o t a l  a v a i l a b l e  s i t e s  f o r  the r i n g  subs t i t u t i on .  This  prov ides a rough idea 

o f  the  degree o f  aromatic r i n g  subs t i t u t i ons  by a1 k y l  and naphthenic and/or 

phenol ic  groups. Sigma (a) f o r  xylenes, methylnaphthalene, and phenol are 2/6 

= 0.33, 1/10 = 0.1, and 1/6 = 0.17, respect ive ly .  

Combining the  above parameters w i t h  the  molecular weight data, the  s i z e  o f  the  

aromatic r i n g  system can be ca l cu la ted  us ing  Equation 5: 

where Ra = number o f  aromatic condensed r i n g  

'AR 
= aromatic carbon atoms per  molecule 

HAR = aromatic p ro ton  atoms per  molecule 



Experimental Procedure 

Tubing Bomb Reaction Condit ions - Several coal  l i q u e f a c t i o n  runs w i t h  and 

w i thou t  a  c a t a l y s t  were conducted t o  e s t a b l i s h  basel ine data. Reaction con- 

d i t i o n s  were sought which would g ive  a  s izeable d i f f e rence  i n  o i l  product ion 

between a  noncatalyzed and a  s t rong ly  cata lyzed coal l i q u e f a c t i o n  system. 

These reac t i on  cond i t ions  were used i n  eva lua t ing  the  c a t a l y t i c ' a c t i v i t y  o f  

var ious coal minerals and m e t a l l i c  wastes. 

I n i t i a l l y  a  17.5-mL tubing-bomb reac tor  was employed. The reac to r  was charged 

w i t h  3  g  coal ,  6  g  solvent ,  and 1  g  a d d i t i v e  ( i f  any). The reac to r  was pres- 

sur ized w i t h  hydrogen t o  1250 p s i g  a t  25OC. This mix ture  was then reacted a t  

410°C f o r  30 minutes and the product  was analyzed by so lvent  separat ion t o  

determine the  product d i s t r i b u t i o n .  The r e s u l t s  o f  the  reac t ions  i n  the  

absence o f  ca ta l ys t ,  as we l l  as i n  the presence o f  p r e s u l f i d e d  CO-MO-~1  c a t a l y s t ,  

are presented i n  Table 28. O i l  product ion was found t o  increase from 14% i n  

the  case o f  no-ca ta lys t  run t o  23% i n  the  Co-Mo-A1 runs. Although Co-Mo-A1 

somewhat improved o i l  product ion over the  base coal run, the  d i f f e rence  was n o t  

l a rge  enough t o  accommodate the  experimental e r r o r  and t o  demonstrate c l e a r l y  

the  e f f e c t  o f  added ca ta l ys t s .  It was then thought t h a t  the  coal l i q u e f a c t i o n  

reac t i on  might be hydrogen-starved i n  the  small tubing-bomb (17.5 mL) reactor .  

A new, l a rge r  tubing-bomb (46.3 mL) reac tor  was assembled and used w i t h  a  

Co-Mo-A1 c a t a l y s t  under the same reac t i on  cond i t ions  and amounts o f  so lvent  

and coal .  O i l  y i e l d  increased t o  61% w i t h  the  l a r g e r  reac tor  (Table 29). The 

amount o f  hydrogen consumed from the  gas phase, as determined by GC analys is ,  

was 0.05 g  i n  the  small reac tor  and 0.14 g  i n  the l a rge  reac tor .  The t o t a l  

amount o f  hydrogen ava i l ab le  i n  the  smal ler reac to r  was 0.065 g. Consumption 

amounted t o  77% o f  the  t o t a l  ava i l ab le  hydrogen. Hydrogen consumption i n  the 

l a r g e r  reac tor  was s i g n i f i c a n t l y  h igher  than the t o t a l  ava i l ab le  hydrogen i n  

the smal ler reac tor .  The reac t i on  i n  the smal ler reac tor  d i d  no t  consume a l l  

the avai l a b l e  hydrogen, a1 though the  r e s u l t s  from the  l a r g e r  reac tor  i nd i ca ted  

t h a t  a l l  o f  the  ava i l ab le  hydrogen could have been e a s i l y  consumed. I n  add i t ion ,  

the coal conversion increased t o  92% w i t h  the  use o f  the  l a r g e r  reac tor .  The 

increase i n  coal conversion could be due t o  b e t t e r  mix ing i n  the  l a r g e r  bomb 



Table 28 

P re l im ina ry  Data f o r  Base Case Determinat ion 

O i  1  s  

Asphal tenes 

Preasphal tenes 

Residue 

Conversion 

Product D i s t r i b u t i o n  Based on MAF Coal ,% 

No-Catalyst  Co-Mo-A1 

14 2 3  

17 23 

33 3 2 

React ion Condi t ions:  Reactor - 17.5-mL t u b i  ng-bomb 

Solvent  - 69 

Coal ( E l  khorn #3, F loyd  County) - 39 

C a t a l y s t  - l g  

Temperature - 410°C 

Pressure - 1250 p s i g  Hz a t  25OC 

React ion Time - 30 minutes 



Table 29 

O i  1  s  

Asphal tenes 

Preasphal tenes 

Residue 

Conversion 

E f f e c t  o f  Reactor S ize on L i que fac t i on  

Product D i s t r i b u t i o n  Based on MAF Coal ,% 

Small Reactor (17.5-mL) Large Reactor (46.3-mL) 

2  2 6 1 

41 19 

15 12 

React ion Condi t ions:  Solvent  - 69 

Coal ( E l  khorn #3, F loyd  County) - 39 

C a t a l y s t  - l g  Co-Mo-A1 

Temperature - 450°C 

Pressure - 1250 p s i g  Hz a t  25OC 

React ion Time - 30 minutes 



( l a rge  volume o f  reac tor  avai l a d l e  . f o r  the  same volume o f  reac t i on  mixture)  

and improved g a d l i q u i d  mass t rans fe r .  The above observat ion i nd i ca ted  t h a t  

- t he  amount o f  ava i l ab le  hydrogen was an important  f a c t o r  i n  l i m i t i n g  o r  

encouraging the  reac t i on  and t h a t  a l a r g e r  bomb was necessary t o  p rov ide  

s u f f i c i e n t  hydrogen f o r  reac t ion ,  as we l l  as t o  increase o i l  product ion. 

To study the  in f luence o f  increased amounts o f  ava i l ab le  hydrogen, another - 
coal l i q u e f a c t i o n  run  i n  the  absence o f  a c a t a l y s t  was performed i n  the  l a rge  

bomb a t  the  same reac t i on  condi t ions.  The r e s u l t s  o f  runs i n  t he  presence o f  

a Co-Mo-A1 c a t a l y s t  and i n  i t s  absence were compared and are presented i n  

Table 30. The 55% d i f f e rence  i n  o i l  product ion (see Table 30) i n  the  l a r g e r  

reac to r  was s i g n i f i c a n t  enough t o  accommodate the  experimental e r r o r  and t o  

demonstrate c l e a r l y  the  e f f e c t  o f  added minerals.  The ne t  e f f e c t  was increased 

conversion o f  coal and asphaltene t o  o i l .  However, the  preasphaltene product ion  

remained constant. 

The search f o r  an optimum temperature f o r  basel ine cond i t ions  was conducted i n  

t he  l a rge  tubing-bomb reac tor  i n  the  presence o f  a Co-Mo-A1 ca ta l ys t .  The 

o b j e c t i v e  was t o  increase coal conversion and o i l  product ion. Table 31 

summarizes the r e s u l t s  obtained a t  var ious reac t i on  temperatures. O i l  

product ion increased w i t h  reac t i on  temperature up t o  475OC, b u t  above 475OC, 

i t  suddenly dropped. This  occurred because s i g n i f i c a n t  coking was observed i n  

the  reac tor  a t  500°C. The reac t i on  temperature o f  475OC gave s i g n i f i c a n t l y  

h igher  o i l  product ion compared w i t h  450°C, b u t  i t  showed s l i g h t l y  lower coal 

conversion. The reac t i on  temperature o f  450°C was p re fe r red  over 475OC because 

o f  ease o f  CPDU operat ion a t  450°C compared w i t h  475OC. To o f f s e t  the  lower 

o i  1  product ion a t  450°C compared t o  475OC, the  reac t i on  t ime was increased 

from 30 minutes t o  60 minutes; Table 32 shows the  e f f e c t  o f  reac t i on  t ime on 

o i l  product ion a t  450°C. O i l  product ion increased from 61 t o  79%, wh i l e  coal 

conversion remained p r a c t i c a l l y  the  same. Thus, a tubing-bomb reac to r  o f  

46.3-mL volume, a reac t i on  temperature o f  450°C, and .60 minutes reac t i on  t ime 

were chosen as base1 i ne reac t i on  cond i t ions  t o  evaluate the c a t a l y t i c  a c t i v i t y  

o f  var ious minerals and m e t a l l i c  wastes. 



Table 30 

O i  1 s 

Asphaltenes 

Preasphal tenes 

Residue 

Conversion 

E f f e c t  o f  C a t a l y s t  on L i q u e f a c t i o n  

Product D i s t r i b u t i o n  Based on MAF Coal ,% 

No-Catalyst  Co-Mo-A1 

6 6 1 

. 44 19 

2 3 12 

27 8 

React ion Condi t ions:  Reactor - 46.3-mL tubing-bomb 

Solvent  - 69 

Coal (E lkhorn #3, F loyd  County) - 39 

C a t a l y s t  - l g  

Temperature - 450°C 

Pressure - 1250 p s i g  HZ a t  25OC 

React ion Time - 30 minutes 



Table 31 

E f f e c t  o f  React ion Temperature on Coal L i q u e f a c t i o n  

i n  t h e  Presence o f  Co-Mo-A1 

Product D i s t r i b u t i o n  Based on MAF Coal, % 

Temperature, O C  - 425 - 450 - 475 500 - 

O i  1 s  28 6 1 7 1 42 

Asphal tenes 3 5 19 16 3 1 

Preasphal tenes 2 7 12 2 2 

Residue 10 8 11 2 5 

Conversion 9 0 9 2 89 7 5 

React ion Condi t ions:  Reactor - 46.3-mL tubing-bomb 

Pressure - 1250 p s i g  Hz a t  25OC 

React ion Time - 30 Minutes 

Coal ( E l  khorn #3, F loyd  County) - 39 

Solvent  - 69 

C a t a l y s t  - l g  



Table 32 

Ef fect  o f '  Reaction Tinie on L ique fac t i on  

i n  t he  Presence o f  Co-Mo-A1 

Product D i s t r i b u t i o n  Based on MAF Coal, % 
Reaction Time Min. 3 0 - 

O i l s  6 1 

Asphaltenes 19 

Preasphal tenes 12 

Residue 8 

Conversion 9 2 9 3 

React ion Condit ions: Reactor - 46.3-mL tubing-bomb 

Pressure - 1250 p s i g  Hz a t  25OC 

Coal (Elkhorn #3, F loyd County) - 39 

Solvent - 69 
Cata l ys t  - l g  



NONCATALYTIC COAL LIQUEFACTION 

L i q u e f a c t i o n  o f  Kentucky Coal s 

The l i q u e f a c t i o n  behavior  o f  severa l  Kentucky coa l s  was s tud ied  t o  e s t a b l i s h  

t h e  base l i ne  data.  The base l i ne  da ta  were much needed t o  determine t h e  r e l a t i v e  

l i q u e f a c t i o n  a c t i v i t y  o f  va r ious  coa ls  as w e l l  as t h e  c a t a l y t i c  a c t i v i t y  o f  

va r ious  minera ls  and metal  1 i c  wastes i n  coa l  1 i que fac t i on .  

F l oyd  County E lkhorn  #3 Coal - The l i q u e f a c t i o n  o f  F l oyd  County E lkhorn #3 

coa l  was s tud ied  a t  two d i f f e r e n t  temperatures i n  t h e  CPDU and t he  r e s u l t s  a r e  

summarized i n  Table 33. Coal convers ion was a lmost  t h e  same a t  t h e  two d i f f e r e n t  

temperatures, b u t  s i g n i f i c a n t  d i f f e r e n c e s  were found i n  gas p roduc t ion ,  p roduc t  

d i s t r i b u t i o n  and hydrogen consumption. Hydrocarbon gases, C O Y  C02, H2S, NH3, 

and water  p roduc t i on  increased as r e a c t i o n  temperature increased from 800 t o  

850°F; hydrocarbon gas p roduc t i on  increased from 2.4 t o  4.2%. A n e t  l o s s  o f  

3.2 wt% i n  o i l  p roduc t i on  was noted a t  800°F. I nc reas ing  temperature from 800 

t o  850°F increased t h e  o i l  p roduc t i on  f rom a n e t  l o s s  o f  3.2 w t  % t o  a n e t  

ga in  o f  27.3 w t  %. Preasphal tenes were t h e  major r e a c t i o n  p roduc t  a t  800°F, 

as shown i n  Table 33. I nc reas ing  t he  temperature t o  850°F increased t h e  

convers ion o f  preasphaltenes t o  o i l  and gases. The f i r s t - o r d e r  r a t e  constants  

f o r  t h e  convers ion o f  asphaltenes and preasphaltenes, de f i ned  i n  Appendix F, 

a l s o  increased w i t h  i nc reas ing  temperature. The increase i n  temperature 

increased t h e  hydrogen consumption from 0.5 t o  1.4%; 0.4% o f  t h i s  increase was 

due t o  g rea te r  gas fo rmat ion  and 0.5% was accounted f o r  i n  t h e  convers ion o f  

preasphaltenes t o  o i l .  

The hydrogen con ten t  o f  o i l  decreased s i g n i f i c a n t l y  a t  850°F; a t  800°F, t he  

hydrogen con ten t  o f  o i l  was h i ghe r  than t h e  s t a r t i n g  va lue (Table 34). Some 

d i f f e r e n c e s  i n  hydrogen con ten t  o f  asphaltene and preasphal tene f r a c t i o n s  were 

a l s o  noted. The d i f f e r e n c e  i n  SRC y i e l d  g iven  i n  Table 35 was due t o  increased 

convers ion t o  o i l .  SRC s u l f u r  con ten t  a l s o  decreased from 0.8 t o  0.6% as t h e  

temperature increased from 800 t o  850°F. 



Table 33 

Sample No. 

Feed 

L i q u e f a c t i o n  Behavior o f  Kentucky Coals 

F loyd  County E l  khorn #3 Letcher  County E l  khorn #3 

25-40 25-52 

70% Sol vent/30% Coal 

25- 100 25-88 

70% Solvent/30% Coal 

Temperature, OF 850 

Pressure, p s i g  2000 

Hydrogen T rea t  Rate, Mscf/T 19.9 

Residence Time, min. 38 

Product D i s t r i b u t i o n ,  wt.% MAF .Coal 

H C 4.2 

C O Y  co2 1.0 

H2S 9 NH3 1.3 
O i  1 s 27.3 

Asphal tenes 14.8 

Benzene Solub les ( O i l s  & Asphaltenes) -- 
Preasphal tenes 30.1 

I n s o l u b l e  Organic Ma t te r  ( I O M )  18.1 

Water 3.2 

Conversion, X MAF Coal 81.9 79.4 

Hydrogen Consumption, wt.% MAF Coal 

To ta l  1.40 0.51 . 

From Gas 0.82 0.61 

From So lven t  0.58 (0.10) 

F i r s t  Order Rate Constants, hrml 

Ka 1.09 -0.12 

K 2.14 0.39 
P 

-.-. . 

( ) = negat ive va lue  



Sample No. 

Table 33 (Cont 'd) 

L i q u e f a c t i o n  Behavior o f  Kentucky Coals 

Pyro Kentucky #9 E l  khorn #2 Coal 

Feed 

Temperature, O F  

Pressure, p s i g  

Hydrogen T rea t  Rate, Mscf/T 

Residence Time, min. 

Product  D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 

co, co2 
H2S, NH3 

NH3 
O i l s  

Asphal tenes 

Preasphal tenes 

I n s o l  ub l  e Organic Ma t te r  (IOM) 

Water 

Conversion, 36 MAF Coal 

Hydrogen Consumpti on, wt. % MAF Coal 

To ta l  

From Gas 

From Solvent  

F i r s t  Order Rate Constants, h r - I  

Ka 
K 
P 

70% Sol vent/30% Coal 

825 850 

2000 2000 

19.8 20.6 

3 7 3 7 

70% Sol vent/30% Coal 

825 850 

2000 2000 

18.9 19.9 

3 5 3 7 

( ), = negat i ve  va lue 



Table 34 

Hydrogen Concentrat ion i n  Feed and Product 

Sample No. 25-40 25-52 25-88 25-100 28-11 28-22 31-128 31-139 

Coal Elkhorn #3 - Floyd Elkhorn #3-Letcher Kentucky #9-Pyro E l  khorn #2 

Reaction Temperature, OF 850 800 850 800 825 850 825 850 

Hydrogen Content, w t .  % 

Feed O i  1 7.72 7.72 7.72 7.72 7.72 7.72 7.20 7.20 

Product: 

O i l s  

Asphaltenes 

Preasphal tenes 

Table 35 

SRC Product ion and I t s  S u l f u r  Content 

Sample No. 25-40 25-52 25-88 25-100 28-1 1 28- 22 31-128 31-139 

Reaction Temperature, OF 850 800 850 800 825 850 825 850 

Prcaduct D i s t r i b u t i o n ,  

wt.% MAF Coal 

Asphal tenes 14.8 17.6 39.4 20.5 26.6 30.0 21.2 21.6 

Preasphal tenes 30.2 58.0 44.8 38.6 47.0 28.1 44.2 43.4 

To ta l  (SRC) 45.0 75.6 84.2 59.1 73.6 58.1 65.4 65.0 

SRC Su l f u r ,  kt.% 0.6 0.8 0.5 0.8 1.16 0.97 0.61 0.55 



The simulated d i s t i l l a t i o n s  o f  t he  o i l  f r a c t i o n s  obtained a t  two d i f f e r e n t  

temperatures are shown i n  F igure 3. No d i f fe rences i n  the  i n i t i a l  and f i n a l  

b o i l i n g  p o i n t s  o f  the  two o i l  f r a c t i o n s  were apparent. 

Letcher County Elkhorn #3  Coal - The r e s u l t s  o f  l i q u e f a c t i o n  o f  Letcher County 

Elkhorn #3 coal a t  two d i f f e r e n t  temperatures are summarized i n  Table 33. 

Coal conversion increased from 62 t o  72% as temperature increased from 800 t o  

850°F. Hydrocarbon gas product ion a1 so increased w i t h  temperature. No s i g n i -  

f i c a n t  d i f fere 'nce was found i n  the  product ion o f  benzene solubles. Preasphaltene 

product ion increased s l i g h t l y  w i t h  an increase i n  temperature. Hydrogen 

consumption increased from -0.16 t o  0.31% as reac t i on  temperature increased; 

t h i s  was due mainly t o  a h igher  hydrocarbon gas product ion and coal conversion. 

The d i s t r i b u t i o n  o f  hydrogen i n  feed o i l  and var ious products i s  g iven i n  

Table 34.' The o i l  f r a c t i o n  l o s t  some hydrogen a t  both temperatures. Also, 

t he  hydrogen contents o f  the  asphaltenes and preasphaltenes were h igher  a t  t he  

lower temperature (800°F). The SRC s u l f u r  content  was considerably lower a t  

850 than a t  800°F (i. e. , 0.5% a t  850°F compared t o  0.8% a t  800°F) as shown i n  

Table 35. The simulated d i s t i l l a t i o n s  o f  the  o i l  f r a c t i o n s  obtained a t  two 

d i f f e r e n t  temperatures are shown i n  F igure 4. A t  850°F, t he  o i l  f r a c t i o n  

showed a h igher  b o i l i n g  p o i n t  d i s t r i b u t i o n  than d i d  the  o i l  a t  800°F, which 

was probably due t o  the  generat ion o f  a h igher  p ropo r t i on  o f  h igher  molecular 

weight o i l  from the  coal a t  850°F than a t  800°F. 

Kentucky #9 (Pyro) Coal - The conversion o f  Kentucky #9 (Pyro) coal ,  s tud ied  

a t  two d i f f e r e n t  temperatures (Table 33), decreased s l i g h t l y  w i t h  an increase 

i n  temperature from 825 t o  850°F. With increas ing  reac t i on  temperature from 

825 t o  850°F, hydrocarbon gas, H2S and water product ion increased from 3.2 t o  

5.0%, 1.4 t o  1.7% and from 4 .0  t o  6.5%, respect ive ly .  S i g n i f i c a n t  d i f fe rences 

i n  o i l  and preasphaltenes product ion were noted w i t h  an increase i n  temperature. 

A t  825OF, most o f  the  coal was converted t o  asphaltene and preasphaltene 

f r a c t i o n s ,  as shown i n  Tabl'e 33. O i l  product ion o f  approximately 8% was noted 

a t  825OF. Increasing the  reac t i on  temperature from 825 t o  850°F increased t h e  

conversion o f  preasphaltenes t o  asphaltenes, o i l s  and gases. The o i l  f r a c t i o n  

increased two- fo ld  from 8 t o  15%. A s l i g h t  increase i n  asphaltene format ion 

from 26 t o  30% was noted, b u t  a s i g n i f i c a n t  decrease i n  preasphaltene format ion 
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FIGURE 4. 
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from 47 t o  28% was observed. Also, as temperature increased, hydrogen 

consumption increased from 1.34 t o  1.51%, as ca l cu la ted  by elemental hydrogen . 

balance. Increases o f  0.02, 0.41 and 0.02 wt% hydrogen based on MAF coal were 

due t o  the  increased product ion o f  gases, o i l s  and water, respect ive ly .  

Data on hydrogen content  i n  the  var ious f r a c t i o n s  summarized i n  Table 34 show 

t h a t  t he  hydrogen content  o f  o i l  f r a c t i o n  decreased s i g n i f i c a n t l y  bo th  a t  825 

and 850°F compared w i t h  the  hydrogen content  o f  t he  o r i g i n a l  solvent.  I n s i g n i -  

f i c a n t  d i f fe rences i n  the  hydrogen contents o f  asphaltene and preasphaltene 

f r a c t i o n s  were noted a t  the two temperatures. The s u l f u r  contents o f  t he  o i l  

f r a c t i o n  obtained a t  both temperatures were i d e n t i c a l ;  lower s u l f u r  contents 

i n  asphaltenes and preasphaltenes were noted a t  850°F than a t  825OF. This i s  

i n d i c a t i v e  o f  increased d e s u l f u r i z a t i o n  a t  h igher  temperatures. 

The simulated d i s t i l l a t i o n s  o f  the  product o i l  f r a c t i o n s  obtained a t  both 

temperatures are shown i n  F igure 5. No s i g n i f i c a n t  d i f fe rences were noted i n  

t he  i n i t i a l  and f i n a l  b o i l i n g  p o i n t s  o f  both f rac t i ons .  

Letcher County Elkhorn #2 Coal - The conversion o f  Elkhorn #2 coal (Table 33) 

remained a t  85% w i t h  an increase i n  temperature from 825 t o  850°F. The 

product ion o f  hydrocarbon gases and water increased from 5.2 t o  7.0% and from 

1.5 t o  3.1%, respec t i ve l y ,  w i t h  increas ing  reac t i on  temperature. O i l  p roduct ion  

decreased s i g n i f i c a n t l y  from 12.2 t o  8.3% w i t h  an increase i n  temperature. No 

di f ferences were noted i n  the  product ion o f  asphaltenes and preasphaltenes 

w i t h  temperature. With increas ing  temperature, the  r a t e  constants f o r  the  

conversion o f  asphal tenes and preasphal tenes decreased from 0.62 t o  0.39 h r - I  

and from 1.27 t o  1.09 h r - l ,  respect ive iy .  These data i n d i c a t e  t h a t  the  format ion 

o f  o i l s  and asphaltenes i s  no t  enhanced a t  850°F compared w i t h  825OF. Hydrogen 

consumption, as ca lcu la ted  by elemental hydrogen balance, changed i n s i g n i f i c a n t l y  

w i t h  an increase i n  temperature 

Data on the  hydrogen content  i n  the  var ious f r a c t i o n s  summarized i n  Table 34 

showed no changes i n  a l l  f r ac t i ons .  SRC s u l f u r  content  d i d  no t  change w i t h  

temperature (Table 35). The simulated d i s t i l l a t i o n s  o f  the  product  o i l  f r a c t i o n s  

obtained a t  both temperatures (Figure 6) revealed no s i g n i f i c a n t  d i f fe rences.  
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From t h i s  data i t  can be concluded t h a t  inc reas ing  the  reac t i on  temperature i n  

the  l i q u e f a c t i o n  o f  Elkhorn #2 coal increases the  format ion o f  hydrocarbon 

gases and water, decreases the  product ion  o f  o i l s ,  and does not '  change coal 

conversion, hydrogen consumption, product ion o f  asphal tenes and preasphal tenes , 
and SRC s u l f u r  content. 

E f f e c t  o f  Solvents on Noncata ly t i c  L iquefac t ion  - Two d i f f e r e n t  b o i l i n g  range 

process solvents, FOB #1 and FOB #11, were used t o  study the e f f e c t  o f  process 

so lvent  on l i q u e f a c t i o n  o f  F loyd County Elkhorn #3 coal .  The p rope r t i es  o f  

i n i t i a l  solvents and solvents generated by coal l i q u e f a c t i o n  are  discussed 

below. I n  a d d i t i o n  the  r e s u l t s  from coal l i q u e f a c t i o n  runs are  a lso  provided. 

The solvent  separat ion o f  the  two solvents showed e n t i r e l y  d i f f e r e n t  product 

d i s t r i b u t i o n  (see Table 36). FOB #11 contained more o i l s  and less  asphaltenes 

cornpared w i t h  FOB # l .  There was no res idue i n  the  FOB #1, w h i l e  FOB #11 had 

0.8% residue. The d i s t r i b u t i o n  o f  elements i n  t he  o i l  f r a c t i o n  o f  both the 

solvents presented i n  Table 37 showed on ly  minor va r i a t i ons  i n  oxygen, 

n i t rogen,  and s u l f u r  contents. S i g n i f i c a n t  d i f fe rences were noted i n  the  

hydrogen content  o f  the  two o i l  f r a c t i o n s ;  FOB #1 contained 7.7% hydrogen 

compared w i t h  7.2% i n  FOB #11. The d i s t r i b u t i o n  o f  protons g iven i n  Table 38 

showed i d e n t i c a l  HAR values f o r  both solvents.  FOB #1 had s l i g h t l y  h igher  

concentrat ions o f  Ho and Ha than FOB #11. This in fo rmat ion  suggests t h a t  

FOB #1 had s l i g h t l y  h igher  hydrogen donor c a p a b i l i t y  ( b e t t e r  so lvent  q u a l i t y )  

than FOB #11 and, hence, should perform b e t t e r  than FOB #11. FOB #1 had lower 

a romat i c i t y  and degree o f  aromatic r i n g  s u b s t i t u t i o n  and h igher  degree o f  

condensation than d i d  FOB #11 (Table 39). The two solvents had the same 

average number o f  condensed aromatic r i ngs .  simulated d i  s t i  11 a t i o n  o f  the o i  1  

f r a c t i o n  o f  the two process solvents i s  compared i n  Figure 7. The o i l  f r a c t i o n  

o f  t he  FOB #11 contained considerably h igher  b o i l i n g  p o i n t  compounds than t h a t  

o f  FOB # l .  The two o i l  f r a c t i o n s  a l so  exh ib i t ed  d i f f e r e n t  i n i t i a l  and f i n a l  

b o i l i n g  po in ts .  



Samp 1  e  

Table 36 

D i s t r i b u t i o n  of Soluble Fract ions i n  Two D i f f e r e n t  Process Sol vents 

O i l s  

Asphal tenes 

Preasphal tenes 

Inso lub le  Organic Mater ia l  

wt .% 

FOB #1 FOB #11 

550°F+ c u t  o f  S R C - I 1  Fuel O i l  Blend 

S R C - I 1  Heavy D i s t i l l a t e  



Table 3 7 .  

Elemental D i s t r i b u t i o n  i n  the  S o l u b i l i t y  

Frac t ions  from L ique fac t i on  o f  Elkhorn #3 Coal 

FOB #11 FOB #1 

Product Product 

Sample No. Feed (31 -81 ) Feed (25-40) 

Temperature, OF - - 850 - - 850 

O i l  F rac t i on  w t . %  

Asphal tene F rac t i on  

C 

H 

0 

N 

S 

Preasphaltene F rac t i on  

C 

H 

0 

N 

s 

Not Determined 



Table 38 

D i s t r i b u t i o n  o f  Protons i n  t he  O i l  F rac t i ons  

from L ique fac t i on  o f  E lkhorn #3 Coal 

FOB #11 FOB #1 

Product Product 

Sample No. Feed (31 -81 ) Feed (25-40) 

Feed Composit ion 70% Solvent+ 70% Solvent  + 

30% Coal 30% Coal 

Temperature, OF - - 850 - - 850 

Pressure, p s i g  - - 2000 - - 2000 

To ta l  Hydrogen wt.% 7 .2  7.3 

D i s t r i b u t i o n  o f  Protons, % 

Abs. Re1. - - Abs. Rel. - - Abs. Rel. - - Abs. Rel. - - 
H~~ 3.2 44.4 3.5 47.0 ' 3.2 42.0 3.2 42.1 

Ha 2.0 28.0 2.0 28.0 2.3 29.3 2.1 28.2 

0 
2.0 27.6 1.8 25.0 2.2 28.7 2.2 29.7 

Abs. - Absolute 

Rel. - Re la t i ve  

Table 39 

Modi f ied Brown-Ladner S t r u c t u r a l  Parameters f o r  t he  

O i l  F rac t ions  from L iaue fac t i on  o f  E lkhorn #3 Coal 

Sample No. FOB #11 

0.71 

0.28 

Product 

(31 -81 ) FOB #1 

0.72 0.70 

0.27 0.27 

0.85 0.83 

3.18 3.23 



FIGURE 7 .-. 
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Simulated d i s t i l l a t i o n s  o f  t h e  o i l  f r a c t i o n s  (pentane so lub les )  generated by 

l i q u e f a c t i o n  o f  E lkhorn  #3 coa l  us i ng  two d i f f e r e n t  so l ven t s  i s  compared i n  

F i gu re  8. As no ted  f o r  t h e  s t a r t i n g  so l ven t s  (F i gu re  7), t h e  generated so l ven t s  

had d i f f e r e n t  b o i l i n g  p o i n t  d i s t r i b u t i o n .  However, t h e  d i f f e r e n c e  between t h e  

b o i l i n g  p o i n t  d i s t r i b u t i o n  o f  t h e  generated so l ven t s  was l e s s  severe than  t h a t  

o f  o r i g i n a l  so l ven t s  (F igure  7), i n d i c a t i n g  t h a t  generated so l ven t s  were 

approaching a  s teady-s ta te  b o i l i n g  p o i n t  d i s t r i b u t i o n .  

The l i q u e f a c t i o n  behav io r  o f  E lkhorn  #3 coa l  us i ng  t h e  two so l ven t s  i s  

presented i n  Table  40. The lower  hydrogen con ten t  s o l v e n t  (FOB #11) y i e l d e d  a  

h i ghe r  coa l  convers ion and hydrocarbon gas p roduc t i on ,  i. e. , 84.2 and 6.8%, 

r e s p e c t i v e l y ,  w i t h  FOB #11 compared w i t h  81.9 and 4.2% w i t h  FOB # l .  O i l  

p roduc t ion ,  however, was lower  w i t h  FOB #11 compared t o  FOB #1 (Table 40). 

Lower p roduc t i on  o f  H2S + NH3 and water  was no ted  w i t h  FOB #11 than  w i t h  

FOB #1 (Table 40). The d i f f e r e n c e  i n  H2S + NH3 gas p roduc t i on  c o u l d  be due t o  

t h e  use o f  t h e  sample bomb w i t h  FOB #11 s o l v e n t  ( o n - l i n e  GC n o t  ope ra t i ona l )  

r a t h e r  than  o n - l i n e  GC as w i t h  FOB # l .  The H2S gas can r e a c t  e i t h e r  w i t h  t h e  

w a l l s  o f  t h e  bomb o r  w i t h  o t h e r  compounds i n  t h e  gas sample w i t h  t ime.  These 

reac t i ons  would e v e n t u a l l y  lower  t h e  concen t ra t i on  o f  H2S determined by GC 

ana l ys i s .  H igher  asphal tenes and lower  o i l  and preasphal tenes p roduc t i on  were 

noted w i t h  FOB #11 than  w i t h  FOB # l .  A d i f f e r e n c e  i n  SRC s u l f u r  con ten t  was 

a l s o  apparent. Hydrogen consumption was 0.91% MAF coa l  w i t h  FOB #11 compared 

w i t h  1.40% w i t h  FOB # l .  The hydrogen con ten t  o f  o i l s  decreased w i t h  FOB # l ;  

i. e. , 7.5% hydrogen con ten t  i n  t h e  generated o i  1  s  compared w i t h  7.7% i n  t h e  

o r i g i n a l  s o l v e n t  (Table  37). The hydrogen con ten t  o f  generated s o l v e n t  was 

s l i g h t l y  h i ghe r  than  t h e  o r i g i n a l  s o l v e n t  when FOB #11 s o l v e n t  was used. The 

d i f f e r e n c e  i n  t h e  t o t a l  hydrogen consumption was ma in l y  due t o  t h a t  consumed 

by t h e  so lven t .  One i n t e r e s t i n g  obse rva t i on  was t h a t  when t h e  o r i g i n a l  

s o l v e n t  hydrogen con ten t  was 7.2%, a  h i ghe r  hydrogen con ten t  was found i n  t h e  

generated so l ven t ,  and when t h e  o r i g i n a l  s o l v e n t  hydrogen con ten t  was 7.7%, 

t h e  hydrogen con ten t  dropped t o  7.5%. These observa t ions  t e n t a t i v e l y  suggest 

t h a t  t h e  s o l v e n t  was approaching a  common hydrogen concen t ra t i on  va lue  between 

7.2  and 7.7%. 
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Table 40 

Sample No. 

Feed Composit ion 

Sol ven t  

Temperature, OF 

Pressure, p s i g  

Time, Min. 

F loyd  County E l  khorn #3 Coal L i q u e f a c t i o n  

Product D i s t r i b u t i o n  

Product D i s t r i b u t i o n ,  W t . %  MAF Coal 

H C 

co, co2 
H2S + NH3 

0-i 1s 

Asphal tenes 

Preasphal tenes 

I . O . M .  

Water 

25-40 31 -81 

70% Solvent  + 30% Coal 

FOB #1 FOB #11 

850 850 

2000 2000 

38 38 

Conversion, W t .  % MAF Coal 81.9 84.2 

SRC S u l f u r ,  % 0.61 

Hydrogen Consumption, W t . %  MAF Coal 

To ta l  1.40 

From Gas 0.82 

From Solvent  0.58 

( ) = negat ive va lue 



The concentrat ions o f  Ha and Ho were h igher  i n  FOB # I  than i n  FOB # l l ;  h igher  

concentrat ions o f  these protons genera l l y  i n d i c a t e  h igher  so lvent  q u a l i t y .  

The concentrat ion o f  HAR was the  same i n  both the  solvents. The d i s t r i b u t i o n  

of protons i n  the  solvents generated from the  two o r i g i n a l  solvents (Table 38) 

showed t h a t  the d i f f e rence  i n  the Ha concentrat ion had decreased by 0.3 wt% 

(2.3 vs 2.0) and 0.1 w t %  (2.1 vs. 2.0). The concentrat ions o f  Ho and HAR i n  

the  generated solvent  us ing F.O.B. #1 were unchanged, wh i l e  HAR increased f o r  

the  generated solvent  us ing FOB #11. 

Mixed r e s u l t s  were obtained w i t h  the  use o f  two d i f f e r e n t  hydrogen content  and 

b o i l i n g  range solvents i n  the l i q u e f a c t i o n  o f  coal .  Low hydrogen content  

so lvent  resu l ted  i n  the  product ion o f  h igher  hydrocarbon gases, asphaltenes 

and conversion o f  coal than h igh  hydrogen content  so lvent .  O i l  and water 

product ion, however, was lower. SRC s u l f u r  and hydrogen consumption were a l so  

considerably lower w i t h  low hydrogen content  so lvent  than w i t h  h igh  hydrogen 

content  solvent.  

E f f e c t  o f  Hydrogen Flow Rate on Noncata ly t i c  L iquefac t ion  - The impact o f  the  

increased amount o f  ava i l ab le  hydrogen on the  l i q u e f a c t i o n  o f  Elkhorn #2 coal 

was eval uated by i ncreasi ng the  hydrogen f 1 ow ra te .  

The r e s u l t s  o f  l i q u e f a c t i o n  o f  Elkhorn #2 coal a t  two d i f f e r e n t  hydrogen f l ow  

ra tes  are compared i n  Table 41. Coal conversion was unchanged w i t h  increas ing  

hydrogen f l ow  ra te .  The product ion o f  hydrocarbon gases and o i l s  increased 

from 7.0 t o  8.2% and from 8.3 t o  17.5%, respec t i ve l y ,  w i t h  increas ing  hydrogen 

f l ow  ra tes  from 19.9 t o  38.3 mscf / t  o f  coal .  The product ion o f  preasphaltenes 

decreased from 43.4 t o  35.9% because o f  increased conversion t o  o i l  and gases. 

The ra tes  o f  conversion o f  asphaltenes and preasphaltenes increased s i g n i f i c a n t l y  

w i t h  the  increase i n  hydrogen f l ow  ra te ,  i . e ,  from 0.39 t o  0.94% and from 1.09 

t o  1.71%, respect ive ly .  Hydrogen consumption increased s l i g h t l y  from 0.53 t o  

0.88% and SRC s u l f u r  content  was unchanged w i t h  increas ing  hydrogen f l ow  ra te .  

As summarized i n  Table 42, a l l  f r a c t i o n s  showed on l y  minor changes i n  the  

elemental composit ion w i t h  hydrogen f l ow  ra te .  The simulated d i s t i l l a t i o n  o f  

o i l  f r a c t i o n s  obtained a t  two d i f f e r e n t  f l o w  ra tes  were a lso  very s i m i l a r ,  as 

shown i n  Figure 9. The d i s t r i b u t i o n  o f  n i t rogen  and oxygen compounds i n  the 



Table 41 

Sample No. 

Temperature, OF 

Pressure,  p s i g  

Residence Time, Min. 

Hydrogen T r e a t  Rate, MSCF/T 

~ f f e c t  o f  Hydrogen Flow Rate on 

L i q u e f a c t i o n  o f  E lkhorn  #2 Coal 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 

CO, co2 

NH3 
O i  1 s 

Asphal tenes 

Preasphal tenes 

I . O . M .  

Water 

Conversion, wt.  % MAF Coal 

Hydrogen Consumption, wt.% MAF Coal 

T o t a l  0.53 

From Gas 0.44 

From So lven t  0.09 

SRC S u l f u r  0.55 

F i r s t  Order Rate Constant,  h r - I  

Ki 0.39 

K 
P 1.09 

( ) - nega t i ve  va lue  



Table 42 

E f f e c t  o f  Hydrogen Flow Rate on the  D i s t r i b u t i o n  o f  Elements i n  the  

Solubi 1  i t y  Fract ions from L iquefac t ion  o f  El  khorn #2 Coal 

Sample No. 

Temperature, OF 

Hydrogen Treat  Rate, MSCF/T 

O i l  F rac t ion ,  w t . %  

C 

H 

0  

Asphal tene Frac t ion ,  w t . %  

C 

H 

0  

N 

S 

Preasphal tene Frac t ion ,  w t .%  



FIGURE 9 
EFFECT OF HYDROGEN FLOW RATE ON 

SIMULATED DISTILLATION OF OIL FRACTIONS 
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Table 43 

D i s t r i b u t i o n  o f  N i t r ogen  and Oxygen Compounds i n  . 

t h e  O i l  F rac t i ons  Obtained a t  Two D i f f e r e n t  Hydrogen Flow Rates 

Sample No. 

Temperature, OF 

Hz Flow Rate, MSCF/T 

To ta l  N i t rogen ,  wt.% 

To ta l  Oxygen, wt.% 

N i t rogen  D i s t r i b u t i o n ,  wt.% 

Abs. l Re1 . 2  

N as N 0.27 40.9 

Oxygen D i s t r i b u t i o n ,  wt.% 

Abs. Re1 . 
0  as 0  1.14 63.7 

0  as OH 0.65 36.3 

Abs. Re1 . 

Abs. Re1 . 
1.02 60.0 

0.68 40.0 

Abs. - Absolute 

Rel. - R e l a t i v e  

Not Determined 



Table 44 

D i s t r i b u t i o n  o f  Protons i n  the  O i l  F rac t ions  

Obtained a t  Two D i f f e r e n t  Hydrogen Flow Rates 

Sample No. 31-139 31-149 

H2 Flow Rate, MSCF/T 19.9 38.3 

Tota l  Hydrogen, w t  .% 7.2 7.3 

Proton D i s t r i b u t i o n ,  % 

Abs. l - Rel-. - Abs. Re1 . 

H~~ 3.38 46.9 3.31 45.3 

Ha 2.01 27.9 2.10 28.7 

Hn 1.81 25.2 1.89 26.0 

Abs. - Absolute 

Rel. - Re la t ive  

Table 45 

Var ia t i on  o f  Brown-Ladner S t ruc tu ra l  Parameters f o r  

O i l  Fract ions Obtained a t  Two D i f f e r e n t  Hydrogen Flow Rates 

Sample No. 31-139 31- 149 

H2 Flow Rate, MSCF/T 19.9 38.3 



Both samples o f  P i t tsburgh #8 (CPDU-131 and CPDU-131A) c o l  l e c t e d  from Belmont 

p County were from the  same seam b u t  from two d i f f e r e n t  mines. The CPDU-131 had 

a  h igher  concentrat ion o f  ash than CPDU-131A, wh i l e  t he  t o t a l  p y r i t i c  p l u s  

organic s u l f u r  content o f  the CPDU-131A was h igher  than t h a t  o f  the  CPDU-131. 

Product Work-Up - I n  .the study w i t h  the  Ohio coals the  product  s l u r r i e s  from 

the  coal l i q u e f a c t i o n  experiments were vacuum d i s t i l l e d  t o  recover the  IBP-450°F 

( cu t  #1) and 450-780°F ( cu t  #2) so l ven t - f rac t i ons .  The bottom products, which 

consis ted o f  SRC, i nso lub le  organic mater ia l  and mineral mat ter ,  were mixed 

w i t h  py r i d ine ,  heated and f i l t e r e d  t o  separate the  p y r i d i n e  solubles and 

insolubles.  The p y r i d i n e  solubles were vacuum-disti 1  l e d  t o  remove p y r i d i n e  

and recover s o l i d  SRC, and the  p y r i d i n e  inso lub les  were washed w i t h  methylene 

ch lo r i de  and d r i e d  i n  an i n e r t  atmosphere. The vacuum d i s t i l l a t i o n s  were 

e s s e n t i a l l y  s ing le -p la te  f lashes,  s ince a  Vigreux column equ iva len t  t o  no more 

than two t h e o r e t i c a l  p l a t e s  was used t o  achieve adequate r e f l u x .  D i s t i l l a t e  

cu ts  overlapped each o ther  i n  b o i l i n g  p o i n t  range t o  a  s i g n i f i c a n t  degree. 
' 

The b o i l i n g  p o i n t  d i s t r i b u t i o n  o f  one o f  the  samples, as determined by GC- 

s imulated d i s t i l l a t i o n ,  i s  shown i n  F igure 10. Note t h a t  c u t  # 1  contained 

16 w t  % mater ia l  b o i l i n g  above 450°F and c u t  #2 contained 6  w t  % mater ia l  

bo i  1  i n g  below 450°F. 

A ser ious d i f f i c u l t y  w i t h  the labora tory  d i s t i l l a t i o n  was the  i r rep roduc i -  

b i l i t y  o f  the  780°F end po in t .  Although an 850°F end p o i n t  was the t a r g e t  i n  

the  labora tory  batch d i s t i l l a t i o n ,  780°F was the  maximum end p o i n t  t h a t  cou ld  

be achieved. Even t h i s  end p o i n t  could no t  be reached cons i s ten t l y .  The 

d i s t i l l a t i o n  work-up procedure was used on ly  f o r  the  l i q u e f a c t i o n  o f  Ohio coal 

samples. 

The GC-simulated d i s t i l l a t i o n  procedure was used t o  determine the  b o i l i n g  

p o i n t  d i s t r i b u t i o n  f o r  the  d i s t i l l a t e  l i q u i d ,  so t h a t  the  y i e l d  o f  a standard 

450-740°F sol  vent f r a c t i o n  could be mathematical l y  determined. Since 74g°F 

was the minimum end p o i n t  achieved by one sample, an end p o i n t  o f  740°F was 

selected f o r  c a l c u l a t i o n  purposes. 

Coal L iquefac t ion  Experiments - A summary o f  the  sample numbers and process 

cond i t ions  used f o r  t he  l i q u e f a c t i o n  o f  Ohio coals i s  given i n  Table 46. 

FOB #3 solvent  was used f o r  th ree  coal samples and FOB #4 f o r  the  f o u r t h  one. 
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Table 46 

Summary o f  Process Condit ions f o r  L ique fac t i on  o f  Ohio Coa'ls 
:. . ' 

! '. 
; '., .. ' .. , 

Hydrogen . ..  i.;. ' ;;' 
! . : ,.is: 

Pressure, Time, Sol vent/Coal Feed Rate, . p !, ..:.... ...,:.... : . .  .: . 
.. . .. ';'. -2.; . 
, . . .. . . .. . 

Sample No. Coal . Sol vent  Temperature, O F  p s i g  - M i  n. By Weight MSCF/T , . ,. := .... :. . . 
. . 

... , .. 

28-84 C l a r i o n  #4A FOB #3 850 2000 36 70/30 19.60 

CPDU- 132 

C l a r i o n  #4A FOB #3 

CPDU- 12BA 

28-110 P i  t tsbuvgh #8 FOB #3 850 2000 . 37 70/30 20.82 

CPDU- 131 

28- 123 ,P i t tsburgh '#8 FOB #4 

CPDU- 131 A 



The p roduc t  s l u r r y  f rom the  coa l  l i q u e f a c t i o n  experiments was separated i n t o  

t h e  f o l l o w i n g  f r a c t i o n s  by t h e  vacuum d i s t i l l a t i o n  and GC-simulated d i s t i l l a t i o n  

data:  

IBP-420°F L i g h t  o i l  

420-450°F L i g h t  so l ven t  

450-740°F Process so l ven t  

740°F + S RC 

Pyridine-insoluble-residue 

Complete a n a l y t i c a l  and work-up da ta  f o r  t h e  Ohio coa ls  a re  presented i n  

Appendix D. The p roduc t  d i s t r i b u t i o n  based on vacuum d i s t i l l a t i o n  and 

GC-simulated d i s t i l l a t i o n  was c a l c u l a t e d  and i s  discussed below. 

B o i l i n g  P o i n t  D i s t r i b u t i o n  o f  Feed and Product L i qu ids  - The o r i g i n a l  so l ven t s  

(FOB #3 and FOB #4) and t he  vacuum d i s t i l l a t i o n  f r a c t i o n s  ( cu t s  #1 and #2) 

f rom t h e  p roduc t  were mathematical l y  subdiv ided i n t o  IBP t o  minus 420°F, 

420-450°F and 450-740°F f r a c t i o n s  based on GC-simul a ted  d i  s t i  11 a t i o n  data. 

The d i s t r i b u t i o n  o f  o r i g i n a l  so l ven t  i n t o  var ious  b o i l i n g  cu t s  i s  c a l c u l a t e d  

and presented i n  Table 47. The GC-simulated d i s t i l l a t i o n  da ta  o f  t h e  coal  

l i q u e f a c t i o n  products  ( cu t s  # 1  and #2) a re  shown i n  Table 48. The d i s t r i b u t i o n  

o f  d i s t i l l a t i o n  cu t s  i n t o  var ious  b o i l i n g  p o i n t  ranges i s  c a l c u l a t e d  from 

GC-simulated d i s t i l l a t i o n  da ta  and i s  shown i n  Table 49. 

L i que fac t i on  o f  C l a r i o n  #4A Coal - The conversions o f  t h e  two C l a r i o n  #4A 

coa ls  were s i m i l a r  a t  t h e  same r e a c t i o n  cond i t i ons  (Table 50): The d i s t i l l a t e  

IBP-740°F was h igher  f o r  t he  h i ghe r  ash sample (CPDU-128A) than  CPDU-132. The 

CPDU-128A sample (high-ash) showed a  s i g n i f i c a n t  l o s s  i n  t he  420-450°F f r a c t i o n  

compared w i t h  t h e  CPDU-132 (low-ash) sample. Al though no l o s s  i n  process 

so l ven t  was observed w i t h  t he  CPDU-128A sample, an 11.0% l o s s  i n  process 

so l ven t  was noted w i t h  t h e  CPDU-132 sample. Th is  l o s s  i n  so l ven t  was r e f l e c t e d  

i n  h igher  SRC p roduc t i on  (Table 50) compared w i t h  t he  CPDU-128A coa l .  The 

p roduc t i on  o f  HC gases and l i g h t  o i l  (IBP-420°F) was i d e n t i c a l  f o r  bo th  samples. 

Hydrogen consumption was a l so  i d e n t i c a l  i n  bo th  t he  cases and s l i g h t l y  lower  

SRC s u l f u r  was noted f o r  the  CPDU-128A coal  sample. 



Table 47 

D i s t i l l a t i o n  D i s t r i b u t i o n  o f  O r i g i n a l  Solvents  f o r  L i que fac t i on  o f  Ohio Coals 

I .  B. P. -420°F 

420-450°F 

450- 740°F 

740' F+' 

To ta l  

Weight % 

FOB #3 FOB #4 

1.0 0.0 

Table 48 

GC-Simulated D i s t i l l a t i o n  Data f o r  Products from L i q u e f a c t i o n  o f  Ohio Coals 

wt.% D i s t i l l e d  Temperature OF 

28-84 28-96 28- 110 28-123 

Cut # 1  Cut #2 Cut # 1  Cut #2 Cut # 1  Cut #2 Cut # 1  Cut #2 -- -- -- -- 
244 423 274 435 247 423 244 433 

306 447 341 455 326 450 294 493 



Table 49 

D i s t i l l a t i o n  D i s t r i b u t i o n  o f  Products 

f rom L ique fac t i on  o f  Ohio Coals 

wt.% 

28-84 28-96 28-110 28-123 

Cut #1 Cut #2 Cut # 1  Cut #2 Cut # 1  Cut #2 Cut # 1  Cut #2 -- -- -- 
I .  B. P. -420°F 66.0 0.0 57.0 0.0 59.0 0.. 0 70.0 0.0 

420-450°F 18.0 6.0 21.0 4.0 20.0 5.0 18.0 2.0 

450-740°F 16.0 91.0 22.0 96.0 21.0 93.0 12.0 93.0 

740°F+ 0.0 3.0 0.0 0.0 0.0 2.0 0.0 5.0 - - - - - - - - 
Tota l  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 



Table 50 

Product D i s t r i b u t i o n  from L ique fac t i on  a f  Ohio Coals 

C l a r i o n  #4A Coal P i t t s b u r g h  #8 Coal 

28-84 28- 96 S3mple No. 29-110 28- 123 

Coal CPDU- 132 CPDU- 128A CPDU- 1 31 CPDU-131A 
Feed Composi t i jon 70% Solvent  + 30% Coal 70% Solvent  + 30% Coal 
Temperature, O F  850 850 850 850 
Solvent  F.0.B #3 F.O.B. #3 F.O.B. #3 , F.0.B #4 
Pressure, p s i g  2000 2000 2000 2000 
Time, Min. 3 6 3 7 3 7 37 
H Flow Rate, IMSCF/T 19.6 20.3 20.8 20.0 
~ F o d u c t  D i s t r i b u t i o n ,  wt.% MAF 

HC 4.0 3.7 2.8 3.3 
CO, C02 1 .0  1.1 0.7 0.7 

1.7 2.2 2.6 2.4 

NH3 0.0 0 . 1  0.3 0.4 

I. B. P. -740°F 0.2 5.3 16.0 7.7 
I. B. P. -420°F 11.6 11.0 10.8 10.3 
420-450°F (0 .4 ) l  (6.1) (1.7) 7.7 
450- 740°F (11.0) 0.4 6.9 (10.3) 
740°F + SRC 81.2 71.3 66.9 75.9 
I .O .M.  11.1 12.4 7.0 6.8 
Water 0.8 3.9 2.8 

Conversion, w t . %  MAF Coal 88.9 87.6 93.0 93.2 

SRC S u l f u r ,  % 1.1 0.93 1.42 1.94 

Hz Consumption, % MAF Coal 1.07 1.06 1.12 1.52 

( ) - negat ive number 



S i m i l a r  hydrogen con ten t  was observed i n  a l l  t h r e e  f r a c t i o n s  ob ta ined  from t h e  

two coa l  samples (Table 51). No d i f f e r e n c e s  were noted i n  t h e  n i t r ogen ,  

oxygen and s u l f u r  contents  o f  c u t s  #1 and #2. However, some d i f f e rences  i n  

t h e  n i t r o g e n  and oxygen contents  were noted i n  SRC ob ta ined  from t h e  two coal  

samples. The hydrogen con ten t  and p ro ton  d i s t r i b u t i o n  o f  t h e  process so l ven t  

( c u t  #2) ob ta ined  w i t h  t h e  coa l  samples were very  s i m i l a r  t o  t h a t  o f  s t a r t i n g  

so lven t ,  as shown i n  Table 52. 

Pet rographic  ana l ys i s  showed t h a t  t he  CPDU-128A sample had s l i g h t l y  h i ghe r  

r e a c t i v e  maceral con ten t  ( v i t r i n i t e  and e x i n i t e )  compared w i t h  t h e  CPDU-132 

sample, i . e . ,  92.5% and 91.4%, respec t i ve l y .  The f u s i n i t e  con ten t  i n  t h e  

CPDU-128A and CPDU-132 coal  samples was 7.5 and 8.6%, respec t i ve l y .  The 

d i f f e r e n c e s  between t h e  r e a c t i v e  maceral and f u s i n i t e  contents  o f  and t h e  two 

coa l  samples were n o t  g rea t  enough t o  cause any major v a r i a t i o n  i n  t h e  convers ion 

o f  t h e  two coa l  samples, as shown i n  Table 50. F i n a l l y ,  f rom .the a v a i l a b l e  

da ta  i t  can be concluded t h a t  lower  p y r i t e  and minera l  mat te r  c o n t a i n i n g  

sample y i e l d e d  lower p roduc t i on  o f  process so lvent .  However i t  i s  n o t  c e r t a i n  

whether t he  l o s s  i n  process so l ven t  was due t o  t h e  d i f f e r e n c e s  i n  p y r i t e  o r  

m i  ne ra l  mat te r .  

L i q u e f a c t i o n  o f  P i t t s b u r g h  #8 Coal - The conversions o f  P i t t s b u r g h  #8 coa ls  

were i d e n t i c a l  as was t h e  p roduc t i on  o f  t h e  IBP-420°F f r a c t i o n  (Table 50). 

The p roduc t i on  o f  hydrocarbon gases was a l s o  s i m i l a r  w i t h  bo th  coals .  Major 

d i f f e r e n c e s  were noted i n  t h e  p roduc t i on  o f  420-450°F, 450-740°F and SRC. 

Both SRC and SRC s u l f u r  con ten t  were h i ghe r  i n  t h e  h i g h - s u l f u r  c o n t a i n i n g  

sample (CPDU-131A). The CPDU-131A coal  showed n e t  l o s s  o f  10.3% process 

so l ven t  (450-740°F) w h i l e  t he  CPDU-131 showed a ga in  o f  6.9%. A n e t  g a i n  o f  

7.7% l i g h t  so l ven t  (420-450°F) was noted w i t h  t h e  CPDU-131A, whereas a n e t  

l o s s  o f  1.7% occurred w i t h  t h e  CPDU-131 sample. Combining t he  l i g h t  so l ven t  

(420-450°F) and process so l ven t  (450-740°F) gave a n e t  l o s s  o f  2.6% so l ven t  

w i t h  t h e  h i  gh-sul f u r  con ta i  n i  ng sampl e  (CPDU- 131 A) and a, n e t  ga i  n  o f  5.2% 

so l ven t  w i t h  t h e  CPDU-131A. The two samples had almost s i m i l a r  ash contents ,  

b u t  t h e  CPDU-131 had a s l i g h t l y  h igher  p y r i t e  content .  It i s  n o t  c l e a r  whether 

t h i s  d i f f e r e n c e  i s  due t o  m inera l  contents  o r  t o  t h e  use o f  two d i f f e r e n t  

process so lvents .  Hydrogen consumption was h igher  w i t h  t h e  CPDU-131A than  

wi th '  t he  CPDU-131. The pe.l;r.riyrapliic ana l ys i s  diseussed e a r l i e r  showed t h a t  

t he  CPDU-131 con ta ined  s l  i g h t l y  h i ghe r  amounts o f  r e a c t i v e  maceral s  ( v i  tri n i  t e  



Table 51 

Sample No. 

Coal 

Cut # I ,  W t . %  

C 

H 

0  

N 

S 

Cut #2, W t . %  

SRC, W t . %  

Elemental D i s t r i b u t i o n  i n  the  D i s t i l l a t i o n  

Frac t ions  from L ique fac t i on  Product o f  Ohio Coals 

C l a r i o n  #4A . P i t t sbu rgh  #8 

CPDU- 132 CPDU- 128A CPDU- 131 CPDU- 131 A 



Table 52 

S a w ~ l e  No. 

Coa 1 

Sol ven t  

To ta l  H ,  wt.% 

Absolute 

Re la t i ve  

H~~ 

Ha " 0 

D i s t r i b u t i o n  o f  Protons i n  t h e  Recycle Solvent  

Obtained By L ique fac t i on  o f  Ohio Coals 

FOB Pt3 28-84 28- 96 FOB #3 28-110 

C l a r i o n  #4A P i t t s b u r g h  #8 
- - CPDU- 132 CPDU- 1 28A - - CPDU- 131 
- - Cut #2 Cut #2 - - Cut #2 

. 7.20 7.16 7.26 7.20 7.21 

FOB #4 28- 123 

P i t t s b u r g h  #8 
- - CPDU-131A 
- - Cut #2 

7.64 - - 



and e x i n i t e )  than t h e  CPDU-131A, i. e. , 92.0% and 90,5%, respec t i ve l y .  The 

d i f f e rence  i n  t h e  r e a c t i v e  maceral contents  o f  t h e  two coal  samples was, i n  

f a c t ,  n o t  g r e a t  enough t o  cause any s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  convers ion 

of these two coal  samples (Table 50). 

The d i s t r i b u t i o n  o f  elements i n  t h e  var ious  f r a c t i o n s  summarized i n  Table 51 

showed no major d i f f e rences .  The d i s t r i b u t i o n  o f  p ro tons  i n  t h e  o r i g i n a l  

so l ven t  and c u t  #2 showed no d i f fe , rences (Table 52). 

From these r e s u l t s  i t  can be concluded t h a t  P i t t s b u r g h  #8 coa l  ob ta ined  from 

two d i f f e r e n t  mines y i e l d e d  s i m i l a r  convers ion o f  coa l  and p roduc t i on  o f  

hydrocarbon gases and l i g h t  o i l .  However, these coa ls  showed a r e l a t i v e l y  

d i f f e r e n t  p roduc t i on  o f  420-450°F, 450-740°F, and SRC. The SRC s u l f u r  con ten t  

f o r  bo th  coal  samples was unusua l l y  h igh,  i. e, 1 .4  t o  1.9% compared w i t h  1.0% 

f o r  many o the r  coa l s  s tud ied.  More work i s  needed t o  understand t h e  reason 

f o r  t h e  h i gh  SRC s u l f u r  con ten t  and t o  eva lua te  o t h e r  ways o f  reduc ing  it. 

The d i f f e r e n c e s  i n  t h e  l i q u e f a c t i o n  behavior  o f  t h e  P i t t s b u r g h  #8 coal  cou ld  

be a t t r i b u t e d  t o  t h e  use o f  d i f f e r e n t  so lven ts  f o r  t h e  l i q u e f a c t i o n  process. 

CATALYTIC EFFECT OF MINERALS AND METALLIC WASTES 

Dur ing severa l  CPDU runs, bo th  so l ven t  hydrogenat ion and coa l  l i q u e f a c t i o n  

experiments were c a r r i e d  ou t  us ing  var ious  minera ls  and m e t a l l i c  wastes t o  

e s t a b l i s h  t h e i r  c a t a l y t i c  a c t i v i t y  i n  coa l  convers ion reac t ions .  Complete 

a n a l y t i c a l  and work-up da ta  f o r  a l l  samples c o l l e c t e d  du r i ng  t h e  runs a r e  

presented i n  Appendix D. The r e s u l t s  a re  discussed below. 

Solvent  Hydrogenat ion Ca ta l ys i s  

The hydrogenat ion o f  process so l ven t  was s tud ied  i n  t h e  absence o f  c a t a l y s t  

and i n  t h e  presence o f  p y r i t e ,  z i n c  s u l f i d e ,  s p e c u l i t e ,  r e d  mud, and f l u e  dus t  

t o  assess t h e  c a t a l y t i c  a c t i v i t y  o f  the' d i f f e r e n t  m inera l  add i t i ves .  The 

chemist ry  o f  t r ans fo rma t i on  o f  t h e  above minera ls  and m e t a l l i c  wastes d u r i n g  

hydrogenat ion o f  process so l ven t  was a l s o  s tud ied.  Table 53 summarizes t he  

process cond i t i ons  and p roduc t  d i s t r i b u t i o n  f o r  t he  hydrogenat ion o f  process 

so l ven t  runs w i t h  d i f f e r e n t  m inera ls  and m e t a l l i c  wastes. The f i r s t  column o f  



Table 53 

Sample No. 

Feed Composit ion 

Temperature, 'F 

Product D i s t r i b u t i o n  f o r  SRC-I1 Heavy D i s t i l l a t e  

Process Solvent  Hydrogenation Runs 

FOB #11 

O r i g i n a l  

Sol ven t  

Pressure, p s i g  - - 
Hydrogen T rea t  Rate, 

W t . %  Sol ven t  

React ion Time, Min. - - 
Product D i s t r i b u t i o n ,  W t . %  

H C - - 
co, co* 

NH3 
O i  1 s 

Asphaltenes 

Preasphal tenes 0.4 

I n s o l u b l e  Organic Ma te r i a l  0.8 

Water - - 

Hydrogen ConsumptSon, 

100% So lven t  

31-24 

90% So lven t  + 

10% P y r i t e  

850. 

2000 

31 -34 

90%. So lven t  + 

10% ZnS 

850 

2000 

W t . %  So lvent  



Table 53 

(cont inued) 

Sample No. 31 -45 

Feed Composit ion 90% Solvent  + 

10% Specul i t e  

Temperature, O F  850 

Pressure, p s i g  2000 

Hydrogen T rea t  Rate, 

W t . %  So lvent  1.44 

React ion Time, Min. 4 1 

Product D i s t r i b u t i o n ,  W t . %  

H C 0.8 

co, co* 0.0 

M2S 0.0 

NH3 0.0 

O i  1 s 95.2 

Asphal tenes 2.5 

Preasphal tenes 0.5 

I n s o l u b l e  Organic Ma te r i a l  0.4 

Water 0.5 

Hydrogen Consumption, 

W t . %  So lvent  

31 -55 

90% Solvent  + 

10% Red Mud 

850 

2000 

31-66 

90% Solvent  + 

10% F lue  Dust 

850 

2000 



Table 53 presents  t h e  ana lys is  o f  t h e  o r i g i n a l  ( s t a r t i n g )  so lven t ,  and t h e  

o the r  s i x  columns p resen t  t he  p roduc t  d i s t r i b u t i o n  f o r  hydrogenat ion o f  process 

s o l  ven t  i n  t h e  presence and absence o f  va r ious  add i t i ves .  

The composit ion o f  t h e  o r i g i n a l  so l ven t  shows a  s i z a b l e  f r a c t i o n  o f  pentane- 

i n s o l u b l e  asphaltenes, which a re  d i s t i l l a t e  ma te r i a l s .  The i n s o l u b i l i t y  

cannot be a t t r i b u t e d  t o  chemical s i m i l a r i t y  t o  t y p i c a l  coa l -der i ved  asphaltene 

ma te r i a l s ,  s ince  these m a t e r i a l s  a re  t y p i c a l l y  n o t  d i s t i l l a b l e .  The ac tua l  

chemical composi t i o n  and re1 a t i o n s h i p  t o  t h e  t y p i c a l  coa l -der i ved  asphal tenes 

i s  s t i l l  uncer ta in ,  a l though p r e v i o u s l y  i t  was suggested t h a t  these m a t e r i a l s  

be termed asphal tene-der ived o i l s ,  suggest ing they  a r e  e a s i l y  so lub le  i n  

heptane o r  heav ie r  p a r a f f i n i c  so lvents .  However, t h e  c l a s s i f i c a t i o n  o f  these 

m a t e r i a l s  as t y p i c a l  asphaltenes i s  n o t  i n c o n s i s t e n t  w i t h  t h e  behavior  observed 

f o r  a l l  asphaltenes generated d u r i n g  t h i s  study. 

The t reatment  o f  t h i s  process so l ven t  i n  t h e  absence o f  any minera l  a d d i t i v e  

r e s u l t e d  i n  o n l y  a  very  s l i g h t  s h i f t  i n  p roduc t  d i s t r i b u t i o n .  Other than t h e  

e a s i l y  recognizable hydrocarbon gas make, t h e  s h i f t  i n  t h e  p roduc t  d i s t r i b u t i o n  

was w e l l  w i t h i n  t h e  range o f  exper imental  e r r o r .  A hydrogen consumption o f  

0.24 wt% o f  so l ven t  based on elemental  hydrogen balance was noted, which was 

p r i m a r i l y  due t o  t he  p roduc t ion  o f  hydrocarbon gases and water. No s i g n i f i c a n t  

d i f f e rences  were noted i n  t he  d i s t r i b u t i o n  o f  elements, shown i n  Table 54, 

be fo re  and a f t e r  t he  reac t i on .  

As w i l l  become ev iden t  from t h e  ex tens ive  da ta  developed i n  t h i s  program, 

so l ven t  hydrogenat ion o r  dehydrogenation very  r e a d i l y  occurs dur5ng the 1lque- 

f a c t i o n  reac t i on .  The seeming i n a c t i v i t y  o f  these so lven ts  t o  change i n  t he  

presence o f  hydrogen gas and t h e  absence o f  coal  suggest t h a t  t h e  presence o f  

coal  g r e a t l y  a f f e c t s  so l ven t  i n t e r a c t i o n  w i t h  t he  gaseous hydrogen. That 

these runs were made i n  a  w e l l - s t i r r e d ,  h i g h l y  t u r b u l e n t  r e a c t o r  system r e f l e c t s  

t h e  i nhe ren t  r o l e  o f  t h e  coal  o r  i t s  c o n s t i t u e n t s  i n  t h e  o v e r a l l  convers ion 

process r a t h e r  than t h e  l a c k  o f  adequate mass transfer e f f e c t s .  

P y r i t e  - The r o l e  o f  p y r i t e  (FeS2) as a  hydrogenat ion c a t a l y s t  has never been 

p r e c i s e l y  def ined.  Reference t o  t h e  p r o p e r t i e s  o f  t h i s  m a t e r i a l  and i t s  use 

as a  c a t a l y s t  i n  va r ious  hydrogenat ion systems has appeared i n  t h e  l i t e r a t u r e .  



Sample No. 

A d d i t i v e  

Table 54 

D i s t r i b u t i o n  o f  Elements i n  t h e  Various F r a c t i o n  

from the  Process Solvent  Hydrogenat ion Runs 

FOB #11 - 31-10 - 31-24 31-34 31 -45 31-55 31 -66 

O r i g i n a l  None P y r i t e  ZnS Specul i t e  Red. Mud F lue  Dust 

Solvent  

O i l  F rac t i on ,  W t . %  

C 89.7 89.5 89.5 89.7 89.2 89.6 89.5 

H 7.2 7.3 7.5 7.5 7.4 7.4 7.4 

0 1.4 1.6 1.3 1.5 2.0 1.5 1.5 

N 1.1 0.9 1.0 0.7 0.8 0.9 1.0 

S 0.6 0.7 0.7 0.6 , 0.6 0.6 ' 0.6 

Asphal tene F rac t i on ,  W t .  % 

C ND1 87.1 87.1 87.5 86.5 85.0 85.2 

H N D 6.4 6.5 6.6 6.2 6.1 6.3 

0 N D 3.9 3.8 3.2 4.8 5.5 5.1 

N N D 2.1 2.1 2.2 2.2 3.0 3.0 

S N D 0.5 0.5 0.5 0.3 0.4 0.4 

Not determined because o f  smal l  sample s i z e  



To b e t t e r  de f ine  the  i n t r i n s i c  a c t i v i t y  of. p y r i t e  i n  l i q u e f a c t i o n ,  a  d e f i n i t e  

examination o f  i t s  a c t i v i t y  i n  the  hydrogenation o f  so lvent  was necessary. 

The major change was the  formation o f  0.4 w t %  hydrogen s u l f i d e  from reduct ion  

of p y r i t e  t o  p y r r h o t i t e .  No change was noted i n  the  o i l s  concentrat ion, wh i l e  

the  asphaltenes decreased s i g n i f i c a n t l y  from 5 t o  1.6%. The hydrogen consumption 

based on elemental hydrogen balance was 0.42 wt% o f  so lvent  compared w i t h  0.24 

w t %  f o r  the  no-addi t ive run. Most o f  the  increased hydrogen consumption w i t h  

p y r i t e  present,  namely 0.13 wt%, was due t o  the  reduct ion  o f  p y r i t e  t o  p y r r h o t i t e .  

Complete reduct ion  o f  p y r i t e  dur ing  the  hydrogenation reac t i on  was assumed i n  

c a l c u l a t i n g  hydrogen consumption. This  assumption was cons is ten t  w i t h  the  

X-ray d i f f r a c t i o n  ana lys is  which showed the  format ion o f  p y r r h o t i t e  FeS1.085 

dur ing  the  reac t ion .  The d i s t r i b u t i o n  o f  elements i n  t he  o i l s  and asphaltenes 

given i n  Table 54 showed an increase i n  hydrogen content  o f  o i l s  when p y r i t e  

was present. No s i g n i f i c a n t  changes were noted i n  the  d i s t r i b u t i o n  o f  elements 

i n  asphaltenes w i t h  o r  w i thout  p y r i t e .  

The continuous a d d i t i o n  o f  p y r i t e  t o  the  reac to r  i n , t h e  presence o f  process 

solvents enabled a  considerable amount o f  the  p y r r h o t i t e  formed t o  be i so la ted ,  

washed, and d r i e d  f o r  eva lua t ion  i n  subsequent coal l i q u e f a c t i o n  run. I n i t i a l  

t e s t i n g  was done i n  the  tub ing  bomb; l a t e r  continuous process runs were made 

using t h i s  mater ia l .  Those r e s u l t s  w i l l  be repor ted below. 

Zinc S u l f i d e  - The a d d i t i o n  o f  z inc  s u l f i d e  (Table 12) t o  the  process solvent  

hydrogenation reac t i on  d i d  no t  r e s u l t  i n  any marked improvement over the  

no-addi t ive run. Hydrogen consumption was a l so  very s i m i l a r  t o  t h a t  o f  the 

no-addi t ive run. Table 55 shows the  X-ray d i f f r a c t i o n  ana lys is  o f  the  mineral 

sample before the  reac t i on  contained ZnS and FeS (spha ler i te - type s t ruc ture) .  

The sample analyzed a f t e r  the reac t i on  (see Table 55) showed on ly  minor changes. 

A s l i g h t  s h i f t  i n  FeS spha ler i te - type s t r u c t u r e  t o  a  pyrrhotite/troilite-type 

s t ruc tu re  was observed. Analysis o f  ' the reac t i on  products showed t h a t  t he  

hydrogen contents i n  t he  o i l  f r a c t i o n  were h igher  than w i thout  an add i t i ve .  

Hydroca.rbon gas make was the same as i n  the  thermal treatment o f  the  solvent  

alone. Hydrogen consumption was mainly due t o  the  hydrogen gas make. 



Table 55 

X-Ray D i f f r a c t i o n  Analys is  o f  t he  Minera ls  and M e t a l l i c  Wastes 

Before and A f t e r  t he  Solvent  Hydrogenation Reactions 

Or ig ina l  M i  nera l  s  Analys is  o f  Minera ls  o r  
Add i t i ve  Phase o r  M e t a l l i c  Wastes M e t a l l i c  Wastes A f t e r  React ion 

P y r i t e  Major P y r i t e  (FeS2) Ph r rho t i  t e  (FeS1. 085) 

Minor Marcasite,  Fe304, Quar tz  Quar tz  

Zinc S u l f i d e  Major ZnS, FeS ZnS, FeS 

(spha le r i t e  type s t ruc tu re )  ( s p h a l e r i t e  type  s t r u c t u r e ) .  

M i  nor P y r r h o t i t e / T r o i l i t e  

Specul i t e  Major FeZ03 

M i  nor S i  1  i ca, Quar tz  

FeS ( s p h a l e r i t e  type) ,  

Fe304, Fe 

S i l i c a ,  Quar tz  

Red Mud Major Fe203 Fe304 
Minor Quartz ,  CaC03, A1203 CaC03, FeS (sphal e r i  t e  type),  

Quar tz ,  Fe, Fez03 

Flue Dust Major Fe304, NiFe204, FeCr204 Fe304, NiFez04, FeCr204 

Minor FeS, ZnS FeS, ZnS 

(spha le r i t e  type s t ruc tu re )  ( s p h a l e r i t e  type s t ruc tu re )  



Specu l i t e  - I n  a d d i t i o n  t o  t h e  many p y r i t i c  and reduced p y r i t e  samples, severa l  

d i f f e r e n t  i r o n  m a t e r i a l s  were used i n  t h i s  program, i . e. , i r o n  as ores, as 

pigment, and as components i n  waste ma te r i a l s .  Specu l i t e  i s  a  r a t h e r  pure 

minera l  t h a t  con ta ins  95% Fe20g (Table 8). Because o f  i t s  c r y s t a l l i n e  form, 

i t i s  used i n  pigment app l i ca t i ons .  

Solvent  hydrogenat ion by t h e  a d d i t i o n  o f  s p e c u l i t e  t o  process so l ven t  gave 

r e s u l t s  ve ry  s i m i l a r  t o  t h e  thermal r e a c t i o n  alone. The o i l  concen t ra t ion  i n  

t he  r e s u l t i n g  p roduc t  l i q u i d  increased s l i g h t l y  from 93.4 t o  95.2%, w h i l e  

asphaltenes decreased from 5.0 t o  2.5%. No s i g n i f i c a n t  v a r i a t i o n  i n  gases 

p roduc t i on  was noted. Hydrogen consumption based on elemental  hydrogen balance, 

c a l c u l a t e d  t o  be 0.23%, was s i m i l a r  t o  t h a t  o f  t h e  no -add i t i ve  run. The X-ray 

d i f f r a c t i o n  ana l ys i s  presented i n  Table 55 i n d i c a t e d  t h a t  most o f  t h e  FepOj 

had t ransformed t o  FeS ( spha le r i t e - t ype  s t r u c t u r e ) ,  Feg04, and elemental  i r o n .  

Th is  t r ans fo rma t i on  should have r e s u l t e d  i n  increased water p roduc t i on  and 

hydrogen consumption, b u t  t he  da ta  i n  Table 52 were n o t  s u f f i c i e n t l y  s e n s i t i v e  

t o  show any such increase. The hydrogen and n i t r o g e n  contents  o f  o i l s  and 

asphal tenes generated w i t h  specul i t e  we're o n l y  s l  i g h t l y  d i f f e r e n t  from the  

base r u n  (Table 54). Also, s p e c u l i t e  a d d i t i o n  r e s u l t e d  i n  lower  s u l f u r  contents  

i n  bo th  t h e  o i l s  and asphaltenes. The reduc t i on  o f  s u l f u r  con ten t  i n d i c a t e d  

some d e s u l f u r i z a t i o n  a c t i v i t y  o f  specul i t e  through i t s  scrubbing o f  t he  s u l f u r  

generated from the  d e s u l f u r i z a t i o n  o f  process so lven t .  

Red Mud - This  i r o n - r i c h  waste i s  a  by-product o f  t h e  r e f i n i n g  o f  b a u x i t e  o re  

t o  produce aluminum. I n  t he  o r e - r e f i n i n g  process, c a u s t i c  i s  used t o  d i s s o l v e  

alumina hydrates which r e s u l t s  i n  separa t ion  o f  t h e  aluminum from i m p u r i t i e s .  

The i m p u r i t i e s  a re  then decanted o r  separated from t h e  s o l u b i l i z e d  ma te r i a l .  

These waste muds, r e f e r r e d  t o  as r e d  mud because o f  t h e  i r o n  p resen t  i n  t he  

ore,  w i l l  c o n t a i n  va ry i ng  amounts o f  r es i dua l  c a u s t i c  which r e s u l t s  i n  waste 

m a t e r i a l s  t h a t  a re  bas ic  i n  nature.  Dur ing t h e  ope ra t i on  o f  t h e i r  l i q u e f a c t i o n  

f a c i l i t i e s  from 1930-1940, t he  Germans success fu l l y  used r e d  mud as a  c a t a l y s t .  

Because o f  i nhe ren t  d i f f e r e n c e s  i n  r e d  muds and coa ls  f rom t h e  U.S. and Germany, 

an examinat ion o f  r ed  mud generated i n  t h e  U.S. was deemed appropr ia te .  The 

composit ion o f  t he  r e d  mud used i n  t h i s  program i s  shown i n  Table 11. The 

a d d i t i o n  o f  r e d  mud t o  t h e  r e a c t i o n  m ix tu re  showed almost t h e  same a c t i v i t y  as 

t h a t  o f  specu l i t e ,  a l though t h e  concent ra t ion  o f  i r o n  ox ide  i n  t h e  same was 



much lower. On a d d i t i o n  o f  10% red  mud t o  the  reac t i on  mix ture  the  o i l s  

concentrat ion i n  the  t o t a l  product  l i q u i d  increased from 93.4 t o  95.1% and 

asphal tene concentrat ion decreased from 5.0 t o  1.6%. The product ion  o f  hydro- 

carbon gases and consumption o f  hydrogen w i t h  red  mud were s i m i l a r  t o  t h a t  

w i t h  specu l i t e  (Table 53), and e s s e n t i a l l y  the  same as the  thermal so lvent  run  

i n  terms o f  asphaltenes. 

The d i s t r i b u t i o n  o f  elements i n  the  o i l  and asphaltene f r a c t i o n s  was a l so  very 

s i m i l a r  t o  t h a t  w i t h  specu l i te ,  except t h a t  h igher  oxygen content  i n  asphaltenes 

was noted w i t h  red  mud. The X-ray d i f f r a c t i o n  ana lys is  shown i n  Table 55 

i nd i ca ted  t h a t  most o f  the  Fet03 was transformed t o  FeS, Fe304, and elemental 

i r on .  Once again, no-addi t ional  hydrogen gas was consumed due t o  the  reduct ion  

o f  Fe203 t o  Fe304 and elemental i ron .  

Flue Dust - Numerous samples o f  f l u e  dusts were evaluated dur ing  t h i s  program. 

The most promising r e s u l t s  were obtained w i t h  a  f l u e  dust  suppl ied by A i r  

Products, as shown i n  Table 10. This  ma te r i a l  was r i c h  i n  n i c k e l ,  chromium, 

and coba l t  i n  a d d i t i o n  t o  i r on ,  which was the  major metal present i n  t he  

sample. The a d d i t i o n  o f  t h i s  f l u e  dust t o  the  process solvent  y i e l d e d  h ighest  

f i n a l  o i l  concentrat ion among a l l  the  minera ls  and m e t a l l i c  wastes tested. 

The product ion o f  hydrocarbon gases was i d e n t i c a l  t o  t h a t  o f  the no-addi t ive 

run. O i l s  concentrat ion increased from 93.4 t o  96.8%, wh i l e  asphaltenes 

decreased from 5.0 t o  1.2%. The concentrat ions o f  preasphaltenes and i nso lub le  

organic mat ter  i n  the  sample were smal l ;  the  d i s t r i b u t i o n  o f  elements i n  the  

o i l s  and asphaltenes are shown i n  Table 54. The hydrogen consumption ca l cu la ted  

on the basis  o f  elemental hydrogen balance was 0.26%. X-ray d i f f r a c t i o n  

analys is  showed no change i n  the  chemical form o f  compounds present  i n  the  

f l u e  dust before and a f t e r  the  reac t ion .  

Product O i l s  - As seen i n  Table 56, simulated d i s t i l l a t i o n  showed t h a t  both 

the  f i n a l  b o i l i n g  p o i n t  and the  50% p o i n t  o f  the  o i l  f r a c t i o n  o f  the  o r i g i n a l  

so lvent  were always h igher  than those o f  o i l  f r a c t i o n s  o f  the  t r e a t e d  solvent.  

This t rend  could no t  be seen i n  the  number average molecular weight o f  d i f f e r e n t  

o i l  f r a c t i o n s  (see Table 54). The b o i l i n g  p o i n t  d i s t r i b u t i o n  o f  t he  o i l  

f r a c t i o n s  from the  runs us ing the d i f f e r e n t  ca ta l ys t s  were very s i m i l a r  except 

f o r  the  lower b o i l i n g  p o i n t  region; the  d i f fe rences i n  the lower reg ion  were 



Table 56 

Sample No. 

Addit ive 

Y i e l d ,  w t  % 

Simulated D i s t i l l a t i o n  o f  the O i l  Fractions 

from the Process Solvent Hydrogenation Runs 

FOB#11 31-10 31-24 31-34 31 -45 31-55 31 -66 

0. S.  None P y r i t e  ZnS Specul i t e  Red Mud Flue Dust 

Temperature, OF 

0.  S.  - Orig ina l  Solvent 



undoubtedly a  ' r e s u l t  o f  the a n a l y t i c a l  separat ion method, wherein d i f f e r e n t  

1  e'vel s  o f  t r ace  pentane (solvent  used f o r  so l  vent separat ion) .remained behind 

from the  solvent  separat ion procedure. 

The oxygen content  and the d i s t r i b u t i o n  o f  oxygen compounds as ethers and 

phenols were very s i m i l a r  f o r  a l l  the  o i l  f r a c t i o n s  except f o r  the  one. obta ined 

w i t h  specu l i t e  (Table 57). The d i f f e rence  i n  the  oxygen content  cou ld  be due 

t o  a n a l y t i c a l  e r ro r .  The n i t rogen content  and the  d i s t r i b u t i o n  o f  n i t rogen 

compounds were a l so  very s i m i l a r  i n  a l l  t he  o i l  f r a c t i o n s  except f o r  z inc  

s u l f i d e ;  lower n i t rogen content i n  t he  o i l  f r a c t i o n  was noted w i t h  ZnS. The 

reduct ion  i n  the  n i t rogen content was accompanied by an increase i n  ammonia 

product ion, al though the  t o t a l  amount o f  ammonia produced was s t i l l  l ess  than 

0.1% o f  solvent.  The d i f f e rence  i n  t he  n i t rogen  content  could be due t o  

a n a l y t i c a l  e r r o r .  

Table 58 shows the  t o t a l  hydrogen content and the d i s t r i b u t i o n  o f  protons as 

HAR, Ha, and H, i n  the  various o i l  f r ac t i ons .  S l i g h t l y  h igher  hydrogen content  

was noted i n  t he  generated o i  1  f r a c t i o n s  than i n  the  o r i g i n a l  solvent.  No 

s i g n i f i c a n t  d i f fe rences between the  generated o i l  f r a c t i o n s  and o r i g i n a l  

so lvent  were noted i n  t he  d i s t r i b u t i o n  o f  protons, t he  carbon a romat i c i t y  

(fa), degree o f  condensation (HAR/CAR), degree o f  aromatic r i n g  s u b s t i t u t i o n  

(o) and the  average r i n g  s ize  (Ra) as shown i n  Table 59. 

L iquefac t ion  Cata lys is  

Extensive research has been performed i n  the  f i e l d  o f  mineral  c a t a l y s i s  i n  

coal l i que fac t i on .  I t  has been speculated t h a t  mineral  mat ter  cata lyzes coal 

l i q u e f a c t i o n  reac t i on  by enhancing the  t r a n s f e r  o f  hydrogen from gas t o  

l i q u i d  phase and mainta in ing the  hydrogen donor c a p a b i l i t y  o f  t he  process 

solvent.  Solvent hydrogenation experiments w i t h  d i f f e r e n t  minera ls  and m e t a l l i c  

wastes discussed e a r l i e r  showed d e f i n i t e  improvement i n  hydrogen content  and 

hydrogen donor c a p a b i l i t y  o f  process solvent.  Asphaltenes conversion, however, 

was no t  s i g n i f i c a n t l y  cata lyzed by these minerals and m e t a l l i c  wastes. These 

observat ions suggest t h a t  var ious minerals and meta1li.c wastes are poor c a t a l y s t s  

f o r  so lvent  hydrogenation. I n  order  t o  explore the  i n t e r a c t i o n  o f  so lvent  i n  



Sample No. 

Add i t i ve  

Table 57 

D i s t r i b u t i o n  o f  Oxygen and Ni t rogen Compounds i n  the 

O i l  Fract ions from the  Process Solvent Hydrogenation Runs 

Oxygen D i s t r i b u t i o n ,  W t . %  

Absolute 

Tota l  Oxygen 

0 as Ether Oxygen 

0 as OH 

Re1 a t  i ve 

0 as Ether Oxygen 

0 as OH 

Ni t rogen D i s t r i b u t i o n ,  W t . %  

Absolute 

Tota l  Ni t rogen 

N as P y r i d i  ne Type 

N as NH 

N as NH2 

Re1 a t i v e  

N as Pyr id ine  Type 

N as NH 

N as NH2 

FOB #11 31-10 

None 

31-24 31-34 - - 31 -45 31 -55 31 -66 

P y r i t e  ZnS Specu l i te  Red Mud Flue Dust 



Sample No. 

A d d i t i v e  

To ta l  Hydrogen, W t .  % 

Table 58 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F rac t i ons  

from the  Process Solvent  Hydrogenation Runs 

FOB # I 1  31-10 31-24 31-34 31 -45 31-55 31 -66 -- 
None P y r i t e  ZnS Specul i t e  Red Mud F lue  Dust 

D i s t r i b u t i o n  o f  Protons, % 

Re1 a t i v e  

H~~ 44.. 4  42.9 42.9 45.0 47.0 44.9 44.4 

Ha 28.0 29.2 29.2 29.0 29.2 27.4 29.0 

0 
27.6 27.9 27.9 26.0 23.8 27.7 26.6 

Absolute 

HAR - Aromatic Protons 

Ha - Alpha Protons 

0 
- Beta and Other Protons 



Table  59 

Brown-Ladner S t r u c t u r a l  Parameters f o r  t h e  O i l  

F rac t ions  from t h e  Process Solvent Hydrogenation Runs 

Sample No. FOB #11 31-10 31-24 31-34 31-45 31-55 31 -66  - - 
Addi t ive  None P y r i t e  ZnS Specul i t e  Red Mud F lue  Dust 



t h e  presence o f  coa l ,  va r i ous  m e t a l l i c  wastes, and t r a n s i t i o n  meta ls  were used 

i n  t h e  l i q u e f a c t i o n  o f  Kentucky coals .  The chemist ry  o f  t h e  t r ans fo rma t i on  o f  

t h e  above m a t e r i a l s  d u r i n g  coa l  l i q u e f a c t i o n  was a l s o  s tud ied.  The r e s u l t s  o f  

t h e  above s tudy a re  descr ibed i n  d e t a i l  below. 

C a t a l y s i s  by P y r i t e  

P y r i t e  i s  t h e  most l o g i c a l  d isposable c a t a l y s t  t h a t  can be used i n  U.S. l i q u e -  

f a c t i o n  p l a n t s .  P y r i t e  i s  found i n  most eas te rn  U.S. coa ls ,  and i s  r e a d i l y  

a v a i l a b l e  a t  coal  b e n e f i c i a t i o n  f a c i  1  i t i e s .  The major drawback o f  t h e  p y r i t e  

c a t a l y s t  system i s  t h e a d d i t i o n a l  H2S generat ion. Nevertheless, t h e  easy 

recovery o f  p y r i t e  coupled w i t h  a  s imple p repa ra t i on  s tep  i s  unequaled. 

The use o f  p y r i t e  i n  l i q u e f a c t i o n  has been recognized f o r  some t ime. However, 

t he  r a p i d i t y  o f  t h e  decomposit ion o f  p y r i t e ,  bo th  t he rma l l y  and i n  t he  presence 

o f  hydrogen, was n o t  known. Hence, t h e  f o l l o w i n g  s e r i e s  o f  s t ud ies  was c a r r i e d  

out .  

Thermal P rope r t i es  - The p y r o l y s i s  o f  p y r i t e  begins a t  about 930°F (11) and 

proceeds accord ing t o  Equat ion 6. 

I FeS2 = FeS + - n  'n (Eqn. 6) 

The thermogram o f  Robena p y r i t e  under f l o w i n g  he l ium gas i s  shown i n  F igure  11. 

Robena p y r i t e  samples o f  d i f f e r e n t  p a r t i c l e  s izes  began t o  decrease i n  we igh t  

a t  about 400°C (750°F). The samples cont inued t o  l ose  we igh t  u n t i l  a  temperature 

o f  640°C (1185OF) was reached, a f t e r  which t h e  change i n  we igh t  was i n s i g n i f i c a n t .  

S i m i l a r  p y r o l y s i s  behavior  o f  p y r i t e  was observed by Richardson (9). It can 

be seen t h a t  p y r i t e  o f  p a r t i c l e  s i zes  +40, 40 x  80, 140 x  200 and -325 mesh 

showed s i m i l a r  thermograms. The maximum we igh t  l o s s  f o r  a l l  t h r e e  samples was 

between 22 t o  23%, whfch i s  n e a r l y  s t o i c h i o m e t r i c  accord ing t o  Equat ion 6. 

The p y r i t e  sample o f  p a r t i c l e  s i z e  -200 mesh gave an e n t i r e l y  d i f f e r e n t  

thermogram compared w i t h  the  o t h e r  p a r t i c l e  s i z e  ranges. The maximum weight  

l o s s  f o r  -200 mesh sample was o n l y  18.5% compared w i t h  22 t o  23% f o r  t h e  

o the rs  because i t  conta ined l e s s  a v a i l a b l e  s u l f u r  f o r  thermal d i s t i l l a t i o n  

(Table GO). 



FIGURE 11 
TGA OF ROBENA PYRITE 

SN THE PRESENCE OF He GAS 

- . -  +40 MESH 

- -  40X80MESH 
140 X 200 MESH 

---- -200 MESH 
- -.-- --- -325 MESH 

HEATING RATE = ~ O ~ C / M I N .  

HELIUM FLOW RATE = 40 ML./MIN. 

TEMPERATURE, OC 



Table 60 

I r o n  and S u l f u r  D i s t r i b u t i o n  i n  t he  

D i f f e r e n t  F rac t i ons  o f  Robena Pyri tel Sample 

Fract i .ons wt. % 

U.S. Mesh F e - Tota l  S u l f u r  
+40 .42.5 42.8 

40 x 80 . 43.7 44.3 

80 x 140 41.1 43.7 

140 x 200 48.8 47.0 

-200 50.6 35.8 

-32Ei2 42.3 41.3 

See Table 6 f o r  t h e  ana l ys i s  o f  va r ious  i m p u r i t i e s  

To ta l  sample was ground t o  -325 U. S. Mesh 



Reduction o f  p y r i t e  w i t h  hydrogen was repor ted i n  the  l i t e r a t u r e  t o  take p lace 

a t  about 930°F (11) and t o  proceed according t o  Equation 7. 

FeS2 + HZ = FeS + H2S (.Eqn. 7) 

A constant weight loss  o f  24% was repor ted a t  temperatures up t o  500°C. (930°F) 

w i t h  no f u r t h e r  reduc t ion  t o  Fe (11). 

F igure 12 presents the  thermogram f o r  Robena p y r i t e  i n  the  presence o f  f l ow ing  

hydrogen. Weight l oss  began about 610°F w i t h  maximum reduct ion  (c lose t o  

20.0%) a t ta ined  a t  around 600°C (1 1  10°F). Comparison o f  p y r o l y s i s  w i t h  reduc t ion  

o f  p y r i t e  (Figures 11 and 12) revealed t h a t  p y r i t e  was more temperature-sensit ive 

t o  hydrogen reduct ion  than t o  py ro l ys i s ;  i n  hydrogen, p y r i t e  reduc t ion  began 

a t  320°C (610°F) compared w i t h  380°C (715OF) f o r  py ro l ys i s .  Overal l  weight 

reduc t ion  was completed a t  about 600°C (1 100°F) i n  the  presence o f  hydrogen, 

compared w i t h  650°C (1200°F) i n  py ro l ys i s .  I n  both cases o v e r a l l  weight loss  

was approximately the  same. 

The reduct ion  o f  -200 and -325 mesh Robena p y r i t e  samples i n  hydrogen was 

s tud ied  i n  d e t a i l  i n  the  PTGR (see Appendix A f o r  operat ing procedures). The 

PTGR was heated t o  the  requ i red  reac t i on  temperature and pressur ized w i t h  

hydrogen t o  the  operat ing pressure before the  sample was lowered i n t o  the  

reac t i on  zone. Fast heat ing o f  the  sample was a t t a i n e d  and the  reduced sample 

was removed a f t e r  the  prescr ibed reac t i on  time. The gaseous products were 

c o l l e c t e d  i n  a  s ta in less  s tee l  bomb they were passed through an i c e  t rap.  

Both the  condensed and gaseous products i n  the  i c e  t r a p  were analyzed t o  

determine composit ion and prov ide a  mater ia l  balance. 

Table 61 and Figure 13 show the  v a r i a t i o n  i n  weight reduc t ion  o f  Robena p y r i t e  

and the  products obtained w i t h  temperature a t  a  randomly selected constant 

hydrogen pressure o f  1,000 psig. The weight of p y r i t e  was found t o  decrease 

l i n e a r l y  w i t h  the increase i n  reac t i on  temperature (see Figure 13). Table 61 

shows substant ia l  d i f fe rences between the o v e r a l l  weight l oss  and the  ove ra l l  

weight o f  the  product recovered. The major source o f  e r r o r  was the determinat ion 

o f  H2S i n  the product gas. 



FIGURE 12 
TGA OF PYRITE IN THE 

PRESENCE OF HYDROGEN GAS 

ROBENA PYRITE = -200 MESH 
HEATING RATE = IO~C/MIN. 

HYDROGEN FLOW = 200 ML./MIN. 

TEMPERATURE, OC 



Table 6 1  

E f f e c t  o f  Temperature on Robena P y r i t e  (-200 Mesh) Reduction 

Reaction Time = 10 Minutes, Pressure = 1000 p s i g  Hz 

Tota l  % 
I n i t i a l  F ina l  Recovered Recovery 

Temp. Weight Weight Weight Loss Gas Analyses, g L iqu id  ~ n a l ~ s e s , '  Product o f  t he  
O C 9 g g % N, 

L "2O CH4 CO Su l fu r  9 Lost  W t .  

' Condensed i n  the  i c e  t rap.  

Table 62 

E f f e c t  o f  Hvdroaen Pressure on Robena P v r i t e  (-200 Mesh) Reduction 

Reaction Time = 10 Minutes, Temperature = 450°F 

Tota l  % 
I n i t i a l  F ina l  Recovered Recovery 

Pres. Weight Weight Weight Loss Gas Analyses, g L i q u i d  ~ n a l ~ s e s , '  Product o f  the  
~ s i g  . g 9 9 % N - , CH4 co S U ~  f u r  9 ~ o s t  ~ t .  

Condensed i n  the i c e  t rap.  

---a, 



FIGURE 13 
EFFECT OF REACTION TEMPERATURE 

ON ROBENA PYRITE (-200 MESH) REDUCTION 
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FIGURE 14 
EFFECT OF REACTION PRESSURE O N  

ROBENA PYRITE (-200 MESH) REDUCTION 

REACTOR = PTGR 
TEMPERATURE = 450' C 

REACTION T IME = 10  MIN. 

REACTION PRESSURE, PSIG 



Table 62 and Figure 14 show no s i g n i f i c a n t  d i f f e rence  i n  the  weight reduc t ion  

o f  p y r i t e  w i t h  v a r i a t i o n s  i n  hydrogen pressure. As shown i n  F igure 15, -325 

mesh p y r i t e ,  which had a considerably h igher  t o t a l  s u l f u r  content  than the  . 
-200 mesh p y r i t e  (41.3% as opposed t o  35.8%), showed greater  weight l oss  a t  

a l l  temperatures than d i d  the -200 mesh f r a c t i o n .  

The hydrogen reduct ion  k i n e t i c s  o f  the  -325 mesh f r a c t i o n  o f  Robena p y r i t e  

s tud ied  i n  the  PTGR are shown i n  F igure 16. It can be seen t h a t  as temperature 

increased, the  r a t e  o f  p y r i t e  reduc t ion  increased. A t  t y p i c a l  coal l i q u e f a c t i o n  

reac t i on  cond i t ions  of 450°C (840°F) and 1,000 ps ig,  a l l  o f  p y r i t e  was reduced 

t o  p y r r h o t i t e  w i t h i n  4 minutes. The reac t i on  cond i t ions ,  however, d i f f e r  from 

coal l i q u e f a c t i o n  because o f  t he  absence o f  l i q u i d  phase. The samples o f  

Robena p y r i t e  reduced a t  d i f f e r e n t  reac t i on  temperatures were analyzed by 

X-ray d i f f r a c t i o n  (XRD) t o  determine the  nature o f  the  phases present.  The 

r e s u l t s  o f  XRD analys is ,  summarized i n  Table 63, i d e n t i f i e d  the  major phase i n  

a l l  the samples as t r o i l i t e .  P y r r h o t i t e  could no t  be p o s i t i v e l y  i d e n t i f i e d  i n  

these sampl es. 

P y r i t e  Cata lys is  o f  Eastern Kentucky Coals - High v o l a t i l e  A bituminous eastern 

Kentucky coals .having low i n t r i n s i c  1 i que fac t i on  a c t i v i t y  (i. e. , low p y r i t e  

concentrat ion)  were chosen as the  base coals f o r  the  study o f  c a t a l y t i c  a c t i v i t y  

o f  the  var ious mineral s  , metal conta in ing  by-products, waste materi  a1 s , t r a n s i t i o n  

metal su l f i des ,  and organic compounds f o r  t r a n s i t i o n  metals. Table 1 presents 

the  data on th ree  samples taken from Floyd and Letcher count ies on th ree  

occasions w i thout  coal preparat ion. The amount o f  p y r i t e  i n  the  Floyd County 

sample was h igher  than expected; data from the  Penn State data base o r i g i n a l l y  

suggested t h a t  the p y r i t e  content should be considerably lower. Another 

sample taken from Letcher County showed a p y r i t e  content o f  0.25%. A more 

complete d iscussion o f  the se lec t i on  o f  the  coals from the  eastern Kentucky 

coal reg ion  i s  given under the  sec t ion  on "Coal Feedstocks." The response o f  

each o f  these p a r t i c u l a r  coals t o  the presence o f  added p y r i t e  i s  discussed 

below. 

Floyd County Elkhorn #3 Coal - The l i q u e f a c t i o n  o f  Floyd County Elkhorn #3 

coa l ,  both i n  the presence and absence o f  Robena p y r i t e ,  was s tud ied  a t  two 

temperatures as shown i n  Table 64. Add i t ion  o f  p y r i t e  a t  the  l e v e l  of 10% of 

the  feed s l u r r y  increased coal conversion a t  both 800 and 850°F. A s i g n i f i c a n t  
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FIGURE 15 
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Table 63 

Reduction o f  -325 Mesh Robena P y r i t e  i n  t h e  PTGR' 

React ion Time = 10 Minutes 

H2 Pressure = 1000 p s i g  

Rapid Heat ing 

React ion 

Temperature, Weight Loss, 

O C  wt.% XRD Ana lys is  

400 21.3 FeS ( t r o i l i t e )  major phase. No Fe 
0 

detected. One e x t r a  l i n e  a t  3.34A 

probably  due t o  p y r r h o t i  t e .  

23.0 FeS ( t r o i l i t e )  major phase. No Fe 

detected. Poss ib le  presence o f  

p y r r h o t i t e  ( l e s s  than  i n  t h e  sample 

t r e a t e d  a t  400°C). E x t r a  l i n e s  a t  
0 

3.35, 3.03, and 1.95A were n o t  

i d e n t i f i e d .  

FeS ( t r o i l i t e )  major.phase. No Fe 

detected. E x t r a  u n i d e n t i f i e d  l i n e s  
0 

a t  3.33, 3,38, 3.02, 5.14, and 1.95A. 

Poss ib le  presence o f  . p y r r h o t i  t e .  

FeS ( t r o i l i t e )  major phase. Poss ib le  

presence o f  p y r r h o t i t e  and elemental  Fe. 

U n i d e n t i f i e d  l i n e s  a t  5.14, 3.33 and 
0 

1.95A. 

FeS ( t r o i l i t e )  major phase. Poss ib le  

presence o f  p y r r h o t i t e  and Fe. Un iden t i -  
0 

f i e d  l i n e s  a t  5.18, 3.36 and 1.95A. 

FeS ( t r o i  1 i t e )  major phase. Poss ib le  

presence o f  p y r r h o t i t e  and Fe. Un iden t i -  
0 

f i e d  l i n e s  a t  3.33, 2.85 and 1.95A. 

' PTGR - p ressu r i zed  thermal g r a v i m e t r i c  r e a c t o r  



Table 64 

L i que fac t i on  Behavior o f  F loyd  County E lkhorn #3 Coal 

Sample No. 
Feed 

Temperature, OF 
Pressure, p s i g  
Hydrogen T rea t  Rate, Mscf/T 
Residence Time, min. 
Product D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 
co, co2 

O i  1 s 
ksphal  tenes 
Preasphaltenes 
I n s o l u b l e  Organic Ma t t e r  ( I O M )  
Water 

25-52 25-40 
70% Sol vent2/30% Coal 

25-- 48 25- 136 
60% Solvent2 + 30% Coal 
+ 10% P y r i t e  
800 850 

Conversio.n, % MAF Coal 79.4 81.9 86.3 89.9 

Hydrogen Consumption, w t . %  MAF Coal 
T o t a l  0.51 1.40 1.65 2.53 
From Gas 0.61 0.82 1.82 2.49 
From Solvent  (0.10) 0.58 (0. '1 7) 0.04 
By P y r i t e  - - - - 0.511 0.50 

F i r s t  Order Rate Constants, h r - I  

Ka -0.12 1.09 -0.26 

K~ 
0.39 2.14 0.96 

28- 7 1 
63.6% Solvent2 + 27.3% 
Coal + 9.1% P y r i t e  

850 

( j = negat i ve  va lue 

So lven t  = F.O.B. #1 



increase i n  o i l  product ion from 27 t o  41% was noted a t  the  h igher  temperatures. 

A t  800°F, a ne t  l oss  i n  o i  1 y i e l d  occurred w i t h  the  coal alone, as we1 1 as 

w i t h  the  added p y r i t e .  A t  both temperatures, the  product ion o f  preasphal tenes 

decreased w i t h  p y r i t e .  Asphal tene product ion increased s i g n i f i c a n t l y  a t  

800°F, whereas i< decreased s l  i g h t l y  a t  850°F w i t h  p y r i t e  add i t ion .  S i m i  1 a r l y  , 
the  product ion o f  hydrocarbon gases and water decreased a t  800°F, b u t  increased 

a t  850°F w i t h  p y r i t e .  The f i r s t - o r d e r  r a t e  constants f o r  t he  conversions o f  

asphal tenes and preasphal tenes increased w i t h  the  a d d i t i o n  o f  p y r i t e .  Hydrogen 

consumption a lso  increased s i g n i f i c a n t l y  a t  both 800 and 850°F w i t h  added 

p y r i t e .  Pa r t  o f  the  increased hydrogen consumption, 0.5 wt%, was consumed i n  

reducing the  added p y r i t e .  The increase i n  hydrogen consumption was due 

mainly t o  the  increased product ion o f  o i l .  A s i g n i f i c a n t  observat ion was t h a t  

the o i l  hydrogen content  was depleted i n  the  absence o f  p y r i t e ,  w h i l e  i t  was 

ma1 n t a l  ned I n  ,I t s  prvese1lcc? (Tdble G5). 

Coal conversion w i t h  p y r i t e  was s i m i l a r  a t  the  two temperatures. The y i e l d  o f  

hydrocarbon gases, CO, C02, H2S,.NH3, and water increased w i t h  temperature. 

The most s i g n i f i c a n t  d i f  Perences were i n  the  d i s t r i b u t i o n  o f  o i  1, asphal tene, 

and preasphaltene f rac t i ons .  A t  800°F, most o f  the  d issolved coal was found 

i n  the asphaltene and preasphaltene f rac t i ons .  A t  the  h igher  temperature the  

conversion o f  asphaltenes and preasphaltenes increased; the asphaltene and 

preasphal tene f r a c t i o n s  decreased from 41 t o  11% and from 49 t o  24%, respect ive ly .  

A ne t  l oss  o f  10 wt.% o i l  was noted a t  800°F, whereas a t  850°F, a n e t  o i l  

product ion o f  41% occurred (Table 64). The reac t i on  ra tes  o f  conversion of 

asphaltenes and preasphaltenes increased w i t h  increas ing  temperature. The 

above in fo rmat ion  shows t h a t  the  conversions o f  asphaltenes and preasphaltenes 

are more sens i t i ve  t o  the  reac t i on  temperature i n  the  presence o f  p y r i t e .  The 

increase i n  temperature no t  on ly  increased o i l  product ion,  b u t  a l so  increased 

the  hydrogen consumption, i . e . ,  1.7 t o  2.5%. 

The hydrogen content o f  the o i l  f r a c t i o n  given i n  Table 65 decreased w i t h  an 

increase i n  temperature. Likewise, the  hydrogen content  o f  asphaltenes and 

preasphaltenes decreased w i t h  temperature. The conversion o f  SRC increased 

considerably w i t h  temperature i n  both the  presence and absence o f  p y r i t e  

(Table 66). SRC s u l f u r  content a lso  decreased w i t h  the increase i n  temperature. 



Table 65 

Hydrogen Concentrat ion i n  Feed and Product 

Sample No. 25-52 25-40 25- 148 

Reaction Temperature, OF 800 850 800 

Hydrogen Content, w t .%  

Feed O i  1 7.72 7.72 7.72 

Product: 

O i  1 s 

Asphaltenes 

Preasphal tenes 

Table 66 

SRC Product ion and i t s  S u l f u r  Content 

Sample No. 

Reaction Temperature, OF 

Product D i s t r i b u t i o n ,  w t . %  MAF Coal 

Asphal tenes 

Preasphal tenes 

Tota l  (SRC) 

SRC S u l f u r ,  W t . %  0.8 0.6 



The simulated d i s t i l l a t i o n  o f  the  o i l  f r a c t i o n s  obtained w i t h  and w i thou t  

p y r i t e  a t  800 and 850°F showned no s i g n i f i c a n t  d i f fe rences (Figures 17 and 18). 

The o i l  f r a c t i o n s  generated from the  l i q u e f a c t i o n  o f  Floyd County Elkhorn #3 

coal i n  the  presence and absence o f  Robena p y r i t e  were analyzed by NMR t o  

determine the  d i s t r i b u t i o n  o f  protons (see Table 67). The concentrat ion o f  

aromatic protons decreased and t h a t  o f  beta and o ther  protons increased w i t h  

the  a d d i t i o n  o f  p y r i t e  a t  800 and 850°F. No conclusion cou ld  be drawn i n  

concerning the concentrat ion o f  Ha. An attempt was then made t o  i d e n t i f y  and 

d i f f e r e n t i a t e  the  chemical s t r u c t u r e  o f  the solvent  generated i n  the  presence 

and absence o f  Robena p y r i t e  i n  coal l i q u e f a c t i o n  mixtures a t  800°F us ing 

Brown-Ladner s t r u c t u r a l  parameters modi f ied by H. L. Retcofsky e t  a l .  (8). 

The ca lcu la ted  values o f  the  s t r u c t u r a l  parameters f o r  the  . o i l  f r a c t i o n s  are 

prov ided i n  Table 68. The ca lcu la ted  value o f  fa, carbon aromat ic i ty ,  decreased 

s l i g h t l y  w i t h  p y r i t e ,  suggesting t h a t  p y r i t e  i s  a i d i n g  i n  the  hydrogenation o f  

the aromatic r i n g  compounds. S i m i l a r l y ,  the  degree o f  condensation o f  HAR/CAR 

decreased s l i g h t l y  w i t h  p y r i t e  add i t ion .  The small decrease i n  the  value o f  

HAR/CAR could be due t o  experimental e r ro r .  To v e r i f y  a decrease i n  r i n g  

s ize,  the  value o f  Ra was ca l cu la ted  and i s  presented i n  Table 68. The 

ca l cu la ted  value o f  Ra showed no d i f f e rence  i n  the  average r i n g  s i ze  the 

o i l  f r a c t i o n s  obtained i n  the presence and absence o f  Robena p y r i t e .  The 

value o f  a increased w i t h  the a d d i t i o n  o f  p y r i t e ,  i n d i c a t i n g  the increase i n  

the  degree o f  s u b s t i t u t i o n  by a l k y l ,  naphthenic, and/or phenol ic  groups. The 

increase i n  the value o f  Ho (Table 67) suggested the subs t i t u t i ons  were mainly 

due t o  a1 ky l  groups. A comparison o f  the values f o r  the  s t a r t i n g  solvent  

(FOB #1) and solvent  generated a f t e r  reac t i on  (Table 68) showed t h a t  the  

aromat ic i  t y ,  HAR/CAR, and average r i n g  s i ze  decrease and the  degree o f  

s u b s t i t u t i o n  (a) increased w i t h  the  reac t ion ,  both i n  the  presence and absence 

o f  p y r i t e .  

From the above data i t  can be concluded t h a t  the  a d d i t i o n  o f  Robena p y r i t e  t o  

Floyd County Elkhorn #3 coal increases coal d i sso lu t i on ,  promotes so lvent  

hydrogenation, and improves conversion o f  preasphaltenes and asphaltenes t o  

o i l  and gases. 



FIGURE 17 
COMPARISON OF SIMULATED DISTI'LLATION OF OIL. 

FRACTIONS OBTAINED FROM FLOYD COUNTY 
ELKHORN #3 COAL LIQUEFACTION AT 850° F 
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FIGURE 18 
COMPARISON OF SIMULATED DISTILLATION OF OIL 

FRACTIONS OBTAINED FROM FLOYD COUNTY 
ELKHORN #3 COAL LIQUEFACTION AT 8 0 0 ~ ~  

100 - 

80 - - NO PYRITE (CCL-25-52) - -- PYRITE (CCL-25-148) 
60 - 

40 - 

20 - 

0 
100 200 300 400 500 600 700 800 900 

TEMPERATURE, O.F 



Table 67 

Feed Composition 

Temp., O F  

Pressure, p s i g  
Tota l  Hydrogen, wt. % 

D i s t r i b u t i o n  o f  Protons, % 

D i s t r i b u t i o n  o f  Protons i n  the  O i l '  F rac t ion  from the  
Coal, L iquefac t ion  Product i n  the  Presence and Absence o f  Robena P y r i t e  

Absolute 

H ~ ~ l  

H,2 
H03 

Rela t ive  

25- 52 25-40 25- 148 25- 136 
60% Solvent 

O r i  g i  nal  70% Solvent + 30% + 30% E l  khorn #3 Coal 
Sol vent (FOB#l ) E l  khorn #3 Coal + 10% Robena P y r i t e  

HAR - Aromatic protons 
H - Alpha protons 
Ha - Beta and o ther  protons 
0 



Sampl e 

Table 68 

Brown-Ladner Structural  Parameters f o r  the Oil Fractions 

Feed Composition 

Temp. , O F  

Pressure, psig 

Original Sol vent 

( FOB#1 ) 

70% Solvent + 

30% El khorn 

#3 Coal 

25- 148 

60% Solvent + 

30% El khorn #3 

Coal + 10% 

Robena Pyr i te  



Letcher County Elkhorn #3 Coal - The l i q u e f a c t i o n  o f  Letcher County Elkhorn #3 

coal was s tud ied  a t  800 and 850°F, bo th  i n  t he  presence and absence o f  Robena 

p y r i t e  and the  r e s u l t s  are tabu la ted  i n  Table 69. With p y r i t e ,  coal conversion 

increased s i g n i f i c a n t l y  a t  both temperatures. Hydrogen consumption increased 

s i g n i f i c a n t l y  w i t h  p y r i t e  a t  bo th  the  temperatures. The increase i n  hydrogen 

consumption was due t o  p y r i t e  reduct ion,  increased coal conversion, and increased 

benzene solubles y i e l d .  The hydrogen conten t  o f  t he  o i l  f r a c t i o n s  were unchanged 

w i t h  t h e  a d d i t i o n  o f  p y r i t e  (Table 70). 

I n  t he  presence o f  pyr . i te ,  coal conversion increased from 75 t o  91% w i t h  an 

increase i n  temperature from 800 t o  850°F. The y i e l d  o f  hydrocarbon gases and 

benzene solubles a l so  increased w i t h  temperature. Hydrogen consumption increased 

from 2.0 t o  3.0% w i t h  temperature; t h i s  increase was due t o  increased produc t ion  

o f  hydrocarbon gases and conversion o f  coal .  The hydrogen contents o f  asphal- 

tenes and preasphaltenes were h igher  a t  800 than a t  850°F (see Table 70). SRC 

p roduc t ion  decreased g r e a t l y  w i t h  temperature, as shown i n  Table 71. SRC 

s u l f u r  content  decreased s l i g h t l y  w i t h  an increase i n  temperature from 800 t o  

850°F. The simulated d i s t i l l a t i o n s  o f  t h e  o i l  f r a c t i o n s  obta ined i n  t he  

presence and absence o f  p y r i t e  showed no s i g n i f i c a n t  d i f f e rences  bo th  a t  800 

and 850°F (Figures 19 and 20). 

Elkhorn #2 Coal - The l i q u e f a c t i o n  o f  Elkhorn #2 coal was s tud ied  a t  825 and 

850°F i n  the  presence o f  Robena p y r i t e  and the  r e s u l t s  are summarized i n  

Table 72. Coal conversion increased w i t h  p y r i t e  a t  bo th  temperatures. O i l  

p roduc t ion  increased by more than a f a c t o r  o f  two w i t h  p y r i t e  a t  bo th  tempera- 

tu res .  The produc t ion  o f  hydrocarbon gases a l so  increased w i t h  p y r i t e  (Table 72). 

Add i t i on  o f  p y r i t e  s i g n i f i c a n t l y  reduced the  produc t ion  o f  preasphaltenes, b u t  

no s i g n i f i c a n t  change i n  the  produc t ion  o f  asphaltenes was noted w i t h  p y r i t e .  

P y r i t e  a d d i t i o n  s i g n i f i c a n t l y  increased the  r a t e s  o f  conversion o f  asphaltenes 

and preasphaltenes a t  825 and 850°F. Hydrogen consumption increased from 0.64 

t o  1.68 wt% and from 0.53 t o  2.41 w t %  a t  825 and 850°F, respec t i ve l y ,  w i t h  

p y r i t e .  The increased hydrogen consumption was due t o  t he  reduc t ion  o f  p y r i t e  

t o  FeS and t o  t he  increased produc t ion  o f  o i l s  and hydrocarbon gases. The 

su l  f u r  content  o f  ' t he  SRC remained unchanged w i t h  p y r i t e  a d d i t i o n  (Table 72). 



Table 69 

L i que fac t i on  Behavior o f  Letcher  County E lkhorn #3 Coal 

Sample No. 25-88 25- 100 25- 184 25- 196 

Feed 
Temperature, OF 
Pressure, p s i g  
Hydrogen T rea t  Rate, Mscf!T 
Residence Time, Min. 

Product Q i s t r i b u t i o n ,  wt.X MAF Coal 

H C 
co, co2 

70% Sol vent/30% Coal 60.8% Sol vent/30.6% Coal /8.6% P y r i t e  
850 800 850 800 
2,000 2,000 2,000 2,000 
20.1 19.9 33.1 22.1 
4 1 41 41 41 

Benzene Sol ub l  es (Oi 1 s & Asphal tenes) 15.9 17.2 
Preasphaltenes 44.8 38.6 
I . 0 . M.. 28.4 37.7 
Water 2.0 2 .4  

Conversion, wt.% MAF Coal ' 71.6 62.3 91.3 75.1 

Hydrogen Consumption, wt. % MAF Coal . . 

To ta l  0.31 (0 .16) l  2.97 1.98 
From Gas 0.14 (0.09) 2.79 2.34 
From So lven t  0.17 (0.07) 0.18 (0.36) 
By P y r i t e  - - - - 0.55 0.55 

( ) = nega t i ve  va lue 



Sample No. 

Table 70 

Hydrogen Content i n  Feed and Product 

Temperature, OF 850 800 850 800 

Hydrogen Content, wt.% 

Feed O i l  7.72 7.72 7.72 7.72 

Product: 

O i l s  7.61 7.65 7.60 7.72 

Asphal tenes 6.29 6.71 6.35 8.02 
Preasphal tenes 5.20 5.54 5.34 5.89 

Table 71 

SRC Product ion and I t s  S u l f u r  Content 

Sample No. 25-88 25- 100 25- 184 25- 196 

Temperature, O F  850 800 850 800 
Product D i s t r i b u t i o n ,  wt.% MAF 

Asphaltenes 39.4 20.5 14.2 22.1 

Preasphal tenes 44.8 38.6 27.0 38.8 

To ta l  (SRC) 84.2 59.1 41.2 60.9 

SRC S u l f u r ,  wt.% 0.5 0.8 0.5 0.6 



FIGURE 19 
COMPARISON OF SIMULATED DISTILLATION OF OIL 

FRACTIONS OBTAINED FROM LETCHER COUNTY 
ELKHORN #3 COAL LIQUEFACTION AT 850° F 
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FIGURE 20 
COMPARISON OF SIMULATED DISTILLATION OF OIL 

FRACTIONS OBTAINED FROM LETCHER COUNTY 
ELKHORN #3 COAL LIQUEFACTION AT 800° F 

100 - 
- NO PYRITE (CCL-25-100) 

S 80 - - -- PYRITE (CCL-25-196) 
c' s 
ti' 

6 0 -  W 

F .  
2 
0 - + 40 - 
a 
4 
4 - + 
V) - 20 - n 

0 

100 200 300 400 500 600 700 800 900 

TEMPERATURE, O F  



Table 72 

L ique fac t i on  Behavior o f  Elkhorn #2 Coal 

Sampl e No. 

Feed 
Temperature, OF 
Pressure, p s i g  
Hydrogen T rea t  Rate, MSCF/T 
Residence Time, Min. 
Product D i s t r i b u t i o n ,  w t . %  MAF Coal 

HC 
C O Y  C02 

NH3 
O i  1s 
Asp'hal tenes 
Preasphaltenes 
I.O.M. 
Water 

70% Solvent2 + 30% Coal 
825 850 
2000 2000 

. 18.9 19.9 
3 5 37 

60% Solvent2 + 30% Coal + 10% Robena P y r i t e  
825 850 
2000 2000 
23.0 22.5 
3 9 3 9 

Conversion, wt.% MAF Coal 
Hydrogen ~ o n s u m ~ t i o n ,  wt .% MAF Coal 

To ta l  
From Gas 
From Solvent  
By P y r i t e  

S&C S u l f u r ,  % 

F i r s t  Order Rate Constants, hr- '  

( ) = negat ive value 
Solvent  = F.O.B.#ll 



As depicted i n  Figures 21 and 22, the  o i l  f r a c t i o n s  obtained w i t h  and w i thout  

p y r i t e  had s i m i l a r  b o i l i n g  p o i n t  d i s t r i b u t i o n s .  As seen i n  Table 73, o i l  

f r a c t i o n s  obtained i n  t he  presence o f  p y r i t e  contained more hydrogen than d i d  

those obtained i n  t he  absence o f  p y r i t e ;  the  hydrogen content  of the  o i l  

f r a c t i o n s  obtained i n  the  absence o f  p y r i t e  was s i m i l a r  t o  t h a t  of s t a r t i n g  

solvent.  Therefore, t he  o i l  hydrogen content  i s  improved i n  the presence o f  

p y r i t e ,  whereas i t  i s  maintained i n  i t s  absence. Some d i f fe rences were noted 

i n  the  n i t rogen and oxygen contents o f  a l l  t he  f r a c t i o n s  obtained w i t h  and 

w i thout  the a d d i t i o n  o f  p y r i t e .  

No d e f i n i t e  t rend  i n  the  d i s t r i b u t i o n  o f  oxygen compounds w i t h  o r  w i thou t  

p y r i t e  was apparent (Table 74). However, lower concentrat ions o f  p y r i d i n e  

types of compounds and more NH2 type compounds were noted w i t h  p y r i t e  compared 

t.n a nn-addi t ive run, The concentrat ion o f  NH type compounds was no t  changed 

w i t h  the  a d d i t i o n  o f  p y r i t e :  

A h igher  concentrat ion o f  HAR i n  the  o i l  f r a c t i o n s  obtained w i thout  p y r i t e  and 

i n  the  o r i g i n a l  so lvent  was observed compared w i t h  o i  1  f r a c t i o n s  obtained w i t h  

p y r i t e  (Table 75); t h i s  i nd i ca ted  t h a t  more aromatic hydr0carbon.s were hydro- 

genated w i t h  p y r i t e .  The concentrat ions o f  Ha and Ho protons were h igher  w i t h  

p y r i t e  than w i thout  p y r i t e  and i n  the  o r i g i n a l  so lvent ,  which i nd i ca ted  increased 

product ion o f  s ide chain and hydrogenated aromatic compounds w i t h  p y r i t e .  The 

so lvent  q u a l i t y ,  est imated by the concentrat ion o f  Ha and Ho, remained unchanged 

f o r  so lvent  generated w i thout  p y r i t e  and improved f o r  t h a t  generated w i t h  

p y r i t e .  The Brown-Ladner s t r u c t u r a l  parameters, given i n  Table 75, i nd i ca ted  

no s i g n i f i c a n t  changes i n  a romat i c i t y  (fa) and degree o f  s u b s t i t u t i o n  (o) o f  

o i l s  obtained w i t h  p y r i t e  compared w i t h  o r i g i n a l  so lvent  and those obtained 

w i thout  p y r i t e .  Some va r ia t i ons  i n  the degree o f  condensation (HAR/CAR) and 

the average number o f  condensed aromatic r i n g s  were a l so  not iced. 

The curlvermsion o f  eoal changed on ly  s l i g h t l y  w i t h  an increase i n  temperature 

from 825 t o  850°F w i t h  p y r i t e  (Table 72). The product ion o f  hydrocarbon gases 

increased from 5.7 t o  10.6% w i t h  an increase i n  temperature from 82S°F t o  

850°F. No s i g n i f i c a n t  change i n  the product ion o f  o i l s  and asphaltenes was 

noted w i t h  increas ing  reac t i on  temperature. The r a t e  constants f o r  the  



FIGURE 21 
COMPARISON OF SIMULATED DISTILLATION OF OIL 
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FIGURE 22 
COMPARISON OF SIMULATED DlSTl LLATlON OF OI L 

FRACTIONS OBTAINED BY LIQUEFACTION OF 
ELKHORN #2 COAL AT 850° F 
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Table 73 

Elemental D i s t r i b u t i o n  i n  t h e  L ique fac t i on  Products o f  

Elkhorn #2 Coal i n  t h e  Presence and Absence o f  Robena P y r i t e  

Sample No. (FOB #11) 31-128 31-186 31-139 31-196 

Temperature, OF - - 825 825 850 850 

P y r i t e  - - N o Yes No Yes 

O i l  Fract ion,  W t . %  

C 89.7 89.5 89.2, 89.7 89.4 

H 7.2 7.2 7.5 7.2 7.5 

0 1.4 1.7 1.8 1.8 1.6 

N 1.1 

S 0.6 - 
nMW 208 

Asphal tene Frac t ion ,  W t .  % 

C - - 
H - - 
0 .  - - 
N - - 
S - - 

Preasphal tene Frac t ion ,  W t .  % 

. C  - - 
H - - 
0 - - 
N - - 
S - - 



Table 74 

D i s t r i b u t i o n  o f  N i t r ogen  and Oxygen Compounds 

i n  O i l .  .Fract ions o f  E l  khorn #2 L i q u e f a c t i o n  

i n  t h e  Presence and Absence o f  Robena P y r i t e  

Sample No.. FOB #11 31-128 31-186 31-139 31-196 
Temperature, O F  - - 82 5 825 850 850 

P y r i t e  - - No Yes N o Yes 

Oxygen D i s t r i b u t i o n ,  W t .  % 

To ta l  1.42 1.69 1.81 1.79 1.65 

Abs. l  Re1.2 Abs. Rel. - - - - Abs. Rel. - - Abs. Rel. - - Abs. Re1 . - - 
0 as 0 0.90 63.4 1.07 63.3 1.10 60.8 1.14 63.7 0.99 60.0 

0 as OH 0.52 36.6 0.62 36.7 0.71 39.2 0.65 36.3 0.66 40.0 

N i t rogen  D i s t r i b u t i o n ,  W t . %  

To ta l  1.05 0.86 0.81 0.66 0.86 

Abs. Rel. - - Abs. Rel. - - Abs. Rel. - - Abs. Rel. - - Abs. Rel. - - 
N as N 0.61 58. 0.50 58.1 0.43 53.1 0.27 40.9 - - - - 

Abs. - Absolute 

Rel. - R e l a t i v e  



Sample No. 

Temperature, OF 

P y r i t e  

Table 75 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F rac t i ons  

o f  E l  khorn #2 Coal L i q u e f a c t i o n  i n  t h e  

Presence and Absence o f  Robena P y r i t e  

(FOB #11) 31-128 

- - 825. 825 850 
- - No Yes N o 

To ta l ,  Hydrogen, wt.% 7.2 7.2 7.5 7.2 

D i s t r i b u t i o n  o f  Protons, % 

A b ~ . l R e l . ~  Abs. Rel. - - -- Abs. Rel. -- Abs. Rel. -- 
H~~ 3.20 44.4 3.26 45.3 2.90 38.7 3.38 46.9 

Ha 2.02 28.0 1.95 27.1 2.47 32.9 2.01 27.9 

Ho 1.98 27.6 1..99 27.6 2.13 28.4 1.81 25.2 

850 

Yes 

Abs. Rel. -- 
3.20 42.6 

2.15 28.7 

2.15 28.7 

Abs. - Absolute 

Rel. - R e l a t i v e  

Table 76 

Brown-Ladner S t r u c t u r a l  Parameters o f  t h e  O i l  F rac t i ons  o f  

E lkhorn  #2 Coal L i que fac t i on  i n  t h e  Presence and Absence o f  Robena P y r i t e  

Sample No. (FOB #11) 31-128 31-186 31-319 31-196 

Temperature, OF 

P y r i t e  

- - 825 825 850 850 
- - N o Yes N o Yes 



the conversion o f  asphaltenes and preasphaltenes were no t  s i g n i f i c a n t l y  changed 

from 825 t o  850°F i n  the  presence o f  p y r i t e .  This  in fo rmat ion  i nd i ca tes  t h a t  

p y r i t e  catalyzes preasphal tene conversion, whereas i t  has no i n f  1 uence on the 

conversion of asphaltenes. The increase i n  temperature increased the  hydrogen 

consumption from 1.68 t o  2.41 w t %  on the  bas is  o f  MAF coal ;  t h i s  increase was 

due t o  increased product ion o f  hydrocarbon gases and water. The s u l f u r  content  

of the  SRC was not  s i g n i f i c a n t l y  changed. 

The d i s t r i b u t i o n  o f  elements i n  the var ious f r a c t i o n s  (Table 73) showed lower 

oxygen content  i n  a1 1 f r a c t i o n s  a t  850°F than a t  8 2 5 0 ~ .  This  i s  i n  agreement 

w i t h  h igher  water product ion a t  850°F than a t  825OF. Minor v a r i a t i o n s  i n  the  

concentrat ions o f  hydrogen and n i t rogen i n  a l l  f r a c t i o n s  a t  both temperatures 

were noted. 

The concentrat ion o f  t he  t o t a l  oxygen i n  the  o i l  f r a c t i o n  w i t h  p y r i t e  was 

lower a t  850°F than a t  825OF, as were the  concentrat ions o f  ether  and hydroxyl 

type compounds, b u t  the  r e l a t i v e  d i s t r i b u t i o n  o f  t he  oxygen compounds was the 

same (Table 74). The concentrat ion o f  NH type compounds was very s i m i l a r  a t  

both temperatures. 

The d i s t r i b u t i o n  o f  protons (Table 75) showed an increase i n  HAR, a decrease 

i n  Ha, and no change i n  Ho w i t h  an increase i n  reac t i on  temperature from 825 

t o  850°F i n  the  presence o f  p y r i t e .  This  i s  i n d i c a t i v e  o f  lower so lvent  

q u a l i t y  o f  generated o i l  a t  the  h igher  temperature. The a romat i c i t y  (fa) o f  

the two solvents was i d e n t i c a l  and a s l i g h t  decrease i n  the  degree o f  

s u b s t i t u t i o n  by a l k y l  o r  o ther  groups was noted w i t h  increas ing  temperature. 

The value o f  HAR/CAR was very s i m i l a r  a t  both temperatures. The average 

number o f  condensed aromatic r i n g s  decreased from 3.56 t o  3.19 w i t h  an increase 

i n  temperature from 825 t o  850°F (Table 76). 

These r e s u l t s  i nd i ca ted  t h a t  the  a d d i t i o n  o f  Robena p y r i t e  t o  E l  khorn #2 coal 

increased the  conversion o f  coal and preasphaltenes, increased the  product ion 

o f  o i l s ,  hydrocarbon gases, promoted hydrogenation o f  so'lvent, improved the  

q u a l i t y  o f  generated solvent ,  increased the  consumption o f  hydrogen, b u t  d i d  

no t  a l t e r  the  s u l f u r  content  o f  SRC. Increasing the  reac t i on  temperature i n  

the  presence o f  p y r i t e  increased the  product ion of hydrocarbon gases, increased 



hydrogen consumption, d i d  no t  e f f e c t  s u l f u r  content  o f  SRC, and decreased the  

product ion o f  o i l s .  I f  the ob jec t i ve  o f  coal l i q u e f a c t i o n  i s  t o  increase o i l s  

product ion w i t h  minimum hydrogen consumption, lower reac t i on  temperatures 

should be used w i t h  p y r i t e .  - 

P y r i t e  Cata lys is  o f  Western Kentucky Coal - A h igh  v o l a t i l e  B bituminous 

western Kentucky coal having h igh  i n t r i n s i c  l i q u e f a c t i o n  a c t i v i t y  was chosen 

f o r  the  study o f  c a t a l y t i c  a c t i v i t y  o f  p y r i t e .  Table 1 presents the  data on 

the  samples (Kentucky #9) taken from Pyro mine. The ana lys is  o f  the  sample 

showed a p y r i t e  content o f  1.6% which was h igher  than t h a t  o f  eastern Kentucky 

coals. The response o f  t h i s  p a r t i c u l a r  coal t o  t he  presence o f  added p y r i t e  

i s  discussed below. 

Kentucky #9 (Pyro) Coal - The l i q u e f a c t i o n  o f  Kentucky #9 coal was s tud ied  a t  

two temperatures i n  the  presence o f  Robena p y r i t e  and the  r e s u l t s  a re  summarized 

i n  Table 77. Coal conversion increased s l i g h t l y  w i t h  p y r i t e  add i t i on ,  both a t  

825 and 850°F. O i l  product ion increased by over a f a c t o r  o f  two w i t h  p y r i t e  

a t  both temperatures. The product ion o f  asphal tenes remained unchanged w i t h  

p y r i t e  a t  825OF, b u t  decreased from 30 t o  20% a t  850°F. A s i g n i f i c a n t  decrease 

i n  t he  product ion o f  preasphaltenes was noted w i t h  p y r i t e  a t  825OF. The ra tes  

o f  conversion o f  asphaltenes and preasphaltenes increased s i g n i f i c a n t l y  w i t h  

p y r i t e  add i t ion .  Hydrogen consumption a l so  increased w i t h  p y r i t e  a t  both 

temperatures. A p a r t  o f  the increased hydrogen consumption, i. e. , 0.5 wt%, 

was consumed i n  reducing the added pyr i , te ;  the  remaining increased hydrogen 

consumption increased o i l  y i e l d .  

The simulated d i s t i l l a t i o n s  of the o i l  f r a c t i o n s  obtained w i t h  and w i thout  

p y r i t e  a t  825 and 850°F, as shown i n  Figures 23 and 24, had s i m i l a r  i n i t i a l  and 

f i n a l  b o i l i n g  po in t s  b u t  d i f f e r e n t  b o i l i n g  p o i n t  d i s t r i b u t i o n s .  The o i l s  

obtained w i t h  p y r i t e  contained cons i s ten t l y  h igher  b o i l i n g  p o i n t  compounds 

compared w i  t.h n i  1 s generated w i thout  py r i te ,  

The d i s t r i b u t i o n  o f  elements i n  the var ious f r a c t i o n s  obtained a t  825 and 

850°F (Table 78) showed t h a t  the o i l  f r a c t i o n s  obtained i n  the absence o f  

p y r i t e  had considerably 1 ower hydrogen content  than those obtained w i t h  p y r i t e .  



L ique fac t i on  Behavior o f  Kentucky #9 Coal f rom Pyro Mine 

Sample No. 

Feed 
Temperature, OF 
Pressure, p s i g  
Hydrogen T rea t  Rate MSCF/T 
Residence Time, Min. 
Product  D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 

O i l s  
Asphal tenes 
Preasphaltenes 
I n s o l u b l e  Organic Ma t t e r  ( I .  O.M. ) 
Water 

70% Sol vent/30% Coal 
825 850 
2,000 2,000 
19.8 20.6 
3 7 3 7 

60% Solvent/30% Coa1/10% Robena P y r i t e  
825 850 850 
2000 2000 2000 
21.5 21.8 45.9 
3 5 3 5 3 7 

Conversion, w t . %  MAF Coal 90.6 87.2 93.3 92.6 95.9 

Hydrogen Consumpti on, wt.% MAF Coal 
To ta l  1.34 1.51 
From Gas 0.69 0.47 
From Solvent  0.65 1.04 
By P y r i t e  - - - - 

F i  r s t -O rde r  Rate Coastants. h r - I  

( ) = negat ive va lue 



FIGURE 23 
COMPARISON OF SIMULATED DlSTl LLATlON OF OIL 

FRACTIONS OBTAINED FROM KENTUCKY #9 
COAL LIQUEFACTION AT 825O F 

NO PYRITE (CCL -28 - 11) 

----- PYRITE (CCL - 28 - 35) - 

- ,  

- 
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FIGURE 24 
COMPARISON OF SIMULATED DISTILLATION OF OIL 

FRACTIONS OBTAINED FROM KENTUCKY #9 
COAL LIQUEFACTION AT 850' F 



Table 78 

Elemental D i s t r i b u t i o n  i n  t he  Sol u b i l  i t y  Frac t ions  

o f  t he  L ique fac t i on  o f  Kentucky #9 Coal 

i n  t he  Presence and Absence o f  Robena P y r i t e  

Sample No. (FOB #1) 

~ e m ~ e r a t u r e ,  OF - - 
P y r i t e  - - 
Hz Flow Rate, MSCF/T - - 
O i l  F rac t ion ,  w t .%  

C 89.6 

H 7.7 

0 1.3 

Asphal tene Frac t ion ,  w t .  % 

C - 
H - 

Preasphal tene Frac t ion ,  w t . %  

28- 35 

825 

Yes 

21.5 

28-46 

850 

Yes 

21.8 

28- 56 

850 

Yes 

45.9 



The hydrogen content o f  o i l  f r a c t i o n s  obtained i n  the  presence o f  p y r i t e  was 

s i m i l a r  t o  t h a t  o f  s t a r t i n g  solvent ,  i n d i c a t i n g  the  the  o i l  hydrogen content 

' was depleted i n  the  absence o f  p y r i t e ,  whereas i t was maintained i n  i t s  presence. 

The hydrogen contents o f  asphaltenes and preasphaltenes obtained w i t h  p y r i t e  

were general l y  h igher  than those w i thou t  p y r i t e .  Some v a r i a t i o n s  i n  n i t rogen,  

oxygen, and s u l f u r  contents o f  a l l  the f r a c t i o n s  were a l so  noted w i t h  and 

w i thou t  p y r i t e .  

The d i s t r i b u t i o n  o f  n i t rogen and oxygen compounds present i n  the  o i l  f r a c t i o n s  

(Table 79) showed t h a t  the  concentrat ion o f  p y r i d i n e  type compounds increased 

s l i g h t l y  and t h a t  NH type compounds decreased s l i g h t l y  w i t h  the  a d d i t i o n  of 

p y r i t e .  The l a t t e r  was probably due t o  the  hydrogenation o f  NH t o  NH2 types 

o f  compounds and f i n a l l y  t o  ammonia. 

Higher concentrat ions o f  HAR i n  the  o i l  f r a c t i o n s  obtained w i thou t  p y r i t e  and 

lower values i n  the  o i l  f r a c t i o n s  obtained w i t h  p y r i t e  were observed compared 

w i t h  the  o r i g i n a l  so lvent  (Table 88); t h i s  i nd i ca ted  t h a t  more aromatics were 

hydrogenated w i t h  p y r i t e .  The concentrat ions o f  Ha and Ho protons decreased 

w i thout  p y r i t e ,  wh i l e  they increased w i t h  p y r i t e ;  t h i s  was i n d i c a t i v e  o f  

increased product ion o f  s ide chain and hydrogenated aromatic compounds. 

Solvent q u a l i t y ,  est imated by the  concentrat ion o f  Ha and Ho, improved f o r  t he  

solvents generated i n  the  presence o f  p y r i t e  and decl ined f o r  t h a t  generated i n  

i t s  absence. The Brown-Ladner s t r u c t u r a l  parameters f o r  the  o i l  f r a c t i o n s  are  

l i s t e d  i n  Table 81. The aromat ic i ty ,  fa, o f  the  o i l s  obtained w i thou t  p y r i t e  

was h igher ,  and t h a t  o f  the o i l s  obtained w i t h  p y r i t e  was lower than the  

o r i g i n a l  solvent.  This was a l so  supported by a h igher  value o f  HAR wi thout  

p y r i t e  and a lower valve w i t h  p y r i t e .  The increase i n  the  value o f  Ho w i t h  

p y r i t e  was a lso  v e r i f i e d  by an increased degree o f  s u b s t i t u t i o n  (a). Although 

some v a r i a t i o n  i n  the  degree o f  condensation (HAR/CAR) was observed w i t h  and 

w i thout  p y r i t e ,  no s i g n i f i c a n t  change i n  the average number o f  aromatic r i n g s  

(Ra) was noted. 

Coal conversion was s i m i l a r  a t  the  two d i f f e r e n t  temperatures w i t h  p y r i t e ,  b u t  

s i g n i f i c a n t  d i f fe rences were found i n  hydrocarbon gas product ion,  product 

d i s t r i b u t i o n ,  and hydrogen consumption. Hydrocarbon gases product ion increased 

w i t h  increas ing  reac t i on  temperature from 825 t o  850°F. Increasing the 



Table 79 

D i s t r i b u t i o n  o f  N i t rogen  and Oxygen Compounds i n  0 - 1  F rac t i ons  from t h e  

L i que fac t i on  o f  Kentucky #9 Coal i n  the  Presence and Absence o f  Robena P y r i t e  

S~rnple No. 

Temperature, O F  

P y r i t e  

H ,  Flow Rate, MSCF/T 
L 

Tota l  Ni t rogen,  wt. % 

To ta l  Oxygen, wt.% 

D i s t r i b u t i o n  o f  Ni t rogen,  % 

Absol u t e  

N as N 

N as NH 

N a j  NH2 

Re1 a t i  ve 

N as N 

N as NH 

N as NH2 

D i s t r i b u t i o n  o f  Oxygen, % 

Absolute 

0 as 0 

0 as OH 

Re la t i ve  

0 as 0 

0 as OH 

28- 1 1 28-35 28- 22 28-46 28- 56 

825 825 850 850 850 

N o Yes N o Yes Yes 

19.8 21.5 20.6 21.8 45.9 

0.92 1.14 0.96 1.03 1.23 

1.54 1.79 1.65 1.74 1.49 



Table 80 

Sample No. 

Temperature, OF 

P y r i t e  

Hz Flow Rate, MSCF/T 

T o t a l  Hydrogen, wt .  % 

D i s t r i bu t i l ons  o f  Protons, % 

Absolute 

H~~ 

Ha 

Ho 
R e l a t i v e  

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F rac t i ons  f rom t h e  

L i que fac t i on  o f  Kentucky #9 Coal i n  t h e  Presence and Absence o f  Robena P y r i t e  

(FOB #1) 28- 1 1 28- 35 28-22 28-46 
- 825 82 5 850 850 
- No Yes No Yes 

19.8 21.5 20.6 21 - 8  

7.62 7.46 7.70 7.30 7.71 

28- 56 

850 

Yes 

45.9 

7.76 



Table 81 

II Brown-Ladner S t r u c t u r a l  Parameters f o r  

t he  O i l  F rac t ions  from t h e  L ique fac t i on  o f  

Kentucky #9 Coal i n  t he  Presence and Absence o f  P y r i t e  

Sample No. (FOB #1) 28- 1 1 28-35 28- 22 28- 46 

Temperature, O F  - 825 825 850 850 

P y r i t e  - N o Yes No Yes 



temperature from 825 t o  850°F increased the  conversion o f  both asphaltenes and 

preasphaltenes t o  o i l s  and gases; o i l  product ion increased from 24 t o  35% and 

asphaltenes and preasphaltenes decreased from 28 t o  20 and from 31 t o  26%, 

respect ive ly .  Also, an increase i n  temperature increased the hydrogen 

consumption from 2.2 t o  2.9 w t% on the  bas is  o f  MAF coal.  

The d i s t r i b u t i o n  o f  elements o f  the  var ious f r a c t i o n s  obtained w i t h  p y r i t e  

(Table 78) i nd i ca ted  t h a t  the hydrogen contents o f  the  o i l  f r a c t i o n s  obtained 

a t  825 and 850°F were i d e n t i c a l .  The number average molecular weights o f  the  

o i l ,  asphaltene, and preasphaltene f r a c t i o n s  decreased w i t h  increas ing  temperature. 

No s i g n i f i c a n t  d i f fe rences were noted i n  the  n i t rogen contents o f  o i l ,  asphaltenes, 

and preasphaltenes. With increas ing  temperature, the  s u l f u r  contents changed 

as fo l lows:  the  o i l  remained unchanged, the  asphaltenes decreased from 1.28 

t o  0.95%, and the  preasphaltenes increased from 1.36 t o  1.68%. The oxygen 

contents o f  asphaltenes decreased from 6.16 t o  4.41% and the  preasphaltenes 

decreased from 7.49 t o  5.76%. 

The d i s t r i b u t i o n  o f  protons was unaf fected by reac t i on  temperatures as shown 

i n  Table 80. The concentrat ion o f  HAR was lower and t h a t  o f  Ha and Ho was 

h igher  i n  the  generated o i l  f r a c t i o n s  compared w i t h  the  o r i g i n a l  so lvent ;  t h i s  

was i n d i c a t i v e  o f  h igher  so lvent  q u a l i t y  o f  generated o i l s  than the  o r i g i n a l  

so lvent .  Lower a romat i c i t y  and a h igher  degree o f  s u b s t i t u t i o n  by a l k y l  o r  

o ther  groups was found f o r  generated solvents than f o r  t he  o r i g i n a l  solvent.  

A1 though the value o f  HAR/CAR decreased considerably w i t h  increas ing  reac t i on  

temperatures, no change i n  the average number o f  condensed aromatic r i n g s  was 

noted (see Table 81). 

The above r e s u l t s  showed t h a t  the  a d d i t i o n  o f  Robena p y r i t e  t o  Kentucky #9 

coal increased coal d i sso lu t i on ,  promoted solvent  hydrogenation, increased o i l  

product ion and improved solvent  qua1it.y. 

E f f e c t  o f  P y r i t e  Concentration on L iquefact ion - The e f f e c t  o f  Robena p y r i t e  

concentrat ion was examined i n  the  l i q u e f a c t i o n  o f  Elkhorn #2 and #3 coals and 

the resu l  t s  a re  discussed below. 



Elkhorn #3 Coal - The c a t a l y t i c  a c t i v i t y  o f  10 w t %  Robena p y r i t e  i n  the  l i que -  

f ac t i on  o f  Elkhorn #3 coal was discussed e a r l i e r .  The e f f e c t  o f  the  p y r i t e  

concentrat ion i n  the l i q u e f a c t i o n  o f  Elkhorn #3 coal was a l so  examined a t  bo th  

2.5 and 5.0 w t %  and the  r e s u l t s  were compared t o  a no-addi t ive run. Coal 

conversion increased from 84.2% w i t h  no-addi t ive t o  -89% w i t h  the  a d d i t i o n  o f  

p y r i t e  a t  a l l  concentrat ions (Table 82). Conversion was no t  a f f e c t e d  by 

adding d i f f e r e n t  amounts o f  p y r i t e .  The product ion o f  hydrocarbon gases 

increased w i t h  increas ing  concentrat ion o f  p y r i t e  (Table 82 and Figure 25). 

However, t he  product ion o f  hydrocarbon gases w i t h  10 w t %  p y r i t e  was lower 

compared w i t h  the  2.5 and 5.0 w t% a d d i t i o n  o f  p y r i t e .  These d i f fe rences cou ld  

be due t o  the  use o f  a d i f f e r e n t  so lvent  (FOB #1) when 10 w t %  p y r i t e  was added 

t o  the  feed s l u r r y .  S i g n i f i c a n t  increases i n  the  product ion o f  o i l s  occurred 

w i t h  an increase i n  p y r i t e  concentrat ion, as shown i n  Table 82 and Figure 26. 

The increase i n  o i l  product ion w i t h  p y r i t e  was due e i t h e r  t o  t he  increased 

conversion of coal,  t o  the  conversion o f  asphaltenes, o r  both. The conversion 

o f  asphaltenes and preasphaltenes increased w i t h  increas ing  concentrat ions o f  

p y r i t e  (see Figure 27). The concentrat ion o f  preasphaltenes a t  10 wt .% a d d i t i o n  

o f  p y r i t e  seemed t o  be i n  e r r o r ,  b u t  i t  cou ld  be due t o  the use o f  d i f f e r e n t  

process solvent  (FOB # I ) .  The f i r s t - o r d e r  r a t e  constants f o r  the  conversion 

o f  asphal tenes and preasphal tenes a1 so increased w i t h  increas ing  p y r i t e  concen- 

t r a t i o n .  The r a t e  o f  conversion o f  asphaltenes increased from 0.75 t o  1.31 

hr- '  w i t h  the  add i t i on  o f  5 w t %  p y r i t e ,  and the r a t e  o f  preasphaltene conversion 

increased from 2.95 t o  4.07 h r - l .  These increases r e f l e c t  t he  a c t i v i t y  o f  

p y r i t e  i n  ca ta l yz ing  asphaltene and preasphaltene conversion. The X-ray 

d i f f r a c t i o n  ana lys is  o f  the coal l i q u e f a c t i o n  residue mater ia l  showed complete 

reduc t ion  o f  p y r i t e  t o  p y r r h o t i t e .  This reduc t ion  r e s u l t s  i n  the  product ion 

o f  hydrogen s u l f i d e  gas, and the  p a r t i a l  pressure o f  hydrogen s u l f i d e  gas 

produced dur ing  the  reac t i on  increases w i t h  increas ing  the  concentrat ion o f  

p y r i t e .  The increased concentrat ion o f  t h i s  gas increases i t s  back reac t i on  

w i t h  organic compounds, producing organic s u l f u r  compounds. The h igh  molecular 

weight f r a c t i o n s ,  e. g. , asphal tenes and preasphal tenes, are more suscept ib le 

t o  H2S back react ion.  Higher asphaltene and preasphaltene s u l f u r  content  w i t h  

p y r i t e  than w i thout  p y r i t e  v e r i f i e d  t h i s  (Table 83). No change i n  the  su l fu r  

content  o f  o i l s  was noted w i t h  the a d d i t i o n  o f  p y r i t e  compared t o  a no-pyr i te  

run as shown i n  Table 83. The increase i n  s u l f u r  contents o f  asphaltenes and 

preasphaltenes w i t h  p y r i t e  r e s u l t e d  i n  h igher  SRC content  (Table 83 and Figure 28). 



Table 82 

F loyd  County E lkhorn #3 Coal L i q u e f a c t i o n  

Product D i s t r i b u t i o n  i n  t h e  Presence o f  P y r i t e  

Sample No. 31 -81 

Feed Composit ion 70% Solvent  + 

30% Coal 

Sol ven t  FOB #11 

Temperature, OF 850 

Residence Time, Min. 38 

Pressure, p s i g  2000 

Product U i s t r i b u t i o n ,  wt.% MAF Coal ' 

H C 6.8 

co, cop 1.0 

"zS 0.2 

NH3 0.0 

O i  1 s 20.4 

Asphaltenes 29.2 

Preasphal tenes 25.4 

I . O . M .  15.8' 

Water 1.2 

Conversion, % 84.2 

31 -93 31-109 

67.5% Solvent  + 65% So lven t  + 

30% Coal + 30% Coal + 

2.5% P y r i t e  5% P y r i t e  

FOB #11 FOB #11 

25- 136 

60% So lven t  + 

30% Coal + 

10% P y r i t e  

FOB #1 

Hz Consumpti on, wt. % MAF Coal 

To ta l  0.91 ' 1.75 2.24 2.53 

From Gas 0.92 2.30 2.58 2.49 

From Solvent  ( 0 . 0 1 ) ~  (0.55) (0.34) 0.04 

By P y r i t e  - - 0.13 . 0.25 0.50 

SRC S u l f u r ,  % 0.50 0.55 0.67 0.66 

F i r s t  Order Rate Constants, hr - '  

Ka 0.75 0.78 1.31 

K~ 
2.95 3.28 4.07 

( ) = neyat ive value 



FIGURE 25 
VARIATION IN THE PRODUCTION OF GASES WITH 

THE CONCENTRATION OF PYRITE 
(ELKHORN #3 COAL) 

HYDROCARBON GASES 

0 I I I I 
0 2.5 5 .O 7.5 10.0 

CiONCENTRATION OF PYRITE IN  SLURRY, WT.% 



FIGURE 26 
VARIATION IN THE PRODUCTION OF OILS WITH 

THE CONCENTRATION OF PYRITE 
(ELKHORN #3 COAL) 

0 2.5 5 .O 7.5 1010 
CONCENTRATION OF PYRITE IN SLURRY, WT. % 



FIGURE 27 
VARIATION IN THE PRODUCTION OFASPHALTENES 

AND PREASPHALTENES WITH CONCENTRATION 
OF PYRITE (ELKHORN #3 COAL) 

LTENES 

0 2.5 5 .O 715 1010 
CONCENTRATION OF PYRITE IN SLURRY, WT. % 



Table 83 

Elemental D i s t r i b u t i o n  i n  t h e  L i que fac t i on  Products 

o f  F loyd  County E l  khorn #3 Coal i n  t h e  Presence o f  P y r i t e  

Sample No. 31 -81 31 -93 31-109 25- 136 
P y r i t e ,  W t . %  0.5 2.5 5.0 10.0 

Temperature, OF 850 850 850 850 
Sol ven t  FOB #11 FOB #11 FOB #11 FOB #1 

O i l  F rac t i on ,  W t . %  

C 89.7 89.3 89.3 89.1 

H 7.3 7.5 7.4 7,7 
0 1.7 1.9 1.9 1.8 

N 0.7 0.7 0.8 1.0 

S 0.6 0.6 0.6 0.5 - 
n MW 220 230 205 205 

Asphal tene F rac t i on ,  W t . %  

C 86.1 86.2 86.5 85.1 

H 6.1 6.4 6.4 6.2 

0 4.9 4.8 5.2 5.7 

N 2.4 2.1 1.3 2.4 

S 0.5 0.5 0.6 0.6 - 
n MW 390 - - 384 490 

Preasphaltene Frac t ion ,  W t . %  

C 86.1 86.0 85.7 83.2 

H 5.0 5.1 5 .4  5.7 

0 5; 9 5.8 5.5 - - 
Id 2.5 2.4 2.4 3.3 

S 0.5 0.6 0.7 0.7 - 
n MW 990 - - - - 984 



FIGURE 28 
VARIATION OF SRC SULFUR WITH THE 

CONCENTRATION OF PYRITE 
(ELKHORN #3 COAL) 

0 I I I I 
0 2.5 5 .O 7.5 10.0 
CONCENTRATION OF PYRITE IN SLURRY, WT. % 



The hydrogen contents o f  o i  1  s, asphal tenes and preasphal tenes were cons i s ten t l y  

h igher  w i t h  p y r i t e  than w i thout  i t  (Table 83). The h igher  hydrogen content i n  

the  o i l s  and the add i t i ona l  hydrogen consumed t o  increase o i l s  product ion p l u s  

the  add i t i ona l  hydrogen consumed t o  reduce p y r i t e  t o  p y r r h o t i  t e  resu l ted  i n  

h igher  o v e r a l l  hydrogen consumption. The t o t a l  hydrogen consumpti on increased 

cons i s ten t l y  w i t h  increas ing  amounts o f  added p y r i t e  as shown i n  Table 82 and 

Figure 29. The t o t a l  hydrogen consumed increased very r a p i d l y  w i t h  the  amount 

o f  p y r i t e  added, b u t  the  t o t a l  hydrogen consumed minus hydrogen requ i red  f o r  

p y r i t e  reduc t ion  values approached an upper l i m i t  and d i d  n o t  increase 

s i g n i f i c a n t l y  w i t h  the  a d d i t i o n  of p y r i t e .  

The simulated d i  s t i  1  l a t i o n s  o f  the  o i  1  s  obtained us ing d i f f e r e n t  concentrat ions 

o f  p y r i t e  are shown i n  Figure 30. Other than s l i g h t  v a r i a t i o n s  i n  the  i n i t i a l  

b o i l i n g  p o i n t s  and the  b o i l i n g  p o i n t  d i s t r i b u t i o n  o f  the  lower b o i l i n g  p o i n t  

mater ia ls ,  ' no major d i f fe rences were noted, 

The d i s t r i b u t i o n  o f  n i t rogen and oxygen compounds i n  the  o i l s  (Table 84) 

showed a  s l i g h t  change i n  oxygen and n i t rogen contents i n  t he  presence o f  

p y r i t e .  No s i g n i f i c a n t  d i f f e rence  was noted i n  the  d i s t r i b u t i o n  o f  t o t a l  

oxygen as e ther  o r  phenols w i t h  o r  w i thou t  p y r i t e .  An increase i n  p y r i d i n e  

type compounds was noted w i t h  p y r i t e  compared t o  the  no-addi t ive run; t h i s  

increase occurred a t  the expense o f  NH2 type compounds. 

The concentrat ion o f  HAR decreased w i t h  p y r i t e ,  wh i l e  t h a t  o f  Ha and Ho increased 

w i t h  p y r i t e .  A h igher  concentrat ion o f  Ha and Ho i s  i n d i c a t i v e  o f  h igher  

so lvent  q u a l i t y  o f  generated o i l s .  No s i g n i f i c a n t  d i f fe rences occurred i n  the  

d i s t r i b u t i o n  o f  protons (Table 85) w i t h  an increase i n  the  p y r i t e  concentrat ion 

i n  t he  feed s l u r r y  from 2.5 t o  5.0 wt%. No major changes were noted i n  the  

values o f  Brown-Ladner s t r u c t u r a l  parameters w i t h  and w i thout  p y r i t e  (Table 86). 

E l  khorn #2 Coal - The e f f e c t  o f  d i f f e r e n t  p y r i t e  concentrat ion l e v e l s ,  namely 

2.5, 5.0 and 10.0 w t %  based on feed s l u r r y ,  was s tud ied  i n  t he  l i q u e f a c t i o n  o f  

Elkhorn #2 coal a t  850°F. The product ion o f  hydrocarbon gases and o i l s  increased 

w i t h  p y r i t e  a d d i t i o n  as d i d  the  conversion o f  coal and preasphaltenes (see 

Table 87). Coal conversion was almost i d e n t i c a l  a t  a l l  th ree  p y r i t e  concen- 

t r a t i o n s .  The product ion o f  hydro car bur^ yases and o i l s  were a l so  s i m i l a r  a t  



FIGURE 29 
VARIATION OF HYDROGEN CONSUMPTION 

WITH THE CONCENTRATION OF PYRITE 
(ELKHORN #3 COAL) 
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FIGURE 30 
EFFECT OF CONCENTRATION OF PYRITE ON 

SIMULATED DlSTl LLATION OF Ol LS 
(ELKHORN #3 COAL) 
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Table 84 

D i s t r i b u t i o n  o f  Oxygen and N i t rogen Compounds i n  t he  

O i l  F rac t ions  from the  L ique fac t i on  o f  F loyd County 

Elkhorn #3 Coal i n  t he  Presence o f  D i f f e r e n t  Concentrat ion Levels o f  P y r i t e  

Sample No. 

P y r i t e  Conc. , 
wt.% o f  S l u r r y  

Oxygen D i s t r i b u t i o n ,  wt.% 

Tota l  O x y ~ ~ n  1.72 1.88 . I 8 5  

Abs. Re1 . Abs. Re1 . - Abs. - & 
1.09 63.4 1 .17 .  62.2 1.14 61.6 

0.63 36.6 . 0.71 37.8 0.71 38.4 

Ni t rogen D i s t r i b u t i o n ,  wt.% 

Tota l  Ni t rogen 0.73 0.76 0.78 

Abs. Re1 . Abs. Re1 . Abs. Re1 . - - 
0.30 41.1 0.43 56.6 0.40 51.2 

0.32 43.8 0.33 33.4 0.32 41.0 

0.11 15. '1 - - - - 0.06 7.8 



Table 85 

D i s t r i b u t i o n  o f  Protons i n  t he  O i l  F rac t i on  from t h e  

L iquefac t ion  o f  F loyd County Elkhorn #3 Coal i n  

t he  Presence o f  D i f f e r e n t  Concentrat ion Levels o f  P y r i t e  

Sample No. 

P y r i t e  Conc. , 
wt.% o f  S l u r r y  

To ta l  Hydrogen, w t .  % 7.3 7.5 7.4 

D i s t r i b u t i o n  o f  protons, wt.% 

Abs. Re1 . Abs. Rel. Abs. - - Re1 . - 
H~~ 3.43 47.0 3.14 41.8 3.08 41.6 

Ha 2.04 28.0 2.44 32.5 2.26 30.5 

Ho 1.83 25.0 1.92 25.7 2.06 27.9 

Table 86 

Brown-Ladner S t r u c t u r a l  Parameters f o r  the  

O i l  F rac t ions  from the  L ique fac t i on  o f  F loyd County 

Elkhorn #3 Coal I n  t he  Presence o f  D i f f e r e n t  Concentrat ion Levels o f  P y r i t e  

Sample No. 

P y r i t e  Conc. , 
w t . %  o f  Feed S l u r r y  



Table 87 

E f f e c t  o f  Ccancentration o f  Robena P y r i t e  On L iquefact ion o' Elkhorn #2 Coal 

Sample No. 

Temperature, OF 

Feed Composition 

Solvent 

Pressure, p s i g  

Hydrogen Treat  Rate, MSCF/T 

Residence Time; Min. 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

HC 

CO, COP 

H2S 
O i l s  

Arphaltenes 

Preasphal tenes 

I . O . M .  

Water 

Conversion 

70% Solvent + 

30% Coal 

FOB #11 

2,000 

19.9 

37 

Hydrogen Consumption, wt.% MAF Coal 

Tota l  0. E3 

From Gas 0.44 

From Solvent 0.09 

By P y r i t e  - - 
SRC Su l fu r ,  % 0.55 

F i r s t  Order Rate Constants, h r - I  

Ka 0.39 

K~ 
1.03 

67.5% Solvent 

+ 30% Coal 

+ 2.5% P y r i t e  

FOB #11 

2,000 

24.2 

38 

31-175 

850 

65% Solvent 

+ 30% Coal 

+ 5.0% P y r i t e  

FOB #11 

2.000 

22.2 

38 

1.81 

2.30 

CO. 49) 

0.25 

,O. 50 

31 - 196 

850 

60% Solvent 

+ 30% Coal + 

10.0% P y r i t e  

FOB #11 

2,000 

22.5 

39 

( j = negative valu. 



a1 1 th ree  i n  p y r i t e  concentrat ions (Table 87 and Figures 31 and 32). The 

product ion  o f  asphaltenes was unaf fected by the  concentrat ion o f  p y r i t e ,  

whereas the  conversion o f  preasphaltenes increased w i t h  increas ing  concen- 

t r a t i o n  o f  p y r i t e  (Table 87 and Figure 33). The ra tes  o f  conversion o f  

asphaltenes and preasphaltenes increased w i t h  p y r i t e .  However, the  r a t e  

constants were i n s e n s i t i v e  t o  the  v a r i a t i o n s  i n  the  concentrat ion o f  p y r i t e .  

SRC s u l f u r  was unchanged w i t h  the  a d d i t i o n  o f  p y r i t e  (Table 87 and Figure 34). 

The t o t a l  hydrogen consumption increased cons i s ten t l y  w i t h  the  increase i n  t he  

concentrat ion o f  p y r i t e  (Table 87 and Figure 35), b u t  the  t o t a l  hydrogen 

consumed m i  nus the  hydrogen requ i red  t o  reduce p y r i t e  t o  py r rho t f  t e  i ncreased 

on ly  marginal l y .  

Table 88 shows an increase i n  the  hydrogen content  o f  the  o i l  f r a c t i o n s  w i t h  

increas ing  p y r i t e  concentrat ion. Simulated d i s t i l l a t i o n  o f  the  o i l  f r ac t i ons ,  

i l l u s t r a t e d  i n  Figure 36, showed no s i g n i f i c a n t  d i f fe rences w i t h  increas ing  

p y r i t e  concentrat ion. 

Table 89 shows h igher  concentrat ions o f  pyr id ine- type compounds w i t h  increas ing  

p y r i t e  add i t ion .  However, no s i g n i f i c a n t  d i f fe rences were noted i n  the  d i s t r i -  

b u t i o n  o f  n i t rogen and oxygen compounds w i t h  increas ing  concentrat ions o f  

p y r i t e  from 2.5 t o  10.0 wt%. 

The concentrat ion o f  HAR decreased and t h a t  o f  Ho and Ha increased w i t h  the  

a d d i t i o n  o f  p y r i t e  (Table 90). Solvent q u a l i t y  as determined by Ha and Ho was 

h igher  f o r  so lvent  generated w i t h  p y r i t e  than w i thou t  p y r i t e .  The concentrat ion 

o f  HAR, Ha, and Ho d i d  no t  change s i g n i f i c a n t l y  w i t h  increas ing  p y r i t e  concen- 

t r a t i o n  from 2.5 t o  10.0 wt%. No changes i n  the  values o f  Brown-Ladner 

s t r u c t u r a l  parameters were noted (Table 91). 

Effect. o f  Hydrogen Flow Rate on Liquefact ' ion - Hydrogen p a r t i a l  pressure has 

been repor ted t o  in f luence both c a t a l y t i c  and nonca ta l y t i c  coal l i q u e f a c t i o n  

(12, 13). The r e s u l t s  from an experiment w i t h  Kentucky Elkhorn #2 s imu la t ing  

the  e f f e c t  o f  hydrogen p a r t i a l  pressure on l i q u e f a c t i o n  by increas ing  the  

t o t a l  hydrogen f l ow  r a t e  i n  the  absence o f  a ca ta l ys t ,  which was discussed on 

page 80, showed no e f f e c t  on coal conversion, b u t  increased o i l  product ion, as 

we l l  as the  ra tes  o f  conversion o f  asphaltenes and preasphaltenes. It was 



FIGURE 31 
VARIATION IN THE PRODUCTION OF GASES AND 
WATER WITH THE CONCENTRATION OF PYRITE 

(ELKHORN #2 COAL) \ 
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FIGURE 33 
VARIATION IN THE PRODUCTION OF ASPHALTENES 
AND PREASPHALTENES WITH THE CONCENTRATION 

OF PYRITE (ELKHORN #2 COAL) 
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FIGURE 34 
VARIATION OF SRC SULFUR CONTENT WITH THE 

CONCENTRATION OF PYRITE 
(ELKHORN #2 COAL) 
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FIGURE 35 
VARIATION OF HYDROGEN CONSUMPTION WITH 

THE CONCENTRATION OF PYRITE 
(ELKHORN #2 COAL) 
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Table 88 

Elemental D i s t r i b u t i o n  i n  t he  

Elkhorn #2 Coal L ique fac t i on  Products i n  t he  

Presence o f  D i f f e r e n t  Amounts o f  Robena P y r i t e  

Sample No. 

P y r i t e  Concentrat ion, 

wt.% o f  Feed S lu ry  

O i l  F rac t ion ,  W t . %  

Asphal tene Frac t ion ,  W t .  % 

C 

H 

0 

N 

S 

Preasphal tene Frac Lion, We.% 



FIGURE 36 
EFFECT OF CONCENTRATION OF PYRITE ON 

SIMULATED DISTILLATION OF OIL FRACTIONS 
(ELKHORN #2 COAL) 
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Table 89 

D i s t r i b u t i o n  o f  Oxygen and N i t r ogen  Compounds i n  t h e  

O i l  F rac t i ons  from t h e  L i que fac t i on  o f  E lkhorn  #2 Coal 

i n  t h e  Presence o f  D i f f e r e n t  Concentrat ion Level  o f  P y r i t e  

Sample No. 31-139 31-161 31-175 31-196 

P y r i t e  Conc. , 
wt.% o f  S l u r r y  0.0 2.5 5.0 10.0 

Oxygen D i s t r i b u t i o n ,  wt.% 

To ta l  Oxygen 1.79 1.73 1 .71  1.65 

Abs. l  Re1.2 Abs. Rel. - - -- Abs. Rel. - - Abs. Rel. - - 
0 as 0 1.14 63.7 1.02 60.0 1.04 60.8 0.99 60.0 

0 as OH 0.65 36.3 0.71 40;O 0.67 39.2 0.66 40.0 

N i t rogen  D i s t r i b u t i o n ,  wt.% 

To ta l  N i t rogen  0.66 0.81 0.78 0.86 

Abs. Rel. - - Abs. Rel. -- Abs. Rel. - - Abs. Rel. - - 
N as N 0.27 40.9 0.41 50.6 0.38 48.7 - - - - 
N as NH 0.32 48.5 0.33 40.7 0.33 42.3 0.33 38.4 

N as NH2 0.07 10.6 0.07 8.7 0.07 9.0 - - - - 

Abs. - Absolute 

Hel. - R e l a t i v e  



Table 90 

D i s t r i b u t i o n  o f  Protons i n  t h e  O i l  F rac t ions  

from the  L iquefac t ion  o f  Elkhorn #2 Coal i n  t he  

Presence o f  D i f f e r e n t  Concentrat ion Levels o f  P y r i t e  

Sample No. 31- 139 31-161 31-175 31-196 

P y r i t e  Conc. , 
w t . %  o f  Feed S l u r r y  0.0 2.5 5.0 10.0 

To ta l  Hydrogen, w t .  % 7.2 7.3 7.5 7.5 

D i s t r i b u t i o n  o f  Protons, % 

Abs.l Re1.2 Abs. Rel. - - -- Abs. Rel. - - Abs. Rel. - - 
H~~ 3.38 46.9 3.19 43.7 3.30 44.0 3.20 42.6 

Ha 2.01 27.9 2.13 29.2 2.27 30.3 2.15 28.7 

0 
1 .81  25.2 1.98 27.0 1.93 25.7 2..15 28.7 

Abs. - Absolute 

Rel. - Re la t i ve  

Table 91 

Brown-Ladner S t r u c t u r a l  Parameters f o r  t he  

O i  1 Frac t ions  from the  L iquefac t ion  o f  E l  khorn #2 Coal 

i n  t he  Presence o f  D i f f e r e n t  Concentrat ion Levels o f  P y r i t e  

Sample No. 

P y r i t e  Concentration, 

w t . %  o f  Feed S l u r r y  



a lso  shown e a r l i e r  (page 119) t h a t  the a d d i t i o n  o f  p y r i t e  t o  coal l i q u e f a c t i o n  

increased the  coal conversion as w e l l  as o i l  product ion. Therefore i t  was o f  

g rea t  value t o  know whether f u r t h e r  increase i n  o i l  product ion cou ld  be a t t a i n e d  

by increas ing  hydrogen f l ow  r a t e  i n  the  presence o f  p y r i t e .  

Several experiments were performed w i t h  d i f f e r e n t  Kentucky coals t o  eval uate 

the  impact o f  t o t a l  ava i l ab le  hydrogen on t h e i r  l i q u e f a c t i o n  i n  t he  presence 

of p y r i t e .  The r e s u l t s  obtained from the  above experiments are discussed 

be1 ow. 

Elkhorn #3 Coal - Elkhorn #3 coal conversion and o i l  product ion was unchanged 

w i t h  increas ing  hydrogen f l ow  r a t e  i n  the presence o f  p y r i t e  (Table 64). 

Hydrocarbon gas product ion decreased and water product ion,  preasphaltene 

~ u ~ ~ v e r s f o n ,  and asphaltene product ion increased w i t h  f l ow  ra te .  Hydrogen 

consumption appeared t o  increase s l i g h t l y  w i t h  increas ing  f l ow  ra te .  Hydrogen 

content i n  asphaltenes increased w i t h  increas ing  hydrogen f l o w  r a t e  as shown 

i n  Table 65. 

The above r e s u l t s  show t h a t  increased hydrogen f l ow  r a t e  w i t h  Elkhorn #3 coal 

d i d  no t  a l t e r  conversion o r  o i l s  make, b u t  increased the  y i e l d  o f  asphaltenes. 

Kentucky #9 Coal - The e f f e c t  o f  hydrogen f l ow  r a t e  on the  l i q u e f a c t i o n  o f  

Kentucky #9 coal i n  the  presence o f  p y r i t e  i s  shown i n  Table 77. Coal conversibn 

and o i l s  make increased wh i l e  preasphaltene y i e l d  decreased w i t h  increas ing  

f l ow  ra te .  Hydrogen consumption decreased s l i g h t l y  w i t h  increas ing  f low ra te .  

The d i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  given i n  Table 78 showed 

i n s i g n i f i c a n t  change i n  the  hydrogen contents o f  o i l s ,  asphaltenes and preas- 

phaltenes w i t h  increas ing  hydrogen f l ow  ra te .  The oxygen and s u l f u r  contents 

i n  some f r a c t i o n s  were lower a t  the  h igher  hydrogen f l ow  ra te .  Although a l l  

f r a c t i o n s  showed i n s i g n i f i c a n t  v a r i a t i o n s  i n  n i t rogen contents, the  number 

average molecular weights were cons i s ten t l y  lower a t  the  h igher  hydrogen f l ow  

ra te .  



The concentrat ion o f  quinol  i ne-type compounds i n  the  o i  1  f r a c t i o n  increased 

w i t h  h igher  hydrogen f l ow  r a t e  as shown i n  Table 79; no o ther  s i g n i f i c a n t  

d i f fe rences were noted. The concentrat ion o f  oxygen compounds, 1 i ke ethers, 

decreased w i t h  increas ing  hydrogen f l ow  r a t e  from 0.90 t o  0.67%, which was 

i n d i c a t i v e  o f  improved deoxygenation. The NMR data f o r  the  o i l  f r a c t i o n s  

obtained a t  the  two f l ow  ra tes  were s i m i l a r  (Table 80). The simulated 

d i s t i l l a t i o n  o f  the  o i l  f r ac t i ons  obtained a t  d i f f e r e n t  hydrogen f l ow  ra tes  

showed a s izab le  d i f f e rence  as 'dep ic ted  i n  Figure 37. 

Elkhorn #2 Coal - Increasing the  hydrogen f l ow  r a t e  when running Elkhorn #2 

coal from 22.5 t o  49.7 Mscf per  t on  o f  coal i n  the  presence o f  p y r i t e  d i d  no t  

a l t e r  conversion o f  coal o r  the  product ion o f  o i l s .  Likewise, t he  product ion 

o f  hydrocarbon gases and asphaltenes remained the same (Table 92). Hydrogen 

consumption increased s l i g h t l y  w i t h  increas ing  f l ow  ra te .  No s i g n i f i c a n t  

d i f f e rence  were noted i n  the simulated d i s t i l l a t i o n  o f  o i l  f r a c t i o n s  obtained 

a t  the  two hydrogen f l ow  ra tes  i n  the  presence o f  p y r i t e  (see Figure 38). 

The d i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  obtained a t  t he  two 

ra tes  (Table 93) showed h igher  hydrogen contents i n  a l l  the  f r a c t i o n s  a t  the  

h igher  ra te .  No s i g n i f i c a n t  d i f fe rences were noted i n  the  d i s t r i b u t i o n  o f  

oxygen and n i t rogen compounds i n  the  o i l  f r a c t i o n s  (Table 94). The concen- 

t r a t i o n s  o f  HAR decreased and Ha and Ho increased w i t h  f l ow  r a t e  (Table 95). 

The values o f  fa and a d i d  no t  change w i t h  an increase i n  ra te .  

The e f f e c t  o f  the  hydrogen f l ow  r a t e  i n  the  presence o f  p y r i t e  revealed t h a t  

inc reas ing  f l ow  r a t e  d i d  no t  change the  o v e r a l l  conversion o f  Kentucky coals. 

However, h igher  f l ow  r a t e  y ie lded  h igher  o i l  product ion w i t h  Kentucky #9 coal ,  

whereas i t  showed no s i g n i f i c a n t  improvement i n  o i l  product ion w i t h  e i t h e r  

Elkhorn #2 o r  Elkhorn #3 coal.  No conclusion could be drawn regarding the  

e f f e c t  o f  hydrogen f low r a t e  on hydrogen consumption because i t  increased w i t h  

'flow r a t e  i n  some cases and decreased i n  others. On the  cont rary ,  inc reas ing  

hydrogen f l ow  r a t e  i n  the  absence o f  p y r i t e  increased the o i l  product ion and 



FIGURE 37 
EFFECT OF HYDROGEN FLOW RATE ON SIMULATED 
DlSTl LLATlON OF OIL FRACTIONS OBTAINED FROM 
LIQUEFACTION OF KY #9 COAL IN THE PRESENCE 

OF ROBENA PYRITE 
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Table 92 

E f f e c t  o f  Hydrogen Flow Rate on L iquefac t ion  o f  

Elkhorn #2 Coal i n  The Presence o f  Robena P y r i t e  

Sample No. 

Temperature, O F  

Pressure, p s i g  

Residence Time, M i  n. 

Hydrogen Treat  Rate, MSCF/T 

Product D i s t r i b u t i o n ,  w t .% MAF Coal 

H C 

cn, coz 

NH3 
O i l s  

Asphal tenes 

Preasphal tenes 

I . O . M .  

Water 

Conversion, w t .  % MAF Coal 

Hydrogen Consumption, w t .  % MAF Coal 

Tota l  

From Gas 

From Solvent 

By P y r i t e  

SRC Su l fu r  

F l  r s t  Order Rate Constant, h r ' l  

K, 
K 

P 

( ) - negative value 



FIGURE 38 
EFFECT OF HYDROGEN FLOW RATE ON SIMULATED 

DlSTl LLATlON OF OIL FRACTIONS OBTAINED BY 
LIQUEFACTION OF ELKHORN #2 COAL IN THE 

PRESENCE OF PYRITE 
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Table 93 

Effect o f  Hydrogen Flow Rate on the D i s t r i b u t i o n . o f  Elements 

i n  the  S o l u b i l i t y  Fract ions from the  L iquefac t ion  

o f  Elkhorn #2 Coal i n  the  Presence o f  Robena P y r i t e  

Sample No. 

Temperature, OF 

Hydrogen Treat  Rate, MSCF/T 

O i l  Fract ion,  w t . %  

C 

H 

O 

N 

S 

;1 MW 
Asphal tene Frac t ion ,  w t .% 

C 

H 

0  

N  

S 

Preasphaltene Frac t ion ,  w t . %  

C 

W 

0 

N 

S 



Table 94 

D i s t r i b u t i o n  o f  N i t r ogen  and Oxygen Compounds i n  t h e  O i l  

F rac t i ons  from t h e  L i q u e f a c t i o n  o f  E lkhorn #2 Coal 

a t  Two D i f f e r e n t  Hydrogen Flow Rates 

Sample No. 

Temperature, OF 

Hz Flow Rate, MSCF/T 

To ta l  N i t rogen,  wt.% 

To ta l  Oxygen, wt.% 

N i t rogen  D i s t r i b u t i o n ,  wt.% 

Abs. - Re1 . 
N as N 0.33 50.0 

N as NH 0.33 50.0 

N as NH2 - - - - 

Oxygen D i s t r i b u t i o n ,  wt.% 

Abs. Re1 . - 
0 as 0 0.99 60.0 

0 as OH 0.66 40.0 

Abs. - Absolute 

Rel. - R e l a t i v e  

Abs. Re1 . - 
0.35 51.5 

Abs. - Re1 . 
0.89 56.7 

0.68 43.3 



Table 95 

D i s t r i b u t i o n  o f  Protons i n  t he  O i  1  Frac t ions  from t h e  

L iquefac t ion  o f  Elkhorn #2 Coal a t  Two D i f f e r e n t  Hz Flow Rates 

Sample No. 31-196 

Hz Flow Rate, MSCF/T 22.5 

P 
Tota l  Hydrogen, w t . %  7.5 

Proton D i s t r i b u t i o n ,  % 

Abs. - Re1 . 
H~~ 3.20 42.6 

Ha 2.15 28.7 

0 
2.15 28.7 

Abs. Re1 . 
3.00 . 39.0 
2.39 31.0 

2.31 30.0 

Abs. - Absolute 

Rel. - Re la t i ve  

Table 96 

V a r i a t i o n  o f  Brown-Ladner S t r u c t u r a l  Parameters f o r  

O i l  F rac t ions  from the  L iquefac t ion  o f  

Elkhorn #2 Coal a t  Two D i f f e r e n t  Hydrogen Flow Rates 

Sample No. 

Hz Flow Rate, MSCF/T 



hydrogen consumption i n  Elkhorn #2 coal l i q u e f a c t i o n  (see page 80). These 

observat ions seem t o  i n d i c a t e  t h a t  nonca ta l y t i c  coal l i q u e f a c t i o n  i s  more 

s e n s i t i v e  t o  f l ow  r a t e  ( e f f e c t i v e  hydrogen p a r t i a l  pressure) than i s  c a t a l y t i c  

coal 1 iquefac t ion .  

Various Mineral Py r i t es  - P y r i t e  samples from var ious sources were tes ted  i n  a 

tubing-bomb reac tor  f o r  t h e i r  c a t a l y t i c  a c t i v i t y  i n  F loyd County Elkhorn #3 

coal l i que fac t i on .  Since Elkhorn #3 coal was used i n  es tab l i sh ing  base-l ine, 

i t  was decided t o  cont inue us ing i t  f o r  t e s t i n g  the  c a t a l y t i c  a c t i v i t y  o f  

minera ls  and m e t a l l i c  wastes. The conversion o f  coal increased w i t h  the  

a d d i t i o n  o f  a l l  the  p y r i t e s ,  as shown i n  Table 97. Coal conversion on the  

order  o f  85% was noted w i t h  a l l  t he  mineral p y r i t e  samples. O i l  product ion 

increased from 16 t o  -47% w i t h  var ious p y r i t e s .  Asphal tene and preasphal tene 

product ion were s im i l a?  w i t h  p y r i t e s  from Mexico, South Dakota, and Matheson 

Coleman B e l l  (MCB). The increase i n  o i l  product ion w i t h  these p y r i t e s  was due 

t o  increased conversion o f  asphaltenes t o  o i l s .  

Various P y r i t e  Samples Separated from Coal - P y r i t e  samples separated from 

var ious coals were tes ted  i n  a tubing-bomb reac tor  f o r  t h e i r  c a t a l y t i c  a c t i v i t y  

i n  coal l i que fac t i on .  Coal conversion increased w i t h  the  a d d i t i o n  o f  a l l  the 

p y r i t e s ,  as shown i n  Table 98. O i l  p roduct ion increased by more than a f a c t o r  

o f  two w i t h  add i t i on  o f  some o f  the  p y r i t e  samples ( i . e . ,  16% t o  more than 

31%). Asphaltene product ion decreased w i t h  p y r i t e s  except f o r  Robena p y r i t e  

compared t o  the  no-addi t ive run. The increased product ion o f  o i l  was due t o  

increased conversion o f  asphaltenes t o  o i l .  The product ion  o f  gas and 

preasphaltenes was no t  g r e a t l y  a f fec ted  by the  a d d i t i o n  o f  var ious p y r i t e  

sampl es. 

Ef fect  o f  Coal Cleaning on L iquefac t ion  - I r e l a n d  mine coal  and benef ic ia ted  

products provided by DOE were s tud ied  t o  determine the e f f e c t  o f  coal c leaning 

on l iquefac t ion .  The coal sample was cleaned by f l o t a t i o n  us ing a 1.30 s p e c i f i c  

g r a v i t y  media. A sample o f  coal prepared by adding p y r i t e  separated from coal 

t o  the  deep-cleaned coal was a l so  prov ided t o  study the  c a t a l y t i c  a c t i v i t y  of 

p y r i t e .  Another sample o f  I r e l a n d  coal cleaned by o i l  agglomeration was 

suppl ied t o  study the e f f e c t  o f  s e l e c t i v e  c leaning o f  coal .  The d e t a i l e d  

analyses on raw and clealred coals from I r e l a n d  mine summarized i n  Table 4 



Table 97 

C a t a l y t i c  A c t i v i t y  o f  D i f f e r e n t  Mineral  P y r i t e s  i n  Coal L iquefac t ion  

Add i t i ve  

O i l s  

Asphal tenes 

Preasphal tenes 

I .O.M.  

Conversion 

Product D i s t r i b u t i o n ,  w t .% MAF Coal 

S in io la ,  South 

Mexi co Dakota MCB 

None P y r i t e  P y r i t e  P y r i t e  

Reaction Mixture: Coal - 3 g (Floyd County Elkhorn #3) 

Solvent - 6 g 

Add i t i ve  - 1 g 

Reaction Condition: Temperature - 45Q°C 

Pressure - 1250 p s i g  Hz a t  25OC 

Time - 60 Minutes 

Reactor: Tubi ng-Bomb 

Volume - 46.3 m l .  

For the purpose o f  ca l cu la t i ons ,  a l l  p y r i t e s  (FeS2) are assumed t o  form FeS 

dur ing  react ion.  



Table 98 

C a t a l y t i c  A c t i v i t y  o f  P y r i t e  Samples separated from Various Coals 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

McDowel 1 Union Cambria Washi ngtcn Webster 
County, County, County, County, County, I r e l a n d  

Add i t i ve  None WV & Pa. Pa. L Y L  M i  ne 

P u r i t y  o f  
P y r i t e s  - - 37.1 78.4 50.1 36.9 87.3 46.8 

Gas - 11 13 12 13 14 1 iP 8 
O i  1 s 16 3 3 40 3 9 3 3 3 1 42 
Asphal t.enes 3 9 2 6 2 9 2 6 2 9 3 0 2 6 
Preasphal tenes 14 13 11 12 13 14 11 
1.0.H. 2 0 15 8 10 11 14 13 

Conversion 80 85 9 2 9 0 89 86 87 

React ior~ Mixture: Coal - 3 g (Floyd County Elkhorn #3) 
Solvent - 6 g 
Add i t i ve  - l g  

Reaction Condit ion: Temperature - 450°C 
Pressure - 1250 p s i g  Hz a t  25OC 
Time - 60 Minutes 

Robena . 
P y r i t e ,  

Pa 

Reactor: Tubi ng-Bomb 
Volume - 46.3 m l .  



showed s i g n i f i c a n t  va r i a t i ons  i n  t he  concentrat ion o f  p y r i t e  among d i f f e r e n t  

samples. The l i q u e f a c t i o n  behavior o f  raw, deep-cleaned, deep-cleaned-plus- 

p y r i t e ,  and coal cleaned by o i l  agglomeration i s  shown i n  Table 99. The raw 

coal sample (ash = 35.04%) showed a conversion o f  85%. O i l  and asphaltene 

product ion were 14 and 42%, respect ive ly .  Conversion o f  t he  deep-cleaned coal  

(ash = 2.48%; p y r i t e  = 0.17%) was very s i m i l a r  t o  t h a t  o f  raw coal; b u t  o i l  

product ion decreased s i g n i f i c a n t l y  from 14 t o  2%. The decrease i n  o i l  

product ion was due t o  lower ash and p y r i t e  contents i n  the  deep-cleaned coal 

than raw coal.  Preasphaltene and asphaltene product ion increased from 15 t o  

21% and from 42 t o  46%, respect ive ly .  When p a r t  o f  t he  recovered p y r i t e  was 

again added t o  the deep-cleaned coal sample (ash = 15.47%, p y r i t e  = 3.83%), 

the l i q u e f a c t i o n  behavior o f  the  combined mix ture  approached t h a t  o f  raw coal ,  

showing t h a t  p y r i t e  cata lyzes the  conversjon o f  asphaltenes and preasphaltenes 

t o  o i l s .  The coal cleaned by o i l  agglomeration contained the  h ighest  amount 

of p y r i t e  ( p y r i t e  = 5.08%) and the re fo re  showed the  h ighest  coal conversion 

and o i l  product ion among a1 1 the  raw and cleaned coal samples (Table 99). 

Par t  of t h i s  increased coal conversion and o i l  product ion could be due t o  

physical  .adsorpt ion o f  kerosene on the  o i l  agglomerated coal sample. 

Catal y s i  s by Reduced Py r i  t e  

A l a r g e  sample o f  Robena p y r i t e  was reduced a t  84Z°F f o r  3 hours w i t h  hydrogen 

gas i n  a reduct ion u n i t .  The X-ray d i f f r a c t i o n  analys is  o f  t he  t r e a t e d  ma te r ia l  

showed t h a t  i t  was composed o f  approximately 60% p y r r h o t i t e  (FeS1. 074 ) and 40% 

t r o i l i t e  (FeS). Results on the  c a t a l y t i c  a c t i v i t y  o f  the  reduced p y r i t e  

sample i n  the  l i q u e f a c t i o n  o f  Elkhorn $2 coal it.L 825OF are summarized i n  

Table 100. Conversion o f  coal and preasphaltenes and the  product ion o f  o i l s  

increased s i g n i f i c a n t l y  w i t h  the a d d i t i o n  o f  reduced p y r i t e  compared w i t h  the 

no-addi t ive run; o i l  product ion increased by over a f a c t o r  o f  two. Rates o f  

conversion o f  asphaltenes and preasphaltenes a lso  increased considerably w i t h  

reduced p y r i t e .  The product ion o f  asphaltenes decreased s l i g h t l y ,  and t h a t  o f  

hydrocarbon gases, CO, C02, and water were unchanged w i t h  reduced p y r i t e  over 

the no-addi t ive run. Hydrogen consumption and SRC s u l f u r  content increased 

marginal l y  w i t h  reduced p y r i t e  add i t ion .  



Table 99 

L iquefac t ion  Behavior o f  Raw and Cleaned I r e l a n d  Mine Coal Samples 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

Deep Deep Cleaned Cleaned by 

Coal - Raw - Cleaned + P y r i t e  O i l  Agglomeration 

Gas 14 14 11 12 

Asphal tenes 42 46 3 9 3 7 

Preasphal tenes 15 2 1 17 15 

I .O.M.  15 17 17 13 

Conversion 8 5 83 83 90 

Reaction Mixture: Coal - 3 g 

Solvent - 6 g 

Reaction Conditions: Temperature - 450°C 

Pressure - 1250 p s i g  H2 a t  2S°C 

Time - 60 Minutes 

Reactor: Tubing-Bomb 

Vollrlllt! - 46.3 m. 



Table 100 

Sample No. 

Feed Composit ion 

C a t a l y t i c  A c t i v i t y  o f  Reduced Robena P y r i t e  i n  

L i que fac t i on  o f  E lkhorn  #2 Coal 

Temp. , OF 

H2 Flow Rate, MSCF/T 

Pressure, p s i g  

React ion Time, Min. 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 

co, COP 

H2S 
O i  1 s 

Asphal tenes 

Preasphal tenes 

I .O .M.  

Water 

Conversion 

31-128 44- 20 

70% So lven t  + 67.5% Sol ven t  + 

30% Coal 

Hydrogen Consumption, wt.% MAF Coal 

To ta l  0.64 

From Gas 0.59 

From Solvent  0.05 

SRC S u l f u r ,  % 0.61 

F i r s t  Order Rate Constants, hrel 

Ka 0.62 

K~ 
1.27 

30% Coal + 2.5% 

Reduced P y r i t e  



D i s t r i b u t i o n  o f  elements i n  t he  var ious f r a c t i o n s  given i n  Table 101 showed no 

s i g n i f i c a n t  d i f fe rences i n  hydrogen, oxygen, n i t rogen,  and s u l f u r  contents o f  

var ious f r a c t i o n s  obtained w i t h  and w i thou t  reduced p y r i t e .  Higher concentra- 

t i o n s  o f  HAR and Ha and a lower value o f  Ho was noted i n  the  o i  1  f r a c t i o n  

obtained w i t h  reduced p y r i t e ,  as shown i n  Table 102. No p o s i t i v e  conclusions 

could be drawn about so lvent  q u a l i t y  from the  proton d i s t r i b u t i o n  data. 

From the  above data i t  can be concluded t h a t  the a d d i t i o n  o f  reduced p y r i t e  t o  

coal dur ing  l i q u e f a c t i o n  increases o i l  product ion and the  r a t e  o f  conversion 

o f  asphaltenes and preasphaltenes. Reduced p y r i t e  a l so  marg ina l ly  increases 

the  o v e r a l l  hydrogen consumption, b u t  does no t  have any impact on product ion 

o f  gases and removal o f  SRC s u l f u r .  

Catalys i s  by Iran 0x1 de 

The c a t a l y t i c  a c t i v i t y  o f  p y r i t e  was discussed i n  d e t a i l  i n  the  previous 

sect ion.  L ike  p y r i t e ,  i r o n  oxide i s  inexpensive and ava i l ab le  i n  l a rge  

quan t i t i es ,  making i t  a p o t e n t i a l  disposable c a t a l y s t  i n  coal 1 iquefac t ion .  

Thermal Proper t ies - The TGA o f  i r o n  oxide (Fe203) i n  the  presence o f  hydrogen 

gas showed compl e te  reduc t ion  t o  e l  emental i r o n  a t  approximately 550°C (1 022OF). 

I r o n  oxide, however, showed a weight l oss  o f  21% when reduced i n  hydrogen i n  

the PTGR a t  842OF and 1000 p s i g  pressure ins tead o f  the  30% weight l oss  necessary 

f o r  s to i ch iomet r i c  reduct ion o f  Fe203 t o  elemental i r o n .  This suggests t h a t  

incomplete reduct ion  o f  i r o n  oxide (Fe 0 ) t o  elemental i r o n  may occur a t  2 3 
t y p i c a l  coal l j q u e t a c t i o n  reac t i on  temperatures. On the cont rary ,  complete 

conversion o f  i r o n  oxide t o  i r o n  s u l f i d e  may occur due t o  the  presence o f  H2S 

i n  coal l i q u e f a c t i o n  reac t ion .  

A c t i v i t y  o f  I r o n  Oxide - Two d i f f e r e n t  samples of i r n n  oxide, mineral-grade 

and reagent-grade, were s tud ied  f o r  t h e i r  c a t a l y t i c  a c t i v i t y  i n  coal l i que -  

f ac t i on .  Specul i t e ,  ~iis'rieral-grade i r o n  oxide, i s  a r a t h e r  pure mineral and i t 

contains 95% Fe203 (Table 8). Reagent-grade i r o n  oxide, on the  cont rary ,  i s  

100% Fe203. Both samples were ground t o  -200 mesh before use i n  coal 

l i q u e f a c t i o n .  The c a t a l y t i c  a c t i v i t y  o f  these i r o n  oxide samples i s  discussed 

be1 ow. 



Table 101 

Sam~ le  No. 

Cata lys t  

E f f e c t  o f  Reduced P y r i t e  on D i s t r i b u t i o n  o f  

Elements i n  L ique fac t i on  Products from Elkhorn #2 Coal 

O i l  F rac t ion ,  w t .%  

C 

H 

8 

N 

S 

Asphaltene Frac t ion ,  wt.% 

Preasphaltene Frac t ion ,  w t . %  

O r i g i n a l  

Sol vent  

(FOB #11) 31-128 44- 20 
- - None Reduced 

P y r i t e  

Oxygen i s  determined by d i f f e rence  

Not determined 



Table 102 

Sam~ le  No. 

Cata lys t  

E f f e c t  o f  Reduced P y r i t e  on D i s t r i b u t i o n  o f  Protons i n  the  

O i l  F rac t ions  from L iquefac t ion  o f  Elkhorn #2 Coal 

To ta l  Hydrogen 

Q i s t r i b u t i o n  o f  Protons, % 

Absolute 

H~~ 

Ha 

0 

Re1 a t i  ve 

H~~ 

Ha 

0 

Or ig ina l  Sol vent 

(FOB #11) 31-128 
- - None 

44-20 

Reduced 

P y r i t e  



Specu l i te  (Mineral-Grade Fe203) - The c a t a l y t i c  a c t i v i t y  o f  specu l i t e  was 

s tud ied  a t  bo th  825 and 850°F (Table 103). A concent ra t ion  o f  10 wt% specul i t e  

based on feed s l u r r y  was used t o  p o s i t i v e l y  i d e n t i f y  i t s  c a t a l y t i c  a c t i v i t y .  

Data on l i q u e f a c t i o n  i n  t he  presence o f  specu l i t e  a t  850°F showed t h a t  the  

produc t ion  o f  hydrocarbon gases, o i l s ,  preasphaltenes, and water increased 

from 6.8 t o  9.6%, 20.4 t o  25.4%, 25.4 t o  31 .O% and 1.2 t o  4.6%, respec t i ve l y ,  

coal conversion increased from 84 t o  90% (Table 103). The r a t e  o f  asphaltene 

conversion increased from 0.75 t o  1.37, whereas t h a t  o f  preasphaltene conversion 

decreased from 2.95 t o  2.13. Specu l i te  apparent ly  cata lyzes the  asphaltene 

conversion t o  o i l s  b u t  has a negat ive e f f e c t  on preasphaltene conversion. The 

SRC s u l f u r  content  was very s i m i l a r  i n  bo th  t he  cases. A s i g n i f i c a n t  increase 

i n  hydrogen consumption occurred from 0.91% w i t h  no-add i t i ve  t o  1.84% w i t h  

specu l i te .  The increased hydrogen consumption was due main ly  t o  increased 

product ion o f  hydrocarbon gases, o i l s ,  and water, as we1 1 as t o  supply ing the  

hydrogen requ i red  t o  reduce Fe203 t o  Fe304 and elemental i r o n .  

No major d i f f e rences  i n  the  hydrogen, oxygen, n i t r ogen  and s u l f u r  contents i n  

the  o i l s  were noted w i t h  specu l i t e  (see Table 104); lower e ther  and h igher  

hydroxy l - type compound concentrat ions were observed w i t h  specu l i t e  compared 

w i t h  t he  no-add i t i ve  run, as shown i n  Table 105. Some v a r i a t i o n  i n  the  

d i s t r i b u t i o n  o f  n i t r ogen  compounds w i t h  and w i thou t  specu l i t e  i s  shown i n  

Table 105. Table 106 shows no s i g n i f i c a n t  v a r i a t i o n  i n  the  d i s t r i b u t i o n  o f  

protons w i t h  and w i thou t  specu l i t e  add i t i on .  The values o f  t he  Brown-Ladner 

s t r u c t u r a l  parameters were very s i m i l a r  w i t h  and w i thou t  t he  a d d i t i o n  o f  

specu l i t e .  However, t h e  simulated d i s t i l l a t i o n  o f  o i l  f r a c t i o n s  (F igure 39) 

showed o~arsked d i f t e rences  i n  t he  b o i l i n g  p o i n t  d i s t r i b u t i o n  i n  t h a t  t he  o i l s  

obta ined w i t h  specu l i t e  covered a wider  b o i l i n g  p o i n t  range compared w i t h  t he  

no-addi t i  ve run. 

The temperature s e n s i t i v i t y  t o  specu l i t e  showed t h a t  t he  conversion o f  coal 

was e s s e n t i a l l y  unchanged. Inc reas ing  the  r e a c t i o n  temperature from 825 t o  

850°F a1 so had almost no e f f e c t  on o i l  p roduc t ion  (23.8 vs. 25.4%). Hydro- 

carbon gas produc t ion  increased from 4.9 t o  9.6%. No change i n  asphaltene 

produc t ion  was noted, b u t  preasphaltenes decreased from 39.8 t o  31.0% w i t h  t he  

increase i n  temperature. Most o f  t he  converted preasphaltenes were found i n  

the  gaseous hydrocarbon f r a c t i o n .  The r e a c t i o n  ra tes  f o r  asphaltene and 



Table 103 

L i q u e f a c t i o n  o f  E lkhorn #3 Coal i n  t h e  Presence o f  Mineral-Grade I r o n  Oxide 

Sample No. 

Feed Composit ion 

Temperature, OF 

Pressure, p s i g  

Hydrogen Flow Rate, MSCF/T 

React ion Time, Min. 

PI-uduc t D i s t r i b u t i o n ,  wt.% MAF Coal 

HC 

C O Y  co2 

NH3 
O i  1 s 

Asphal tenes 

Preasphaltenes 

I .O.M.  

Water 

Conversion 

31 -81 

70% Solvent  + 

30% Coal 

Hydrngen Consumption, wt.X MAF Coal 

To ta l  0.91 

From Gas 0.92 

From Solvent  (0.01 )I. 

By A d d i t i v e  - - 
SRC S u l f u r ,  % 0.50 

F i r s t  Order Rate Constants, h r - I  

Ka 0.75 

K~ 
2.95 

31 -248 31 -258 

60% So lven t  + 

30% Coal + 

10% Specul i t e  

825 850 

2000 2000 

22.5 23.8 

38 38 

I 

( ) - means negat ive va lue 



Table 104 

Sampl e No. 

Add i t i ve  

D i s t r i b u t i o n  o f  Elements i n  t he  L iquefac t ion  Products o f  

Elkhorn #3 Coal i n  t he  Presence o f  Mineral-Grade I r o n  Oxide 

Temperature, OF 

O i l  F rac t ion ,  wt.% 

None 

850 

31 -248 31-258 

Specul i t e  

825 850 

Asphaltene Frac t ion ,  w t .%  

C 86.1 86.3 87.1 

H 6.1 6.0 5.8 

0 4.9 5.6 5.2 

N 2.4 1.6 1.3 

Preasphal tene Frac t ion ,  w t . %  

C 

H 

0 

N 

S - 
n MW 



Table 105 

D i s t r i b u t i o n  o f  Oxygen and b l i t rogen 

Compounds i n  t he  O i l  F r a c t i o n  from t h e  L i que fac t i on  

Product o f  E l  khorn #3 Coal i n  t he  Presence o f  Minera l  -Grade I r o n  Oxide 

FOB #11 

O r i g i n a l  

Sample No. Sol vent  

A d d i t i v e  - - 
Temperature, OF - - 
Oxygen D i s t r i b u t i o n ,  wt.% 

To ta l  1.42 

Abs. Re1 . 
0.90 63.4 

N i t rogen  D i  s t r i  bu t ion ,  wt.% 

To ta l  1.05 

Abs. Re1 . 
N as N 0.61 58.1 

N as NH 0.38 36.2 

N as NH2 0.06 5.7 

31-81 31 -248 31-258 

None Specul i t e  Specul i t e  

850 825 850 

Abs. Re1 . Abs. Re1 . - - - Abs. - 
1.09 63.4 0.98 59.8 0.92 57.5 

0.73 

Abs. Re1 . 
0.30 41.1 

0.32 43.8 

0.11 15.1 

0.78 0.65 

Abs. Re1 . Abs. - Re1 . - 
0.40 51.3 0.28 43.1 

0.32 41.0 0.32 49.2 

0.06 7.7 0.05 7.7 



Table 106 

D i s t r i b u t i o n  o f  Protons i n  the O i l  F rac t ions  from the  L iquefact ion 

o f  E l  khorn #3 Coal i n  t he  Presence o f  Mineral  -Grade I r o n  Oxide 

FOB #11 

Sample No. 

Add i t i ve  

Temperature, OF 

Tota l  Hydrogen, W t . %  

D i s t r i b u t i o n  o f  Protons, % 

Re la t ive  

Absolute 

Or ig ina l  Solvent 31-81 31 -248 31-258 
-- ' None Specul i t e  

Sample No. 

Add i t i ve  

Temperature, O F  

Table 107 

Brown-Ladner Struct.ura1 Parameters f o r  the  O i l  

Fract ions from the  L iquefac t ion  Product o f  Elkhorn #3 

Coal i n  t he  Presence o f  Mineral-Grade I r o n  Oxide 

FOB #11 

Or ig ina l  Sol vent 31 -81 31-248 31-258 
- - None Specul i t e  
- - 850 825 850 



FIGURE 39 
COMPARISON OF SIMULATED DISTILLATION OF OIL 

FRACTIONS OBTAINED BY LIQUEFACTION OF 
ELKHORN #3 COAL IN THE PRESENCE AND ABSENCE 

OF SPECULITE AT 850' F 



preasphal tene convers ion increased from 1.26 t o  1.37 and fr,om 1.61 t o  2.13, 

r e s p e c t i v e l y  , w i t h  i nc reas ing  temperature. The convers ion  o f  preasphal tenes 

.seemed t o  be more s e n s i t i v e  t o  temperature than  t o  asphaltenes. Hydrogen 

consumption increased from 1.38 t o  1.84% as temperature increased from 825 t o  

850°F. The X-ray d i f f r a c t i o n  ana l ys i s  o f  t h e  coa l  1  i q u e f a c t i o n  res idue  m a t e r i a l  

showed i t  was a m ix tu re  o f  Fe304, FeS, and elemental  i r o n .  A p a r t  o f  t h e  
,- 

t o t a l  hydrogen consumed was due t o  r educ t i on  o f  FeZ03; 0.17 wt% hydrogen based 

on MAF coa l  was c a l c u l a t e d  t o  be consumed t o  complete ly  reduce Fe203 t o  Fe304. 

The SRC s u l f u r  con ten t  decreased from 0.64 t o  0.54% a t  t h e  h i ghe r  r e a c t i o n  

temperature. 

The d i s t r i b u t i o n  o f  elements i n  t h e  o i l s  (Table 104) showed no s i g n i f i c a n t  

changes w i t h  r e a c t i o n  temperature,  whereas t h a t  o f  asphaltenes and preasphaltenes 

showed o n l y  minor changes. The d i s t r i b u t i o n  o f  oxygen compounds (Table 105) 

i n  t he  o i l s  were unchanged a t  825 and 850°F. No s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  

d i s t r i b u t i o n  o f  protons and t h e  values o f  Brown-Ladner s t r u c t u r a l  parameters 

were n o t e d . w i t h  t h e  increase i n  temperature (see Tables 106 and 107). 

The above da ta  p o i n t  o u t  t h a t  i nc reas ing  t h e  coal  l i q u e f a c t i o n  r e a c t i o n  tempera- 

t u r e  i n  t h e  presence o f  s p e c u l i t e  increases t h e  p roduc t i on  o f  hydrocarbon 

gases and o i l s ,  increases hydrogen consumption, and decreases t h e  p roduc t i on  

o f  preasphaltenes and t h e  s u l f u r  con ten t  o f  SRC. The increase i n  p roduc t i on  

o f  hydrocarbon gases w i t h  temperature i s  much g rea te r  than  t h e  increase i n  

o i l s  p roduc t ion ,  and t he  increase i n  p roduc t i on  o f  hydrocarbon gases i s  achieved 

a t  t he  expense o f  increased hydrogen consumption. I n  terms o f  hydrogen 

consumpti on, t he  use o f  1  ower temperature i s  pr..e.fer>~*ed. 

Reagent-Grade I r o n  Oxide - The c a t a l y t i c  a c t i v i t y  o f  reagent-grade Fe203 i n  

E lkhorn #2 coal  l i q u e f a c t i o n  r e a c t i o n  was s tud ied  a t  850°F a t  two i r o n  ox ide  

concentrat ions.  Coal convers ion remained unchanged and t h e  p roduc t i on  o f  o i l  

increased w i t h  t h e  a d d i t i o n  o f  Fe203 over t h e  n o n c a t a l y t i c  run;  o i l  p roduc t i on  

increased from 8.3 t o  23.7%. The p roduc t i on  o f  asphaltenes and preasphaltenes 

decreased w i t h  Fe203 a d d i t i o n  (Table 108), whereas t he  r a t e s  o f  convers ion of 

bo th  t he  preasphaltenes and asphaltenes increased. Hydrogen consumption and 

SRC s u l f u r  con ten t  were e s s e n t i a l l y  unchanged. A l l  t h e  H2S produced du r i ng  coa l  

l i q u e f a c t i o n  was removed by Fe20g. The x- ray d i f f r a c t i o n  ana l ys i s  o f  t h e  l i q u e -  

f a c t i o n  res idue  showed complete convers ion o f  Fe203 t o  Fe304 and p y r r h o t i t e .  



Table 108 

Sample No. 

E f f e c t  o f  Reagent-Grade I r o n  Oxide on 
L i que fac t i on  o f  E lkhorn #2 Coal 

Feed Composit ion 70% Solvent+ 68.3% Sol vent+ 
30% Coal 30% Coal + 

1.7% Fe203 

Temperature, OF 850 850 
Pressure, p s i  g 2,000 2,000 
Hydrogen Flow Rate, MSCF/T 19; 9 27.6 
React ion Time, Min. 3 7 42.6 

Product D i s t r i b u t i o n ,  W t . %  MAF Coal 
H C 7.0 
CO, C02 0.6 

O i l s  8.3 23.7 
Asphaltenes 21.6 18.9 
Preasphal tenes 43.4 35.0 
I.O.M. 15.7 13.8 
Water 3 .1  3.3 

Conversion 84.3 86.6 

Hydrogen Consumption, W t . %  MAF Coal 

To ta l  0.53 0.46 
From Gas 0.44 0.00 
From Solvent  0.09 0.49 
BY - (0 .03) l  

SRC S u l f u r ,  % 0.55 0.48 

F i r s t  Order Rate Constants, h r - I  
0.39 1.07 
1.09 1.66 

66.6% Solvent+ 
30% Coal + 
3.4% Fe203 

850 
2,000 

26.0 
40.6 

( ) means negat.ive va lue 



The d i s t r i b u t i o n  o f  elements i n  var ious f r a c t i o n s  g iven i n  Table 109 showed 

some changes i n  the  hydrogen and n i t rogen contents i n  a l l  the  f r a c t i o n s  

obtained w i t h  i r o n  oxide. Higher HAR and lower Ha and Ho concentrat ions were 

noted w i t h  Fe203, as shown i n  Table 110. 

Ef fect  of Fe203 Concentrat ion - The c a t a l y t i c  a c t i v i t y  o f  Fe203 i n  coal l i que -  

f ac t i on  was.studied a t  two d i f f e r e n t  concentrat ions, namely, 1.7 and 3.4 w t  

percent  o f  s l u r r y .  The d i s t r i b u t i o n  o f  products and the  concentrat ions o f  

elements i n  the  var ious f r a c t i o n s  are  summarized i n  Tables 108 and 109. The 

conversion o f  coal  and the  product ion o f  o i l s ,  asphaltenes, and preasphaltenes 

were unchanged by increas ing  the  concentrat ion o f  F e 2 O 3  The product ion  o f  

hydrocarbon gases increased from 4.7 t o  6.5% w i t h  increas ing  Fe203 concentrat ion 

Hydrogen consumption increased s l i g h t l y  w i t h  increas ing  Fe203 concentrat ion. 

Reaction ra tes  f o r  conversion o f  asphaltenes and preasphal tenes g iven i n  

Table 108 were no t  changed by increas ing  Fe203 concentrat ion;  i n  add i t ion ,  no 

s i g n i f i c a n t  d i f fe rences i n  t he  d i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  

were noted. The concentrat ion o f  HAR decreased and t h a t  o f  Ha and Ho increased 

by increas ing  Fe203 concentrat ion (Table 110). This  in fo rmat ion  suggests t h a t  

the q u a l i t y  of the  generated so lvent  increases w i t h  increas ing  FeZ03 concentra- 

t i o n .  However, the q u a l i t y  o f  so lvent  generated w i t h  Fe203 was lower than t h a t  

generated w i t h  no-addit ion. 

It can be concluded from the above data t h a t  the  coal l i q u e f a c t i o n  reac t i on  i s  

no t  g r e a t l y  improved by increas ing  the  concentrat ion o f  Fe203 from 1.7 t o  3.4 

w t %  o f  s l u r r y .  

A c t i v i t y  o f  Supported Fe203 Cata lysts  - Study o f  the c a t a l y t i c  a c t i v i t y  o f  

i r o n  oxide (Fe203) showed t h a t  a d d i t i o n  o f  Fe203 s l i g h t l y  increased the  conversion 

o f  coal and s i g n i f i c a n t l y  increased the  product ion o f  o i l .  These increases 

i nd i ca ted  the  p o t e n t i a l  o f  Fe 0 as one o f  the  most important  candidates f o r  2 3 
the  disposable c a t a l y s t  study. 

To study the  a c t i v i t y  o f  Fe203 i n  more d e t a i l ,  var ious i r o n  oxide c a t a l y s t s  

supported on e i t h e r  f l y  ash o r  s i l i c a  w i t h  vary ing  concentrat ions o f  i r o n  

oxide ( e i t h e r  i n  the  pure form o r  i r o n  ore obtained from U.S. S tee l )  were 

prepared a t  A i r  Products and added t o  coal dur ing  l i que fac t i on .  The r e s u l t s  

are shown i n  Table 111. 



Table 109 

E f fec t  o f  Reagent-Grade I r o n  I r o n  Oxide on Elemental 

D i s t r i b u t i o n  i n  the  L ique fac t i on  Products o f  Elkhorn #2 Coal 

Sample No. 31-139 38- 28 38-40 

Temperature, OF 850 

Fe203 Concentrat ion, W t .  % 0.0 

O i l  F rac t ion ,  W t . %  

C 

1-1 

0 

N 

s 

Asphal tene Frac t ion ,  W t . %  

C 87.0 

H 6 .1  

0 5.0 

N 1.4 

S 0.5 

Preasphaltene Frac t ion ,  W t . %  

C 86.6 

H 4.9 

0 5.4 

N 2.4 

S 0.6 



Table 110 

E f f e c t  o f  ~ e a ~ e n t - ~ r a d e  I r o n  Oxide on D i s t r i b u t i o n  o f  Protons i n  

the  O i l  Fract ions from the  L iquefac t ion  o f  Elkhorn #2 Coal 

Sample No. 31-139 38- 28 38-40 

Temperature, aF 850 850 850 

Fe203 Concentration, W t . %  0.0 

Tota l  Hydrogen, W t . %  7.2 

D i s t r i b u t i o n  o f  Protons, % 

Re1 . Abs. Re1 . Abs. Re1 . - Abs. 



Table 111 

C a t a l y s t  No. 

D e s c r i p t i o n  o f  

C a t a l y s t  

lCal c i  ned 

Gas 

O i l s  

Asphal tenes 

Preasphal tenes 

I .O .M.  

Conversion 

C a t a l y t i c  A c t i v i t y  o f  Various Supported Fe,O, Cata lys ts  

None 

No 

Product D i s t r i b u t i o n ,  wt.% MA= Coal 

React ion Mix tures:  3 g E lkhorn #3 Coal 

6 g Solvent  

1 g Ca ta l ys t  

Reaction Condit ion: Temp. - 450°C 

Specul i t e  25% Fe203 

(Fe203) on F l y  Ash 

No Yes 

75% Fe203 

on F l y  Ash 

Yes 

813x1-1 

75% Fe203 

on F l y  Ash 

N 0 

Time - 60 Minutes 

Pressure - 1,250 p s i g  H2 a t  25OC 

Reactor - T~bing-Bomb 



Table 111 

(Continued) 

Ca ta l ys t  No. 

Desc r i p t i on  

C a l c i n a t i o n  

O i  1 s 

Asphal tenes 

Preasphal tenes 

I .O .M.  

Conversion 

C a t a l y t i c  A c t i v i t y  o f  Var ious Supported Fe203 Cata lys ts  

25% U.S. 

Stee l  Fe203 

on F l y  Ash 

Yes 

React ion Mix tures:  3 g Elkhorn #3 Coal 

6 g Solvent  

1 g Ca ta l ys t  

React ion Condit ion: Temp. - 450°C 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

705x9-3 814x1-12 705x1 6- 1 x6 

75% U.S. 75% U.S. 25% U.S. 

Stee l  Fe203 Steel  Fe20j Stee l  Fe203 

on F l y  Ash on F l y  Ash on S i l i c a  

N o Yes Yes 

705x1 6- 1 

25% U.S. 

Stee l  Fe203 

On S i l i c a  

81 4x3-2x2 

50% U.S. 

S tee l  Fe203 

on Si1, ica 

Yes 

Time - 60 Minutes . 

Pressure - 1,250 p s i g  Hz a t  25OC 

Reactor - Tubing-Bomb 



A t  a constant c a t a l y s t  concentrat ion, the  f o l l o w i n g  changes d i d  no t  cause any 

d e f i n i t e  t rend  i n  1 iquefac t ion :  inc reas ing  the  concentrat ion o f  i r o n  oxide 

from 25 t o  75%; changing from pure i r o n  oxide t o  impure i r o n  oxide obtained 

from U.S. Steel ;  changing the  support from f l y  ash t o  pure s i l i c a  and c a l c i n i n g  

the  c a t a l y s t  before use. Coal conversion and the  o i l  product ion were. lower 

i n  a l l  the  cases except f o r  the  one obtained w i t h  pure Fe203. 

Comparison o f  the  C a t a l y t i c  A c t i v i t y  o f  P y r i t e  and I r o n  Oxide 

The c a t a l y t i c  a c t i v i t y  o f  p y r i t e  and i r o n  oxide i n  the  l i q u e f a c t i o n  o f  Elkhorn #2 

coal i s  compared and presented i n  Table 112. The a d d i t i o n  o f  p y r i t e  y ie lded  

h igher  o v e r a l l  conversion o f  coal and product ion o f  hydrocarbon gases and 

asphaltenes compared w i t h  i r o n  oxide. Preasphaltene y i e l d  was lower w i t h  

p y r i t e  than w i t h  i r o n  oxide. The ra tes  o f  conversion o f  asphaltenes and 

preasphaltenes were a l so  h igher  w i t h  p y r i t e .  Furthermore, the hydrogen content  

and the  q u a l i t y  o f  generated solvent ,  shown i n  Table 113, were h igher  w i t h  

p y r i t e  than w i t h  i r o n  oxide. I n  s p i t e  o f  a l l  the  bene f i t s  o f  p y r i t e  over i r o n  

oxide, there  are disadvantages. Hydrogen consumption w i t h  p y r i t e  was almost 

f ou r  t imes t h a t  o f  i r o n  oxide. Also, t he  a d d i t i o n  o f  i r o n  oxide removed a l l  

the  H2S generated i n  the  coal l i q u e f a c t i o n  reac t ion ,  e l i m i n a t i n g  the  need o f  a 

s u l f u r  recovery u n i t  f o r  the p lan t .  The use o f  p y r i t e  o r  i r o n  oxide i n  coal 

l i q u e f a c t i o n  reac t i on  as a disposable c a t a l y s t  w i l l  depend mainly on process 

economics. 

Cata lys is  by Combi nat ions o f  D i f f e r e n t  I r o n  Compounds 

Reduced p y r i t e  was shown t o  cata lyze coal l i q u e f a c t i o n  by improving coal 

conversion and o i l  product ion. Cata lys is  by p y r i t e  and reduced p y r i t e  i s  

l i t t l e  understood. Thus, t o  understand the t ransformat ion o f  p y r i t e  t o  

p y r r h o t i t e ,  an i n - s i t u  p repara t ion  o f  p y r r h o t i t e  from a p y r i t e  and i r o n  oxide 

mix ture  was conducted. I n  add i t ion ,  the  c a t a l y t i c  a c t i v i t y  o f  p y r r h o t i t e  

prepared i n - s i t u  was tes ted  i n  coal l i q u e f a c t i o n  react ions.  



Table 112 

Comparison o f  C a t a l y t i c  A c t i v i t y  o f  P y r i t e  

and I r o n  Oxide i n  L i que fac t i on  o f  E lkhorn #2 Coal 

Sample No. 

A d d i t i v e  

Fe Concentrat ion,  wt. % Coal 

Temperature, O F  

Pressure, p s i  g 

Hydrogen Flow Rate, MSCF/T 

React ion Time, Min. 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 

C O Y  co2 

H2S 
O i l s  

Asphaltenes 

Preasphal tenes 

I .O .M.  

Water 

Conversion 

Hydrogen Consumption, wt.% MAF Coal 

SRC S u l f u r ,  % 

F i r s t  Order Rate Constants, hr - '  

Ka 

K~ 

31-161 

P y r i t e  

3.53 

38- 28 

I r o n  Oxide 

3.97 



Table 113 

Samlile No. 

Add i t i ve  

Comparison o f  t h e  Propert ies o f  Solvent Generated 

by L iquefac t ion  o f  Elkhorn #2 Coal i n  t he  

Presence o f  P y r i t e  and I r o n  Oxide 

H Content o f  O i l ,  % 

D i s t r i b u t i o n  o f  Protons, w t . %  Absolute 

H AR 

Ha 

0 

31-161 38-28 

P y r i t e  'Iron Oxide 



I n - S i t u  Preparat ion o f  P y r r h o t i t e  - Robena p y r i t e  samples were t rea ted  w i t h  

process solvent  i n  the  presence o f  hydrogen gas a t  450°C a t  I-, 3-, and 

30-minute reac t i on  t imes i n  a tubing-bomb reac tor .  The reac t i on  product was 

f i  1 te red  and washed t o  recover the  so l  i d  residue. X-ray d i f f r a c t i o n  analys is  

o f  the s o l i d  residue showed complete conversion o f  p y r i t e  t o  p y r r h o t i t e  11C i n  

less  than 3 minutes. This observat ion i nd i ca ted  t h a t  the  t ransformat ion of 

p y r i t e  t o  p y r r h o t i t e  i n  coal l i q u e f a c t i o n  was very rapid.  

I n  another se t  o f  experiments, a mixture o f  Robena p y r i t e  and i r o n  oxide was 

t rea ted  a t  the  same reac t i on  condi t ions.  Both Fet03 and p y r i t e  were used so 

as t o  remove a l l  the  H2S evolved dur ing  p y r i t e  reduc t ion  w i t h  the  Fe203 and a t  

the same t ime generate, i n - s i t u ,  a c t i v e  p y r r h o t i t e .  A reac t i on  t ime o f  30 

minutes was used f o r  the  experiment. I r o n  oxide, when t r e a t e d  alone, completely 

reduced t o  elemental i r on .  The mix ture  o f  i r o n  oxide and p y r i t e  formed FeS 

( t r o i l i t e )  ins tead o f  elemental i r o n  and p y r r h o t i t e  11C (FeS1-099), as observed 

w i t h  i r o n  oxide and p y r i t e ,  respect ive ly .  Therefore, a mix ture  o f  p y r i t e  and 

i r o n  oxide resu l ted  i n  a d i f f e r e n t  form o f  i r o n  s u l f i d e  than d i d  p y r i t e  alone. 

The formation o f  d i f f e r e n t  forms o f  i r o n  s u l f i d e  was probably due t o  d i f fe rences 

i n  H2S p a r t i a l  pressures i n  the  l i q u e f a c t i o n  reactor .  

A c t i v i t y  o f  P y r r h o t i t e  - The c a t a l y t i c  a c t i v i t y  o f  a p y r r h o t i t e  prepared 

i n - s i t u  by the simultaneous a d d i t i o n  o f  i r o n  oxide and p y r i t e  t o  the coal 

l i q u e f a c t i o n  feed s l u r r y  was studied. A mixture o f  1.7% Fe203 and 2.5% p y r i t e  

based on feed s l u r r y  was used. The r a t i o  was determined by c a l c u l a t i n g  the 

amount o f  Fe703 requ i red  t o  remove a l l  the  H?S generated by the  hydrogen 

reduct ion  o f  p y r i t e .  The r e s u l t s  are summarized i n  Table 114. 

Coal conversion was no t  g r e a t l y  a f fec ted  by us ing a mix ture  o f  Fe203 and 

p y r i t e  over p y r i t e  alone, b u t  improved measurably compared w i t h  Fe203 alone. 

O i l  product ion increased w i t h  a mix ture  o f  Fe203 and p y r i t e  over p y r i t e  and 

i r o n  oxide alone, as shown i n  Table 114. A s i g n i f i c a n t  reduc t ion  i n  the  

product ion o f  hydrocarbon gases was noted w i t h  the Fe203/pyri te mixture compared 

w i t h  the  run us ing p y r i t e  alone. A l l  the H2S produced dur ing  l i q u e f a c t i o n  as 

we l l  as t h a t  generated by p y r i t e  reduc t ion  was removed by Fe203. X-ray 

d i f f r a c t i o n  analys is  o f  the l i q u e f a c t i o n  res idue showed complete conversion of 

p y r i t e  and i r o n  oxide t o  t r o i l i t e  (FeS). Hydrogen consumption w i t h  the  i r o n  



Table 114 

Sample No. 

L i que fac t i on  o f  E lkhorn  #2 Coal i n  t h e  Presence o f  

A M i x tu re  of P y r i t e  and I r o n  Oxide 

Feed Composit ion 67.5% So lven t  + 68.3% So lven t  + 65.8% So lven t  + 
30% Coal + 30% Coal + 30% Coal + 2.5% 
2.5% P y r i t e  1.7% Fe203 P y r i t e  + 1. 7%Fe203 

Temperature, OF 850 

Pressure, p s i g  2,000 

Hydrogen Flow Rate, MSCF/T 24.2 

Hesi dence Time, M i  n. 38 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

C O Y  co2 

H2S 
O i l s  

Asphal tenes 22.3 

Preasphal tenes 28.2 

I .O .M.  9.3 

Water 3.2 

Conversion 90.7 

Hydrogen Consumption, wt.% MAF Coal 

To ta l  1.75 

From Gas 1.96 

From Solvent  (0.21) 

By A d d i t i v e  0.13 

SRC S u l f u r ,  % 0.49 

( ) - means negat i ve  va lue 



ox ide /py r i t e  mixture was h igher  than w i t h  Fe203, bu t  was lower than w i t h  

p y r i t e .  The above d i f fe rences could p a r t l y  be due t o  s l i g h t  increases i n  

hydrogen f l ow  ra te ,  residence t ime and the  t o t a l  concentrat ion of i r o n  s u l f i d e  

w i t h  the  use o f  mix tu re  o f  FeS2/Fe203 than e i t h e r  o f  them alone. 

The hydrogen content  o f  the  o i l  f r a c t i o n  obtained w i t h  a  mix ture  o f  i r o n  

compounds was h igher  than t h a t  generated w i t h  i r o n  oxide, b u t  was s i m i l a r  t o  

t h a t  generated w i t h  p y r i t e  (see Table 115): S im i l a r  observat ions were noted 

f o r  the  generated so lvent  q u a l i t y ,  represented by the  concentrat ions o f  Ha and 

Ho (Table 116). No o ther  major d i f fe rences were noted i n  the  d i s t r i b u t i o n  o f  

elements i n  the  var ious f rac t i ons .  

It can be concluded t h a t  the coal  l i q u e f a c t i o n  reac t i on  i s  improved by us ing a  

i r o n  ox ide /pyr i te  mixture. The mix ture  gave lower hydrocarbon gas product ion 

and s l i g h t l y  h igher  o i l  and asphaltene y i e l d  compared w i t h  us ing e i t h e r  o f  

them alone. Hydrogen consumption w i t h  the  mix ture  was s i g n i f i c a n t l y  reduced 

compared w i t h  the  run  w i t h  p y r i t e ,  though the  SRC s u l f u r  content  was no t  

g r e a t l y  a f f e c t e d  by us ing the i r o n  ox ide /pyr i te  mixture. 

E f f e c t  o f  Reaction Variables on Coal L iquefac t ion  - The e f f e c t  o f  var ious 

process var iab les  on the  l i q u e f a c t i o n  o f  Elkhorn #2 coal us ing the  mix ture  o f  

Robena p y r i t e  and i r o n  oxide was studied. The process var iab les  s tud ied  were 

the  concentrat ion o f  ca ta l ys t s ,  reac t i on  temperature, t o t a l  pressure, reac t i on  

t ime and hydrogen f l ow  ra te .  

Concentrat ion - Three d i f f e r e n t  combinations o f  Fe203 and Robena p y r i t e  ( i .e . ,  

0.5% Fe203 + 0.75% p y r i t e ,  1.7% Fe203 + 2.5% p y r i t e  and 3.4% Fe203 + 5% p y r i t e )  

were used t o  study the  e f f e c t  o f  t h e i r  concentrat ion on coal l i q u e f a c t i o n  a t  

850°F. Once again the  r a t i o  o f  i r o n  oxide and p y r i t e  was determined by the 

amount o f  i r o n  oxide requ i red  t o  remove a l l  the H2S generated by hydrogen 

reduct ion  o f  p y r i t e .  The r e s u l t s  are summarized i n  Table 117. Coal conversion 

and hydrocarbon gas product ion were no t  g r e a t l y  a f fec ted  by us ing d i f f e r e n t  

concentrat ions o f  a  s p e c i f i c  mix tu re  having a  s e t  r a t i o  o f  Fe203 and p y r i t e .  

However, o i  1  product ion increased from 25 t o  38% by increas ing  the  Fe203/pyri t e  

concentrat ion from 1.25 t o  8.4 wt%. Asphaltene and preasphaltene product ion 

was unaf fected a t  lower concentrat ions o f  Fe20g and p y r i t e ,  b u t  decreased a t  



Table 115 

Sample No. 

Elemental D i s t r i b u t i o n  i n  t h e  L ique fac t i on  Products from 

t h e  L ique fac t i on  o f  E lkhorn #2 Coal i n  t h e  Presence 

o f  a M ix tu re  o f  I r o n  Oxide and P y r i t e  

Temperature, OF 850 850 850 

Addi t i  ve P y r i t e  I r o n  Oxide P y r i  t e / I r o n  Oxide 

O i l  F rac t i on ,  w t .%  

Asphal tene Frac t ion ,  wt.% 

C 86.6 86.4 86.5 

H 5.8 5.6 5.8 

N 2.4 2.5 2.4 

S 0 .. 5 0.5 0.5 

0 4.7 5.0 4.8 

Preasphaltene Frac t ion ,  w t . %  

C 86.1 85.0 84.5 

H 4.8 4.5 4.7 

N 2.4 2.7 2.7 

S 0.5 0.5 0.5 

0 6.2 7.3 7.6 

- - 

Oxygen was determined by d i f f e r e n c e  



Table 116 

D i s t r i b u t i o n  o f  Protons i n  O i  1  Fract ions from the  L iquefac t ion  

o f  E l  khorn #2 Coal i n  the  Presence o f  a Mixture o f  I r o n  Oxide and P y r i t e  

Sample No. 

Temp., OF 850 850 850 

Add i t i ve  P y r i t e  I r o n  Oxide Pyri t e / I r o n  Oxide 

Tota l  Hydrogen, w t .  % 

D i s t r i b u t i o n  o f  Protons, X 
Rela t ive  

Absolute 



Table 117 

Sample No. 

Feed Composit ion 

E f f e c t  o f  Concentrat ion o f  Robena P y r i t e  and 

I r o n  Oxide on E l  khorn #2 Coal L i q u e f a c t i o n  

68.75% So lven t  + 65.8% So lven t  + 

30% Coal + 0.5% 30% Coal + 1.7% 

Fe203 + 0.75% Fe203 + 2.5% 

P y r i t e  P y r i t e  

FeS2/Fe203 (mole r a t i o )  1 / I  
Tpmperat.r~rp, O F  850 

Pressure, p s i g  2000 

H2 Flow Rate, MSCF/T 23.5 

Residence Time, Min. 36.9 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

C O Y  co2 

H2S 
O i l s  

Asphal tenes 24.0 

Preasphal tenes 29.5 

I.O.M. 11.9 

Water 1.4 

Conversion 88.1 

Hydrogen Consumption, wt.% MAF Coal 

To ta l  0.85 

From Gas 0.85 

From Solvent  0.05 

By A d d i t i v e  (0.05) 

SRC S u l f u r ,  % 0.30 0.48 

61.6% So lven t  + 

30% Coal + 3.4% 

Fe203 + 5% P y r i t e  

l (  ) - means negat i ve  va lue - 



higher  concentrat ions. A l l  H2S produced dur ing  l i q u e f a c t i o n ,  as w e l l  as 

generated by p y r i t e  reduct ion,  was removed by Fe203. Hydrogen consumption 

based on elemental hydrogen balance increased s l i g h t l y  w i t h  c a t a l y s t  concen- 

t r a t i o n  (see Table 117). Some o f  the  above d i f fe rences,  once again, could be 

due t o  increased hydrogen f l ow  r a t e  and residence t ime w i t h  increase i n  

concentrat ion o f  the  mixture. 

The d i s t r i b u t i o n  o f  elements given i n  Table 118 showed minor v a r i a t i o n s  i n  

hydrogen, n i t rogen,  and s u l f u r  contents o f  the  var ious f r a c t i o n s  obtained w i t h  

d i f f e r e n t  c a t a l y s t  concentrat ions. The aromatic hydrogen content  (HAR) increased 

and Ho decreased w i t h  increas ing  c a t a l y s t  concentrat ion (see Table 119). No 

p o s i t i v e  conclusion about the  q u a l i t y  o f  t he  generated so lvent  cou ld  be made 

from the  above data. 

It can be concluded t h a t  inc reas ing  the  concentrat ion o f  both i r o n  ox ide and 

p y r i t e  i n  the  reac t i on  mixture improves o i l  product ion,  increases conversion 

o f  asphaltenes and preasphaltenes, and increases hydrogen consumption, bu t  

does no t  have a s i g n i f i c a n t  e f f e c t  on hydrocarbon ,gas product ion o r  SRC s u l f u r  

content. 

Reaction Time - Results from the  study o f  reac t i on  t imes o f  38 and 54 minutes 

on coal l i q u e f a c t i o n  i n  the  presence o f  a mix ture  o f  i r o n  ox ide and Robena 

p y r i t e  are summarized i n  Table 120. The conversion o f  coal and preasphaltenes 

and product ion o f  hydrocarbon gases and water were no t  g r e a t l y  a f fec ted  by 

increas ing  reac t i on  t ime. O i l  p roduct ion increased from 19 t o  25% w i t h  increas ing  

reac t i on  time. The increase i n  o i l  product ion was accompanied by a decrease 

i n  asphal tene product ion from 23 t o  19% (Table 120). Rate o f  asphal tene 

conversion remained constant, whereas t h a t  o f  preasphaltene conversion decreased 

from 1.8 t o  1.3 hr- ' .  Hydrogen consumption increased marg ina l ly  w i t h  time. 

No s i g n i f i c a n t  d i f f e rence  was noted i n  5RC s u l f u r  content. 

D i s t r i b u t i o n  o f  elements i n  var ious f r a c t i o n s  (Table 121) showed no major 

changes w i t h  increas ing  reac t i on  time. Also, d i s t r i b u t i o n  o f  protons i n  the 

o i l  f r a c t i o n  was unchanged (Table 122). 

It can be concluded t h a t  inc reas ing  reac t i on  t ime increases o i  1  product ion and 

hydrogen consumption, decreases asphal tene product ion and does no t  have any 

s i g n i f i c a n t  e f f e c t  on SRC s u l f u r  content o r  on the  product ion o f  gases and water. 
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Table 118 

Ef fect  o f  Concentrat ion o f  Robena P y r i t e  and I r o n  Oxide 

on Elemental D i s t r i b u t i o n  o f  Elkhorn #2 Coal L ique fac t i on  Products 

Sample No. 45-30 38-83 38- 102 
.- 

Temperature, O F  850 850 850 

Add i t i ve  0.5% Fe203 + 1.7% Fe203 + 3.4% Fep03 + 

0.75% P y r i t e  2.5% P y r i t e  5.-0% P y r i t e  

Asphal tene Frac t ion ,  w t . %  

C 86.5 

H 5.8 

N 2.6 

S 0.3 

0 4.8 

Preasphaltene Frac t ion ,  w t . %  

I: 85.4 

H 4.8 

N 2.4 

S 0.4 

0 7.0 

Oxygen i s  determined by d i f f e rence  



Table 119 

E f f e c t  o f  D i s t r i b u t i o n  o f  Robena P y r i t e  and I r o n  Oxide on Proton 

D i s t r i b u t i o n  i n  t he  O i l  F rac t i ons  from E lkhorn  #2 Coal L i que fac t i on  

Sample No. 45-39 38-83 38- 1 02 

Temperature, OF 850' 850 850 

A d d i t i v e  0.5% Fe203 + 1.7% Fe203 + 3.4% Fe203 + 

0.75% P y r i t e  2.5% P y r i t e  5.0% P y r i t e  

To ta l  Hydrogen, wt. % 7.2 7.4 7.4 

n i  q t . r i  but  i o n  o f  Proton6 , X 
Re1 a t i  Oe 

H~~ 39.4 44.5 45.9 

Ha 30.4 29.6 28.2 

0 
30.2 25.6 25.9 

Absolute 



Table 120 

E f f e c t  o f  Process Var iab les on L i que fac t i on  o f  E lkhorn #2 Coal 
i n  t he  Presence o f  a M ix tu re  o f  I r o n  Oxide and Robena P y r i t e  

Sample No. 45-23 45-62 45-52 45-23 45-31 45-23 45- 39 

Feed Composit ion 68.75% Solvent  + 30% Coal + 0.5% Fe*03 + 3.75% P y r i t e  

Temperature, OF 825 825 825 825 800 825 850 
Pressure, p s i g  2000 2000 1000 2000 2000 2000 2000 
Residence Time, Min. 38.0 53.8 35.8 38.0 37.4 38.0 36.9 
H Flow Rate, MSCF/T 25.6 24.1 22.7 25.6 25.7 25.6 23.5 
~ 6 o c e s s  Var iab le  Reaction Time Pressure Temperature 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 
H C 5.1 
CO, C02 0.6 

0.1 

O i l s  19.3 
Asphal t m e s  23.5 
Preasphaltenes 37.1 
I. 0. M. 12.8 
Water 1.5 

Conversion 87.2 

Hydrogen  consumption, wt.% MAF Coal 
To ta l  0.65 0.85 0.16 0.65 0.37 0.65 0.85 
From Gas 0.82 1.06 0.00 0.82 0.58 0.82 0.85 
From Solvent  (0 .12) l  (0.16) 0.21 (0.12) (0.16) (0.12) 0.05 
By A d d i t i v e  (0.05) (0.05) (0.05) (0.05) (0.05) (0.05) (0.05) 

SRC S u l f u r ,  % 0.41 0.38 0.38 0.41 0.42 0.41 0.30 

F i r s t  O r d ~ r  Rate Constants, h r - I  

Ka 0.85 0.88 0.51 0.85 0.57 0.85 1.12 

K~ 
1.78 1.32 1.34 1.78 1.41 1.78 2.61 

825 825 
2000 2000 
38.0 36.9 
25.6 47.1 

Hz Flow Rate 

I( ) - means negat ive value 



Table 121 

Sarr.ple No. 

E f f e c t  o f  P r o c ~ s s  Var iab les on Elemental D i s t r i b u t i o n  o f  L i que fac t i on  
Products i n  t he  Presence o f  a Mix tu re  o f  I r o n  Oxfde Robena P y r i t e  

Temperature, OF 825 825 825 825 800 825 850 
Pressure, p s i g  2000 2000 2000 1000 2000 2000 2000 
Residence Time, Min. 38.0 53.8 35.8 38.0 37.4 38.0 36.9 
H Flow Rate, MSCF/T 25.6 24.1 22.7 25.6 25.7 25.6 23.5 
~ 6 o c e s s  Var iab le  Reaction Time Pressure Temperature 

O i l  F rac t ion ,  w t . %  
C 89.8 89.5 90.0 89.8 89.7 89.8 89.7 
H 7.3 7.3 7.2 7.3 7.3 7.3 7.2 
N 0.9 0.8 0.9 0.9 0.9 0.9 0.9 
S 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
0 1.4 1.8 1.3 1.4 1.5 1.4 1.6 

Asphal tene Frac t ion ,  w t . %  
C 85.9 85.8 86.4 85.9 85.8 85.9 86.5 
H 5.9 5.8 5.8 5.9 6.1 5.9 5.8 
N 2.3 2.5 2.3 2.3 2.2 2.3 2.6 
S 0.4 0.3 0.3 0.4 0.3 0.4 0.3 
0 5.5 5.6 5.2 5.5 5.6 5.5 4.8 

Preasphal tene Frac t ion ,  w t  .% 
C 83.9 84.3 85.2 83.9 83.4 83.9 85.4 
H 4.9 4.8 4.8 4.9 5.1 4.9 4.8 
N 2.3 2.5 2.6 2.3 2.3 2.3 2.4 
S 0.5 0.4 0.4 0.5 0.5 0.5 0.4 
0 8.4 8.0 7.0 8.4 8.7 8.4 7.0 

825 825 
2000 2000 
38.0 36.9 
25.6 47.1 

Hz Flow Rate 

Oxygen' is determined by d i f f e r e n c e  



Table 122 

E f f e c t  o f  Process Var iab les on Proton D i s t r i b u t i o n  i n  

t he  O i l  F rac t i on  from the  L ique fac t ion  o f  Elkhorn #2 Coal 

w i t h  a Mix tu re  o f  I r o n  Oxide and Robena P y r i t e  

Sample No. 45-23 45-62 45- 52 45-23 45-31 45-23 45-39 45-23 45- 79 

Temp., O F  825 825 825 825 800 825 850 825 825 

Pressure, p s i g  2000 2000 1000 2000 2000 2000 2000 2000 2000 

Residence Time, Min. 38.0 53.8 35.8 38.0 37.4 38.0 36.9 38.0 36.9 

H ,  Flow Rate, MSCF/T 
L 

25.6 24.1 22.7 25.6 25.7 25.6 23.5 25.6 47.1 

Process Var iab les Reaction Time Pressure iemperature Hz Flow Rate - 

Tota l  Hydrogen, wt.% 7.3 7.3 7.2 7.3 7.3 7.3 7.2 7.3 7.4 

D i s t r i b u t i o n  o f  Protons, % 

Re1 a t  i ve 

Absolute 

H~~ 

Ha 

0 



Tota l  Pressure - increasing the  t o t a l  pressure from 1000 t o  2000 p s i g  us ing 

100% hydrogen feed increased conversion from 79 t o  87% (see Table 120). 

Likewise, the  y i e l d s  o f  o i l s  and hydrocarbon gases increased a t  the  h igher  

pressure; ( o i l  product ion increased from 11 t o  19%). The conversion o f  

asphaltenes and preasphaltenes changed s l i g h t l y  (Table 120) such t h a t  the  

ra tes  o f  conversion increased from 0.5 t o  0.9 hr- '  and from 1.3 t o  1.8 h r - l ,  

respect ive ly .  Hydrogen consumption increased from 0.2 t o  0.7 wt%,  b u t  SRC 

su l f u r  content remained constant. 

No s i g n i f i c a n t  v a r i a t i o n s  were noted i n  t he  d i s t r i b u t i o n  o f  elements i n  the 

var ious f rac t i ons ,  as shown i n  Table 121. The concentrat ion o f  HAR decreased 

s l i g h t l y  and t h a t  o f  Ha and Ho increased s l i g h t l y  (Table 122), i n d i c a t i n g  t h a t  

the  qua1 i t y  o f  generated sol  vent increases a t  h igher  hydrogen p a r t i a l  pressures. 

Overa l l ,  the  increase i n  pressure increased the  conversion o f  coal ,  increased 

the  y i e l d  o f  hydrocarbon gases and o i l s ,  increased the  consumption o f  hydrogen, 

and d i d  no t  a f f e c t  the  s u l f u r  content o f  SRC. 

Reaction Temperature - The l i q u e f a c t i o n  o f  Elkhorn #2 coal was evaluated a t  

800, 825 and 850°F i n  the  presence o f  a mix ture  o f  i r o n  oxide and Robena 

p y r i t e  (Table 120). Coal conversion and hydrocarbon gas product ion increased 

as reac t i on  temperature was increased from 800 t o  850°F. Simultaneously, o i l  

product ion increased from 13 t o  25% (Table 120). As temperature increased 

asphaltene product ion remained constant,  b u t  preasphaltene y i e l d  decreased. 

Rates o f  conversion o f  asphaltenes and preasphaltenes a lso  increased w i t h  

temperature as shown i n  Table 120. Hydrogen consumption increased and w i t h  

increas ing  temperature. SRC s u l f u r  content  decreased w i t h  increas ing  temperature 

from 825 t o  850°F. 

The d i s t r i b u t i o n  o f  elements i n  var ious f r a c t i o n s  (Table 121) showed e s s e n t i a l l y  

no v a r i a t i o n s  i n  n i t rogen and s u l f u r  contents w i t h  increase i n  temperature 

except f o r  a small decrease i n  hydrogen contents o f  asphal tenes and preasphal- 

tenes. The concentrat ion o f  HAR increased s l i g h t l y  and t h a t  o f  Ha and Ho 

decreased s l i g h t l y ,  i n d i c a t i n g  t h a t  the  q u a l i t y  o f  generated solvent  decreases 

w i t h  increas ing  reac t i on  temperature. 



I n  summary, t h e  increase i n  1  i q u e f a c t i o n  temperature from 800 t o  850°F i n  t h e  

presence o f  a  m ix tu re  o f  i r o n  ox ide  and Robena p y r i t e  increased t h e  convers ion 

o f  coal  and preasphaltenes, and increased t h e  y i e l d  o f  o i l s  and hydrocarbon 

gases; i n  a d d i t i o n ,  hydrogen consumption increased and SRC d e s u l f u r l z a t i o n  

improved s l i g h t l y .  

Hydrogen Flow Rate - An increase i n  hydrogen f 1 ow r a t e  f rom 26 t o  -47 mscf/ ton 

i n  t he  presence o f  a  m ix tu re  o f  i r o n  ox ide  and Robena p y r i t e  d i d  n o t  s i g n i f i -  

c a n t l y  change coal  conversion o r  hydrocarbon gas, asphaltene and water  p roduc t ion .  

O i l  p roduc t ion ,  however, increased from 19 t o  25% (see Table 120). Produc t ion  

of preasphaltenes decreased from 37 t o  33%. The r a t e s  o f  convers ion o f  

asphaltenes and preasphaltenes increased from 0.9 t o  1.1 hr - '  and from 1.8 t o  

2.3 h r - l ,  r espec t i ve l y .  Hydrogen consumption based on elemental  hydrogen 

balance increased and SRC s u l f u r  con ten t  remained constant.  

Hydrogen contents  i n  t he  var ious  f r a c t i o n s  g iven  i n  Table 121 were unchanged 

w i t h  i nc reas ing  f l o w  r a t e .  No o the r  major d i f f e r e n c e s  were noted. The q u a l i t y  

o f  t h e  so l ven t  generated based on Ha and Ho was increased s l i g h t l y  w i t h  h i ghe r  

hydrogen f l o w  r a t e  (see Table 122). 

It can be concluded t h a t  hydrogen f l o w  r a t e  does have some impact on coa l  

l i q u e f a c t i o n  i n  t h a t  i t  improves o i l  p roduc t i on  and preasphaltene conversion. 

However, coa l  conversion and SRC s u l f u r  con ten t  a re  n o t  a f f ec ted .  

E f f e c t  o f  C a t a l y s t  A d d i t i o n  Mode 

E a r l i e r ,  o i l  p roduc t i on  and hydrogen consumption were shown to. increase w i t h  

t he  a d d i t i o n  o f  p y r i t e ,  i r o n  ox ide  and a combinat ion o f  p y r i t e  and i r o n  oxide. 

It was a l s o  shown t h a t  o i l  p roduc t i on  increased w i t h  i nc reas ing  t h e i r  concen- 

t r a t i o n  i n  t h e  r e a c t i o n  mix ture.  It i s  w e l l  known t h a t  an increase i n  t h e  

concen t ra t i on  o f  t he  d isposable c a t a l y s t  reduces t h e  process ing c a p a b i l i t y  o f  

t h e  p l a n t  and increases t h e  l oad  on t h e  s o l i d / l i q u i d  separa t ion  u n i t .  Also, i t  

i s  known t h a t  t he  l o s s  i n  recoverable carbonaceous m a t e r i a l  increases w i t h  an 

increase i n  t he  concent ra t ion  o f  s o l i d s  i n  t he  feed s l u r r y  t o , t h e  separa t ion  u n i t ,  



which u l t i m a t e l y  a f f e c t s  the  o v e r a l l  e f f i c i e n c y  o f  t he  p lan t .  A l l  these 

fac to rs  the re fo re  encourage the  use o f  t he  lowest poss ib le  concentrat ion of 

the c a t a l y s t  i n  the  react ion.  

I f  the  c a t a l y s t  a c t i v i t y  i s  no t  s u f f i c i e n t l y  h igh  a t  low concentrat ion, i t  may 

be poss ib le  t o  increase a c t i v i t y  by increas ing  c a t a l y s t  surface area. P a r t i c u l a t e  

i r o n  c a t a l y s t ,  f o r  example, p y r i t e  and i r o n  oxide, has a very low surface-area- 
2 to-weight r a t i o  (1 t o  10 m /g). Therefore, i r o n  must be f i n e l y  dispersed i n  

the  coal l i q u e f a c t i o n  reac t i on  mixture t o  be e f f e c t i v e .  

Two methods were used t o  f i n e l y  disperse the  i r o n  c a t a l y s t  i n  the  reac t i on  

mixture,  namely, impregnation and molecular d ispers ion.  A water-soluble i r o n  

compound, thermal ly  unstable a t  coal l i q u e f a c t i o n  reac t i on  condi t ions,  was 

impregnated i n t o  coal t o  increase the contact  between i r o n  and coal.  t o  

e f f e c t  molecular d ispers ion,  a thermal ly  unstable process-solvent-soluble 

compound was used. The r e s u l t s  o f  c a t a l y s t  d ispers ion  study are discussed 

be1 ow. 

I r o n  Impregnated on Coal - A sample o f  E l  khorn #2 coal impregnated w i t h  1 w t %  

i r o n  i n  the form o f  i r o n  s u l f a t e  was l i q u e f i e d  a t  825 and 850°F. The product  

d i s t r i b u t i o n s  obtained from the  iron-impregnated coal are summarized i n  Table 123. 

The product ion o f  o i l  increased by over a f a c t o r  o f  two a t  both temperatures, 

al though coal conversion was no t  s i g n i f i c a n t l y  a f fec ted .  Preasphaltene y i e l d  

decreased wh i l e  the  r a t e  o f  preasphaltene conversion increased considerably 

w i t h  i r o n  impregnation. The product inn nf hydrocarbon gases decreased 

considerably a t  both 825 and 850°F. X-ray d i f f r a c t i o n  analys is  o f  coal 1 ique- 

f a c t i o n  res idue showed complete conversion o f  i r o n  su l fa te  t o  p y r r h o t i t e .  

Hydrogen consumption based on elemental hydrogen balance and SRC s u l f u r  content  

was no t  s i g n i f i c a n t l y  a f fec ted  by i r o n  impregnation. 

The d i s t r i b u t i o n  o f  el.ements i n  the  var ious f r a c t i o n s  summarized i n  Tahle 124 

was no t  g r e a t l y  a f fec ted  by i ron~ impregna t ion .  Proton d i s t r i b u t i o n  (Table 125) 

showed an increase i n  HAR and decrease i n  Ha and Ho values, suggesting t h a t  

the solvent  generated by i r o n  impregnated coal would have lower solvent  q u a l i t y  

than t h a t  generated w i thout  impregnation. 



Table 123 

E f f e c t  o f  I r o n  I'mpregnation on 
L iquefac t ion  o f  Elkhorn #2 Coal 

Sample No. 

I r o n  Impregnation N o N o Yes 

Fe Conc. , w t . %  Coal - - - - 1.0 

Feed Composition 70% Solvent + 30% Coal 

Temperature, OF 825 850 825 

Pressure, p s i g  2000 2000 2000 

Hydrogen Flow Rate,  MSCF/T 1-8.9 19.9 20 ;,,6 

Reaction Time, Min. 35.0 37.0 32.8 

Product ion D i s t r i b u t i o n ,  w t . %  MAF Coal 

H C 5.2 

C O Y  C02 0.7 

H2S 0.3 

O i  1 s 12.2 

Asphaltenes 21.2 

Preasphal tenes 

I .O.M.  

Water 1.5 

Conversion 85.3 

Hydrogen Consumption, w t .%  MAF Coal 

To ta l  0.64 0.53 0.40 

From Gas 0.59 0.44 0.04 

From Sol verlL 8.05 0. UY 0.36 

SRC Su l fu r ,  % 0.61 0.55 n. 61. 
F i r s t  Order Rate Constants, h r - I  

Ka 0.62 0.39 1.45 

K 1.27 1.09 2.19 
P 

Yes 

1.0 



Table 124 

Sample No. 

Temperature, OF 

I r o n  Impregnation 

O i l  F rac t ion ,  wt .% 

E f f e c t  o f  I r o n  Impregnation on Elemental D i s t r i b u t i o n  

o f  L iquefac t ion  Products from Elkhorn #2 Coal 

Asphal tene Frac t ion ,  w t .  % 

C 

H 

0 

N 

S 

Preasphal tene Frac t ion ,  wt% 
C 

H 

0 

N 

S 

O r i  g i  nal  

Sol vent 

FOB #11 31-128 31- 139 38- 10 

- 825 ' 850 825 

- No N o Yes 

850 

Yes 

Oxygen i s  determined by d i f f e rence  

? 



Table 125 

Sample No. 

E f fec t  o f  I r o n  Impregnation on D i s t r i b u t i o n  o f  Protons i n  the  

O i l  Fract ions from the  L iquefac t ion  o f  Elkhorn #2 Coal 

Temperature, O F  

I r o n  Impregnation 

Tota l  Hydrogen, w t .%  

D i s t r i b u t i o n  o f  Protons, % 

Re la t ive  

Absolute 

82 5 850 825 

N o N o Yes 

850 

Yes 



The conversion o f  impregnated coal was no t  'changed by increas ing  the  reac t i on  

temperature from 825 t o  850°F. O i l  and hydrocarbon gas product ion increased 

w i t h  increas ing  temperature, the  former from 25 t o  30%. The d i f f e rence  i n  o i l  

product ion a t  825 and 850°F cauld be due p a r t l y  t o  t he  d i f f e rence  i n  reac t i on  

t ime (see Table 123). Asphal tene product ion was unchanged and t h a t  o f  preas- 

phaltenes decreased w i t h  increas ing  reac t i on  temperature. The r a t e  o f  conversion 

o f  asphaltenes decreased s l i g h t l y ,  b u t  t h a t  o f  preasphaltenes increased from 

2.19 t o  2.63 hour-'. Hydrogen consumption increased s l i g h t l y ,  and SRC s u l f u r  

content  decreased marginal ly .  

The d i s t r i b u t i o n  o f  elements i n  var ious f r a c t i o n s  (Table 124) was n o t  s i g n i f i -  

c a n t l y  changed by reac t i on  temperature; the  concentrat ion o f  HAR i n  the  generated 

o i l  f r a c t i o n  decreased and t h a t  o f  Ha and Ho increased s l i g h t l y  (Table 125). 

I n  conclusion, the  impregnation o f  Elkhorn #2 coal w i t h  1% i r o n  reduced hydro- 

carbon gas and preasphaltene product ion and increased o i l  product ion. However, 

i t  d i d  no t  a f f e c t  asphaltene product ion,  hydrogen consumption, and SRC s u l f u r  

content.  

Molecular Dispers ion o f  I r o n  i n  Feed S l u r r y  - The c a t a l y t i c  a c t i v i t y  o f  i r o n  

improved when i t  was impregnated i n t o  coal r a t h e r  than added as p a r t i c u l a t e  

p y r i t e .  Therefore, c a t a l y s t  a c t i v i t y  can be improved by p rov id ing  s u f f i c i e n t  

contact  between c a t a l y s t  and coal.  One method i s  t o  disperse the  c a t a l y s t  a t  

the  molecular 1 eve1 . 

Molecular d ispers ion  o f  i r o n  can be a t ta ined  by us ing i r o n  naphthenate mixed 

i n  c o a l - o i l  s l u r r y .  Because i t  i s  unstable a t  coal l i q u e f a c t i o n  reac t i on  

cond i t ions  i r o n  naphtenate decompose t o  generate elemental i r on ,  which reac ts  

w i t h  H2S gas generated by d e s u l f u r i z a t i o n  o f  coal t o  produce f i n e l y  dispersed 

a c t i v e  i r o n  s111fide ca ta l ys t .  

C a t a l y t i c  a c t i v i t y  from the  molecular d ispers ion  o f  i r o n  i n  the  l i q u e f a c t i o n  

o f  Elkhorn #2 coal was s tud ied  by us ing 1 w t %  i r o n  naphthenate based on coal 

a t  825OF. As shown i n  Table 126, coal conversion was not  a f fec ted  by i r o n  

d ispers ion.  However, o i l  product ion increased by over a fac to r  o f  two w i t h  



Table 126 

% Sample No. 
Feed Composit ion 

Fe Conc., wt.% Coal 

Temperature, OF - 
Pressure, p s i g  

H2 Flow Rate, MSCF/T 

React ion Time, Min. 

E f f e c t  o f  ~ o l e c u l a r  D ispers ion  o f  I r o n  

on L i que fac t i on  o f  E lkhorn  #2 Coal 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 

co, co2 

H2S 
O i l s  

Asphaltenes 

Preasphal tenes 

I . O . M .  

Water 

Conversion 

31-128 47- 10 

70% So lven t  + 65% So lven t  + 30% 

30% Coal Coal + 5% Fe- 

Naphthenate 

Hz Consumption, wt.% MAF Coal 

To ta l  0.64 

From Gas 0.59 

From Solvent  0.05 

SRC S u l f u r ,  % 0.61 

~i r s t  Order Rate Constants, hr - '  



i r o n  d ispers ion  compared w i t h  the  no-addi t ive run. Product ion o f  hydrocarbon 

gases and preasphaltenes decreased considerably, wh i l e  reac t i on  ra tes  of 

conversion o f  asphaltenes and preasphaltenes increased dramat ica l l y  w i t h  i r o n  

d ispers ion  (see Table 127). Hydrogen consumption based on elemental hydrogen 

balance and SRC s u l f u r  content  a lso  increased. The d i s t r i b u t i o n  o f  elements 

i n  the  var ious f r a c t i o n s  summarized i n  Table 127 showed minor va r i a t i ons .  

I n  summary, molecular d ispers ion  o f  1 w t %  i r o n '  i n  coal l i q u e f a c t i o n  feed 

s l u r r y  s i g n i f i c a n t l y  reduced hydrocarbon gas and preasphaltene product ion, 

increased o i l  product ion and hydrogen consumption. 

Comparison o f  I r o n  Impregnation, P a r t i c u l a t e  Add i t ion  and Molecular Dispers ion - 
Comparison o f  l i q u e f a c t i o n  r e s u l t s  o f  Elkhorn #2 coal cata lyzed by impregnated 

i r o n ,  molecular ly  dispersed i r o n ,  and p a r t i c u l a t e  i r o n  a t  82S°F reveals a 

s i g n i f i c a n t  d i f f e rence  i n  the magnitude o f  i r o n  load ing  i n  the  th ree  d i f f e r e n t  

modes o f  i r o n  add i t i on  (Table 128). As discussed e a r l i e r ,  o i l  product ion 

increased w i t h  p y r i t e  concentrat ion. Therefore, p y r i t e  a d d i t i o n  data was used 

f o r  comparison. 

Coal conversion was considerably lower w i t h  i r o n  impregnation and molecular 

d ispers ion compared w i t h  p y r i t e  add i t ion ,  b u t  was h igher  than t h a t  o f  the  

no-addi t ive run, as discussed e a r l i e r .  The hydrocarbon gas product ion and 

hydrogen consumption were s i g n i  f f c a n t l y  1 ower w i t h  i r o n  impregnation and 

molecular d ispers ion  compared w i t h  p y r i t e  add i t i on ,  al though o i l  product ion 

was comparable. L o w ~ r  asphaltene product ion and h igher  asphaltene and lower 

preasphaltene ra tes  o f  conversion were noted w i t h  impregnation and molecular 

d ispers ion o f  i r o n  than w i t h  p a r t i c u l a t e  add i t ion .  SRC s u l f u r  content  was 

s i m i l a r  w i t h  i r o n  impregnation, molecular d ispers ion  and p a r t i c u l a t e  p y r i t e  

add i t ion .  

The hydrogen content and q u a l i t y  o f  generated so lvent  based on Ha and Hn 

values were h igher  w i t h  p y r i t e  than w i t h  i r o n  impregnation, as shown i n  Tables 

129 and 130.. Solvent generated w i t h  impregnation and molecular d ispers ion  o f  

i r o n  l o s t  hydrogen, whereas i t  gained hydrogen w i t h  p y r i t e .  No o ther  d i f fe rences 

were noted i n  the  d i s t r i b u t i o n  o f  elements i n  the  var ious f rac t i ons .  



Table 127 

E f f e c t  o f  Molecular Dispers ion o f  I r o n  on Elemental 

D i s t r i b u t i o n  i n  the  L ique fac t i on  Products o f  Elkhorn #2 Coal 

Sample No. 

Temperature, O F  

I r o n  

O i l  F rac t ion ,  wt.X 

C 

H 

0 

N 

S 

Asphal tene Frac t ion ,  w t . %  

O r i g i n a l  

Sol vent 

FOB #11 31-128 47-10 
- - 825 825 
- - No Yes 

Preasphal tene Frac t ion ,  wt. % 

C - - 
H - - 
0 - - 
N - - 
S - - 



Table 128 

E f f e c t  o f  I r o n  Impregnation, Molecular Dispersion and 
Par t i cu la te  Add i t ion  on L iquefact ion o f  Elkhorn #2 Coal 

Sample No. 

P y r i t e  I r o n  Impregnation 
60% Sol vent/30% Coal / 70% Sol vent/30% 

10% P y r i t e  Impregnated Coal 

Molecular Dispers ion 
65% Solvent + 30% Coal 
+ 5% I r o n  Naphthenate 

Add i t i ve  
Feed 

Temperature, OF 
Pressure: P S I G  
Hydrogen Flow Rate, MSCF/T 
Residence Time, Min. 

Product D i s t r i b u t i o n ,  w t . X  MAF Coal 
HC 

co, co2 

H2S 
O i l s  
Asphal tenes 
Preasphaltenes 
1.O.M 
Ljater 

Cclnversion 
Hydrogen Consumpti on, w t . %  MAF Coal 

Tota l  
From Gas 
From Solvent 
By P y r i t e  

SEC Su l fu r ,  % 

F ' rs t  Order Rate Constants, h r - I  

. ) - means negative value 



Table 129 

Sample No. 

Temperature, OF 
Addi ti ve 

O i l  Fract ion,  w t . %  
C 
H 
0 
H 

E f f e c t  o f  I r o n  Impregnation, Molecular Dispers icn and P a r t i c u l a t e  
Add i t ion  on D is t r i lbu t ion  of Elements i n  Elkhorn #2 Coel L iquefac t ion  Products 

O r i g i  nal 
Sol vent 
FOB #11 

Asphal tene Fract ion,  w t .  % 
1: - 
H - 
0 - 
N - 
5 - 

Preasphal tene Fract ion,  w t .  % 
C - 
H - 
0 - 
N - 
S - 

825 850 825 850 
P y r i t e  I r o n  Impregnation 

825 
Molecular Dispersion 



Table 130 

Sample No. 

E f f e c t  o f  I r o n  Impregnation and 

P a r t i c u l a t e  Add i t ion  on D i s t r i b u t i o n  o f  

Protons i n  O i l  F rac t ions  from Elkhorn #2 Coal Products 

Temperature, OF 

Addi ti ve 

Tota l  Hydrogen, w t .% 

825 850 

P y r i t e  

825 850 

I r o n  Impregnation 

D i s t r i b u t i o n  o f  Protons, % 

Abs. Rel. Abs. Rel. Abs. Rel. Abs. Rel. - - - - - - - - 

Abs. - Absolute 

Rel. - Re la t ive  



The above da ta  show t h a t  t he  mode o f  c a t a l y s t  a d d i t i o n  p l ays  an impor tan t  r o l e  

i n  coa l  l i q u e f a c t i o n .  The e f f ec t i veness  o f  a  metal  c a t a l y s t  can be enhanced 

s i g n i f i c a n t l y  by f i n e l y  d i spe rs i ng  i t  i n  t h e  coal  1  i q u e f a c t i o n  r e a c t i o n  mix tu re .  

I n  a d d i t i o n ,  t he  concent ra t ion  o f  t h e  metal c a t a l y s t  can be reduced through 

more e f f e c t i v e  d i s p e r s i o n  techniques w i t h o u t  s i g n i f i c a n t l y  a f f e c t i n g  p roduc t  

d i s t r i b u t i o n .  The reduc t i on  i n  c a t a l y s t  l o a d i n g  w i l l  e v e n t u a l l y  increase t h e  

o v e r a l l  throughput  o f  t h e  p l a n t ,  d r a s t i c a l l y  reduce t h e  l oad  i n  t h e  s o l i d -  

l i q u i d  separa t ion  u n i t ,  and improve o v e r a l l  process economics. 

Ca ta l ys i s  by M e t a l l i c  Wastes 

L i ke  i r o n  compounds, many o the r  inexpensive i n d u s t r i a l  m e t a l l i c  wastes such as 

r e d  mud, f l u e  dust ,  and z i n c  s u l f i d e  a re  a v a i l a b l e  i n  l a r g e  q u a n t i t i e s  t h a t  

can be used as d isposable c a t a l y s t s  i n  coal  l i q u e f a c t i o n .  Therefore,  i t  i s  o f  

g r e a t  i n t e r e s t  t o  determine t h e i r  c a t a l y t i c  a c t i v i t y  i n  coa l  l i q u e f a c t i o n ,  as 

w e l l  as t o  compare t h e i r  a c t i v i t y  w i t h  t h a t  o f  p y r i t e .  

Some o f  t he  m e t a l l i c  waste samples t e s t e d  i n  t h e  program have a l ready  been 

repo r ted  t o  ca ta l yze  coa l  l i q u e f a c t i o n  reac t ions .  For example, r e d  mud was 

ex tens i ve l y  used i n  World War I1 by Germans t o  l i q u e f y  brown coal .  However, 

t he  a c t i v i t y  o f  r e d  mud has never been t e s t e d  i n  t h e  l i q u e f a c t i o n  o f  U.S. 

coa l  s. 

Ca ta l ys i s  by Red Mud - The l ' i q u e f a c t i o n  o f  E lkhorn  #3 coal  was s tud ied  a t  825 

and 850°F i n  t he  presence o f  r e d  mud. Red mud a d d i t i o n  a t  850°F increased 

coal  convers ion and o i  1  p roduc t ion  from 84 t o  87% and from 20 t o  34%, respec- 

t i v e l y  (Table 131). A d d i t i o n  o f  r e d  mud a l s o  increased t h e  p roduc t i on  o f  

hydrocarbon gases from 6.8 t o  8.7%. Asphaltenes p roduc t i on  decreased from 

29.2 t o  18.5%, and t h a t  o f  t he  preasphaltenes decreased from 25.4 t o  22.1%. 

The a d d i t i o n  o f  r e d  mud increased s i g n i f i c a n t l y  t he  convers ion o f  asphaltenes. 

The r a t e  constants  f o r  asphaltene and preasphal tene convers ion increased from 

0.75 t o  1.70 hr - '  and from 2.95 t o  3.48 hr - '  , r e s p e c t i v e l y .  The inc rease  i n  

hydrogen consumption from 0.92 t o  2.51% w i t h  r e d  mud was due t o  an increased 

p roduc t i on  o f  hydrocarbon gases, o i l s ,  and water,  and t o  t he  reduc t i on  o f  

Fe203 t o  Fe304. The s u l f u r  con ten t  o f  SRC decreased marg ina l l y ,  and a l l  hydrogen 

s u l f i d e  gas produced by d e s u l f u r i z a t i o n  o f  coa l  was removed by r e d  mud. 



Table 131 
L ique fac t i on  o f  E lkhorn #3 Coal i n  t h e  Presence 

o f  Various Minera ls  and M e t a l l i c  Wastes 

Szmple No. 
Ff'ed Composit ion 

31 -81 
70% Solvent  + 

31-321 
67.5% Sol ven t  + 

30% Coal 30% Coal + 
10% Red Mud 
825 850 

2000 2000 

30% Coal + 
10% F lue  Dust 
82 5 850 

2000 2000 

30% Coal + 
2.5% Lime 

850 
2000 

Temperature, O F  850 
Pressure, p s i g  2000 
Hydrogen Flow Rate, 

MSCF/T 18.5 
React ion Time, Min. 38 
Product D i s t r i b u t i o n ,  wt.% MAF Co31 

H C 6.8 
CO, co2 1 . 13 

0.2 

O i l s  20.4 
Asphal tenes 29.2 
Preasphal tenes 25.4 
I .O .M.  15.8 
Water 1.2 

Conversion 84.2 

Hydrogen Consunption, wt.% MAF Coal 
To ta l  0.91 
From Gas 0.92 
From So lven t  (0.01) 
By A d d i t i v e  - - 

SRZ S u l f u r ,  % 0.50 

F i  r s t  Order Rate Constants, h r - I  
K 0.75 
K~ 2.95 
P 

( ) - means negat ive va lue 



Table 132 

X-Ray D i f f r a c t i o n  Analys is  o f  t he  Minera ls  and M e t a l l i c  Wastes 

Before and A f t e r  t he  Use as Add i t i ves  i n  E l  khorn #3 Coal L iquefact ion 

Analys is  o f  Minera ls  and 

O r i g i n a l  Minera ls  M e t a l l i c  Wastes A f t e r  

Add i t i ve  Phase o r  M e t a l l i c  Waste Coal L ique fac t i on  Reaction 

Red Mud Major Fe203 Fe304 
Minor Quartz ,  CaC03, A1203 Quartz ,  FeS (sphal e r i  t e  type) ,  

T r o i l i t e ,  Fe203, CaC03, A1203 

Flue Dust Major Fe304, NiFe204, FeCr204 Fe304, NiFe204, FeCr204 

M i  nor FeS, ZnS (sphal e r i  t e  type) FeS, ZnS ( s p h a l e r i t e  type) 

Lime Major CaO 

M i  nor -- 



The d i s t r i b u t i o n  o f  elements i n  var ious f r a c t i o n s  (Table 133) showed minor 

changes i n  s u l f u r  content o f  asphaltenes and preasphaltenes obtained w i t h  red  

mud compared w i t h  the  no-addi t ive case. Minor v a r i a t i o n s  were a lso  noted i n  

o ther  elements i n  the  o i  1 s, asphal tenes, and preasphal tenes. M i  nor v a r i a t i o n s  

i n  the  d i s t r i b u t i o n  o f  oxygen compounds were noted w i t h  red  mud (Table 134). 

The d i s t r i b u t i o n  o f  n i t rogen compounds i n  the  o i l s  showed an increase i n  

p y r i d i n e  type compounds. Proton d i s t r i b u t i o n  (Table 135) showed a decrease i n  

HAR and an increase i n  Ha and Ho, which could s i g n i f y  h igher  q u a l i t y  o f  so lvent  

generated w i t h  red  mud than w i t h  no add i t i ve .  The values o f  t he  Brown-Ladner 

s t r u c t u r a l  parameters shown i n  Table 136 presented i n s i g n i f i c a n t  v a r i a t i o n s  

w i t h  red  mud add i t ion .  

With both an increase i n  temperature from 825 t o  850°F and red  mud, coal 

conversion increased from 83 t o  87%. The product ion o f  hydrocarbon gases and 

asphal tenes increased from 5.3 t o  8.7% and 10.6 t o  18.5%, respect ive ly .  

O i l  and preasphaltene product ion decreased from 35.9 t o  33.6% and from 28.4 t o  

22.1% w i t h  an increase i n  temperature (see Table 131 ). The increase i n  

conversion o f  coal and preasphaltenes r e s u l t e d  i n  a n e t  increase o f  asphaltene 

and hydrocarbon gas product ion. The r a t e  o f  asphaltene conversion decreased 

from 2.45 t o  1.70 hr- '  and t h a t  o f  preasphal tene conversion increased from 

2.44 t o  3.48 hr" w i t h  an increase i n  temperature. These observat ions suggest 

t h a t  preasphaltene conversion i s  favored and t h a t  o f  asphaltene i s  retarded by 

increas ing  the  temperature i n  the  presence o f  red  mud. I t  should be noted 

t h a t  no H2S was observed i n  the  gas phase. The hydrogen consumption ca l cu la ted  

on the  basis  o f  elemental hydrogen balance increased from 2.13 t o  2.51%; t h i s  

increase was due mainly t o  increased product ion o f  hydrocarbon gases and 

water. The X-ray d i f f r a c t i o n  ana lys is  o f  the  coal l i q u e f a c t i o n  res idue _5-_ 

(Table 132) showed p a r t i a l  conversion o f  Fe203 present i n  red  mud t o  Fe304 and 

FeS. Par t  o f  the  t o t a l  hydrogen consumption was due t o  the reduct ion  o f  Fe203 

t o  Fe304, i . e . ,  0.08 w t %  hydrogen on an MAF coal basis.  

No s i g n i f i c a n t  d i f fe rences i n  the  elemental d i s t r i b u t i o n  o f  var ious f r a c t i o n s  

were noted (Table 133). Simulated d i s t i l l a t i o n  o f  the  o i l  f r a c t i o n s  obtained 

a t  850 and 82S°F (Figure 40) showed no major d i f fe rences.  



Table 133 

Sample No. 
~ d d i -  

D i s t r i b u t i o n  o f  Elements i n  t he  L ique fac t ion  Products o f  
Elkhorn #3 Coal i n  t he  Presence o f  Various Minera ls  and M e t a l l i c  Wastes 

31 -81 
None 

Temperature, OF 850 
O i l  F rac t ion ,  w t . %  

C 89.7 
H 7.3 
0 1.7 
N 0.7 
s 0.6 
n MW 220 

31-268 31-278 
Red Mud- 

31-301 31 -312 
F lue D u s t  

Asphal tene Frac t ion ,  w t . %  
C 86.1 86.1 85.5 85.7 85.9 
I-! 6.1 6.2 6.2 6.5 6.2 
0 4.9 5.6 5.6 5.8 5.2 
N 2.4 1.6 2.3 1.4 2.3 s 0.5 0.6 0.4 0.6 0.4 
n MW 390 450 535 380 - - 

Preasphal tene Frac t ion ,  w t .%  
C 86.2 85.0 85.4 85.1 85.4 
H 5.1 4.8 5.0 5.6 5.3 
0 5.9 6.5 6.3 6.2 6.2 
N 2.5 2.5 2.8 2.5 2.6 s 0.5 0.6 0.5 0.6 0.6 
n MW 990 - - - - - - 1225 

31-321 
Lime 



Table 134 

D i s t r i b u t i o n  o f  Oxygen and N i t rogen  Compo~nds i n  t h e  O i l  

F r a c t i o n  from t h e  L i que fac t i on  Products anc Elkhorn #2 Coal 

i n  t he  Presence o f  Var ious Minera ls  and P . e t a l l i c  Wastes 

Sam3le No. FOB #11 31 -81 31 -268 31 -278 31-301 31 -31 2 31-321 

A d d i t i v e  - - lone Red Mud F lue  Dust Lime 

Te~ilperatur~e, OF - - 850 825 85 0 825 850 850 

Oxygen D i s t r i b u t i o n ,  w t . %  

To ta l  1.42 1.72 1.63 1.71 1.73 1.74 1.52 

Abs. Rel. - -  Abs. Rel. Abs. Rel. -- -- Abs. Rel. -- Abs. Rel. -- Abs. Rel. -- Abs. Rel. - - 
0 as 0 0.90 63.4 1.09 63.4 1.02 62.6 1.01 59.1 1.05 60.7 1.03 59.2 0.91 59.9 

N i t rogen  D i s t r i b u t i o n ,  wt.% 

T o t c l  1.05 0.73 0.76 0.89 0.89 0.95 0.83 

Abs. Rel. -- Abs. Rel. - - Abs. Rel. -- Abs. Rel. Abs. Rel. -- -- Abs. Rel. -- Abs. Rel. - - 
h as N 0.61 58.1 0.3C 41.1 0.41 54.0 0.50 56.2 0.53 59.6 0.55 57.9 0.44 53.0 

 as NH 0.38 36.2 0.32 43.8 0.30 39.5 0.33 37.1 0.31 34.8 0.32 33.7 0.35 42.2 

N as NH, 
L 

0.06 5 .7  0.11 15.1 0.05 6.5 0.06 6.7 0.05 5.6 0.08 8.4 0.04 4.8 



Table 135 

Sample No. 

Add i t i ve  

Temperature, O F  

To ta l  Hydrogen, w t  .X 

D i s t r i b u t i o n  o f  Protons, % 

Re la t i ve  

Absolute 

H~~ 

Ha 

0 

D i s t r i b u t i o n  o f  Protons i n  the  O i l  F rac t ions  

from the  L iquefac t ion  o f  Elkhorn #3 Coal i n  t he  

Presence o f  Various Minerals and Metal 1 i c  Wastes 

FOB #11 31-81 31-268 31-278 31-301 31-312 - - - - 31-321 

None Red Mud Flue Dust Lime 

850 825 850 825 850 850 

7.3 7.7 7.5 7.7 7.7 7.1 



FIGURE 40 
SIMULATED DISTILLATION OF OIL FRACTIONS 
OBTAINED BY LIQUEFACTION OF ELKHORN #3 

COAL IN THE PRESENCE OF RED MUD 
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The d i s t r i b u t i o n  o f  n i t rogen and oxygen compounds i n  the  o i l  f r a c t i o n  presented 

i n  Table 134 showed i n s i g n i f i c a n t  v a r i a t i o n s  w i t h  the increase i n  temperature. 

A t  850°F, the  hydrogen content  was lower than a t  825OF, b u t  the  d i s t r i b u t i o n  

o f  protons (Table 135) was very s i m i l a r  a t  both temperatures. I n  add i t ion ,  

the  Brown-Ladner s t r u c t u r a l  parameters were very s i m i l a r  a t  both temperatures. 

It can be concluded t h a t  the  a d d i t i o n  o f  red  mud t o  the  coal l i q u e f a c t i o n  

reac t i on  mixture increases o i l  and hydrocarbon gas product ion,  improves coal 

conversion, increases hydrogen consumption, and decreases asphaltene and 

preasphaltene product ion. Increasing the  reac t i on  temperature i n  t he  presence 

o f  r e d  mud increases coal conversion, hydrocarbon gas and asphaltene product ion, 

and hydrogen gas consumption, and decreases o i l  product ion. Therefore, i f  the  

goal o f  coal l i q u e f a c t i o n  i s  t o  maximize o i l  product ion and minimize hydrogen 

consumption, lower temperature should be used when red  mud i s  added t o  the  

reac t i on  mixture. 

As presented e a r l i e r ,  red  mud cons is ts  o f  approximately 50% Fe203; the  balance 

i s  A1203, quartz,  and o ther  impur i t i es ,  however specu l i t e  cons is ts  p r i m a r i l y  

o f  Fe203. Alumina and quar tz  were found t o  be i n a c t i v e  i n  the  batch coal 

l i q u e f a c t i o n  tes ts .  It i s  no t  known why the i r o n  oxide present i n  red  mud i s  

d i f f e r e n t  from t h a t  i n  specu l i te ,  which i s  pure i r o n  oxide. Attempting t o  

ascer ta in  the reasons f o r  the d i f f e rence  i n  the  c a t a l y t i c  a c t i v i t y  o f  red  mud 

and specu l i te ,  the n i t rogen BET surface area o f  the  two mater ia ls  was determined. 
2 Specu l i te  and red  mud d i f f e r e d  by an order  o f  magnitude, i . e . ,  and 35 m /g, 

respect ive ly .  This  v a r i a t i o n  cou ld  be one o f  the  fac to rs  responsib le f o r  the  

h igher  o i l  y i e l d  w i t h  red  mud. 

Cata lys is  by Flue Dust - Since the f l u e  dust t es ted  contained s i g n i f i c a n t  

q u a n t i t i t e s  o f  i r o n ,  n i c k e l ,  and molybdenum metals, i t  was expected t o  have 

very h igh  a c t i v i t y  i n  coal l i q u e f a c t i o n  react ions.  As expected, coal conversion 

increased from 84 t o  93% on a d d i t i o n  o f  f l u e  dust  a t  850°F (Table 131). Flue 

dust a d d i t i o n  a l so  increased the  product ion o f  hydrocarbon gases and o i l s  

from 6.8 t o  9.2% and 20.4 t o  25.5%, respect ive ly .  " Preasphal tene product ion 

decreased from 25.4 t o  18.8%. The increased conversion o f  coal and 



Table 136 

Sample No. 

A d d i t i v e  

Temperature, OF 

Brown-Ladner S t r u c t u r a l  Parameters f o r  t h e  O i l  F rac t i ons  

from the  L i que fac t i on  o f  E lkhorn #3 Coal i n  t he  

Prssence o f  Various Minera ls  and M e t a l l i c  Wastes 

FOB #11 31 -81 31 -268 31 -273 - - 31-301 31-312 31-321 
- - None Red Mud F lue  Oust Lime 
- - 850 825 850 825 850 850 



preasphal tenes resu l  t ed  i n  added product ion o f  hydrocarbon gases, o i  1 s and 

asphaltenes. The a d d i t i o n  o f  f l u e  dust increased the ra tes  o f  conversion o f  

asphaltenes on ly  marg ina l ly  from 0.75 t o  0.88 hr" and o f  preasphaltenes from 

2.95 t o  4.73 h r - l .  Preasphaltene conversion was found t o  be more s e n s i t i v e  t o  

f l u e  dust  a d d i t i o n  than was asphaltene conversion. The s u l f u r  content  of SRC 

was unchanged. The t o t a l  hydrogen consumption increased from 0.91 t o  2.19%. 

The d i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  obtained w i t h  and w i thout  

the a d d i t i o n  o f  f l u e  dust i s  summarized i n  Table 133. No d i f fe rences were 

noted i n  t he  s u l f u r  content o f  o i l s  and preasphaltenes, b u t  the  s u l f u r  content  

o f  asphaltenes decreased from 0.6 t o  0.4% on a d d i t i o n  o f  f l u e  dust. Higher 

n i t rogen content  i n  o i l s  and minor d i f fe rences i n  t h e  n i t rogen contents o f  t h e -  

asphaltenes and preasphaltenes were noted the  dust add i t ion .  Higher hydrogen 

contents were observed i n  a l l  the f r a c t i o n s  w i t h  f l u e  dust  over no-addi t ive 

run. 

The d i s t r i b u t i o n  of n i t rogen and oxygen compounds i n  the  o i l s  showed higher 

concentrat ion o f  hydroxyl and pyr id ine- type compounds w i t h  f l u e  dust  (see 

Table 134). Lower concentrat ion o f  HAR and h igher  concentrat ion o f  Ha and Ho 

were noted w i t h  f l u e  dust, as shown i n  Table 135; the  l a t t t e r  i nd i ca tes  b e t t e r  

q u a l i t y  o f  so lvent  generated w i t h  f l u e  dus t  than t h a t  generated w i t h  no-addi t ive.  

No s i g n i f i c a n t  d i f fe rences were noted i n  t he  values o f  a romat i c i t y  (fa), 

degree o f  s u b s t i t u t i o n  (a), and HAR/CAR w i t h  f l u e  dust  (see Table 136). 

Coal conversion increased from 86 t o  93% and o i l  product ion decreased from 

30.9 t o  25.5% w i t h  increas ing  temperature i n  the presence o f  f l u e  dust. No 

s i g n i f i c a n t  change was not iced i n  preasphaltene product ion w i t h  temperature. 

The increased conversion o f  coal resu l ted  i n  added product ion o f  asphaltenes. 

Hydrocarbon gas product ion increased from 4.5 t o  9.2% as the temperature 

increased from 825 t o  850°F. The decrease i n  o i l  product ion w i t h  temperature 

was balanced by a corresponding increase i n  the  product ion o f  hydrocarbon 

gases. The r a t e  o f  conversion o f  asphaltenes decreased from 1.31 t o  0.88, and 

the  r a t e  o f  preasphal tene conversion increased s l  i g h t l y  from 4.51 t o  4.75. No 

H2S was detected i n  the  product gas a t  both temperatures and the  s u l f u r  content  



o f  t he  SRC decreased from 0.59 t o  0.46% w i t h  an increase i n  temperature. 

Hydrogen consumption ca lcu la ted  on the  basis  o f  elemental hydrogen balance 

increased from 1.43 t o  2.19%. The X-ray d i f f r a c t i o n  ana lys is  o f  the  coal 

l i q u e f a c t i o n  residue mater ia l  (Table 132) showed no change i n  the  chemical 

nature o f  f l u e  dust before and a f t e r  the  reac t ion .  

The d i s t r i b u t i o n  o f  elements i n  the  o i l s  (Table 133) showed no changes w i t h  

reac t i on  temperature. Lower hydrogen contents were noted i n  the  asphaltenes 

and preasphaltenes a t  850°F than a t  825OF. Otherwise, no s i g n i f i c a n t  d i f f e rences  

were noted i n  the asphaltenes and preasphaltenes w i t h  increas ing  temperature. 

The d i s t r i b u t i o n  o f  n i t rogen and oxygen compounds (Table 134) showed i n s i g n i f i -  

cant  v a r i a t i o n s  w i t h  temperature. The concentrat ion o f  HAR i n  the  o i l s  was 

unchanged w i t h  temperature (see Table 135), whereas s i g n i f i c a n t  changes i n  Ha 

and Ho were noted; Ha decreased from 2.33 t o  1.99% (absolute) and Ho increased 

from 2.30 t o  2.52%. It i s  no t  known what e f f e c t  a s h i f t  i n  the  concentrat ion 

o f  Ha and Ho would have on the  so lvent  q u a l i t y .  The degree o f  s u b s t i t u t i o n  

(a) and average number o f  condensed aromatic r i n g s  decreased from 0.28 t o  0.25 

and from 3.49 and 3.24, respect ive ly ,  w i t h  an increase i n  temperature (see 

Table 136). The simulated d i s t i l l a t i o n  o f  the  o i l  f r a c t i o n s  obtained a t  825 

and 850°F were very s i m i l a r ,  as shown i n  Figure 41. 

It can be concluded t h a t  the  a d d i t i o n  o f  f l u e  dust  t o  coal l i q u e f a c t i o n  reac t i on  

increases the  product ion o f  o i l s ,  hydrocarbon gases, and asphaltenes, increases 

conversion o f  coal and consumption of hydrogen, and improves the  q u a l i t y  o f  

the  so lvent  generated by the react ion.  The increase i n  reac t i on  temperature 

i n  the  presence o f  f l u e  dust decreases the  o i l  product ion and increases hydro- 

carbon gas product ion and hydrogen consumption. S ince. the  ob jec t i ve  o f  the  

program i s  t o  maximize o i l  product ion w i t h  minimum hydrocarbon gas product ion 

and hydrogen consumption, a l o w e r  temperature i s  preferred.  The reac t i on  

temperature o f  825OF i n  no case represents the optimum reac t i on  temperature. 

Cata lys is  by Lime - U.S. coals conta in  vary ing  amounts o f  calcium, which i s  

known t o  cause sca l i ng  problems i n  heat exchangers. To avoid sca l ing ,  several 

researchers have proposed the removal o f  calcium from coal before i t  i s  l i q u e f i e d .  



FIGURE 41 
SIMULATED DISTILLATION OF OIL FRACTIONS 
OBTAINED BY LIQUEFACTION OF ELKHORN #3 

COAL IN THE PRESENCE OF FLUE DUST 

100- 

80 - 
s 
G 
3 60- 
d 
-1 
W 

s 
% 40- 
F 
a 
-1 
-1 - 

20- 
6 

0 

,100 

31-301 (FLUE DUST, 825'~) , 

---- 31 -312 (FLUE DUST, 850'~) 

- 
I I I I I I I I 

200 300 400 500 600 700 800 900 
TEMPERATURE, OF 



However, the  r o l e  o f  calcium i n  coal l i q u e f a c t i o n  i s  no t  we l l  known. Therefore, 

calcium i n  the form o f  l ime was added t o  the  reac t i on  mix ture  t o  study i t s  

r o l e  i n  coal l i q u e f a c t i o n  and the  r e s u l t s  are discussed below. 

The l i q u e f a c t i o n  o f  coal i n  the  presence o f  2.5 w t %  l ime based on feed s l u r r y  

a t  850°F resu l ted  i n  a coal conversion o f  7% as shown i n  Table 131. Comparing 

the  l i q u e f a c t i o n  o f  coal i n  t he  presence and absence o f  l ime (Table 131) shows 

t h a t  l ime a d d i t i o n  was detr imenta l  t o  coal l i q u e f a c t i o n  because i t  decreased 

coal conversion. Hydrocarbon gas increased and o i l  and asphaltene product ion 

decreased simultaneously. Lime a d d i t i o n  d ramat i ca l l y  reduced the  r a t e  o f  

preasphal tene conversion from 2.95 t o  1.41 h r - l .  Asphal tene conversion ra tes  

changed s l i g h t l y .  Hydrogen consumption based on elemental hydrogen balance 

changed s l i g h t l y  from 0.91 t o  1.04% w i t h  l ime add i t ion .  The SRC s u l f u r  content  

increased s i g n i f i c a n t l y  from 0.50 t o  0.84%. The product ion o f  CO + C02 was 

reduced considerably from 1.0 t o  0.3%, and no hydrogen s u l f i d e  was detected i n  

the gas phase w i t h  l ime. The X-ray d i f f r a c t i o n  analys is  o f  the coal l i q u e f a c t i o n  

res idue (Table 132) showed complete conversion o f  CaO t o  CaC03 and CaS04. 

The d i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  obtained w i t h  and w i thou t  

l ime are compared i n  Table 133. The hydrogen content  was lower i n  a l l  the  

f r a c t i o n s  obtained w i t h  l ime. Higher s u l f u r  contents were noted i n  asphaltenes 

and preasphaltenes w i t h  l ime, whereas no change was noted i n  the  o i l s .  Minor 

v a r i a t i o n s  were noted i n  the n i t rogen and oxygen contents o f  a l l  the  f rac t i ons .  

I n  add i t ion ,  lower concentrat ions o f  e ther  and h igher  concentrat ions o f  py r i d ine -  

type . . compounds were observed i n  the  o i l s  obtained w i t h  l i m e  compared t o  t h e  

no-addi t ive run (see Table 134). Table 135 shows no s i g n i f i c a n t  d i f f e rence  i n  

the  concentrat ion o f  HAR w i t h  o r  w i thou t  l ime add i t ion ,  whereas the  concentrat ion 

o f  Ha and Ho decreased w i t h  l ime. This could i n d i c a t e  low q u a l i t y  so lvent  

generated w i t h  l ime add i t i on  compared w i t h  the  no-addi t ive run. The Brown-Ladner 

s t r u c t u r a l  parameters were no t  s i g n i f i c a n t l y  d i f f e r e n t  w i t h  o r  w i thou t  l ime 

(see Table 136). 

The simulated d i s t i l l a t i o n  o f  the  o i l  f r a c t i o n s  obtained w i t h  and w i thout  l ime 

are shown i n  F igure 42. Lower i n i t i a l  and h igher  f i n a l  b o i l i n g  p o i n t s  o f  the 

o i l  were noted w i t h  l ime. The two b o i l i n g  p o i n t  d i s t r i b u t i o n  curves crossed 

each o ther  a t  670UF. 



FIGURE 42 
COMPARISON OF SIMULATED DiISTI LLATION OF 

OIL FRACTIONS OBTAINED BY LIQUEFACTION OF 
ELKHORN #3 COAL IN THE PRESENCE AND 
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From the  above data i t  can be concluded t h a t  l ime added t o  t h e  coal l i q u e f a c t i o n  
t r e a c t i o n  mix tu re  i s  de t r imenta l ,  s ince i t  decreases coal conversion and o i l  

and asphaltene product ion,  increases hydrogen consumption and lowers t he  

q u a l i t y  o f  so lven t  generated by the  reac t ion .  

Cata lys is  by Z inc S u l f i d e  - Zinc compounds i n  t h e  form o f  Lewis ac ids have 

been repor ted  t o  s i g n i f i c a n t l y  ca ta lyze  coal l i q u e f a c t i o n  reac t ions ,  b u t  they 

are expensive and cause severe cor ros ion  problems. On the  cont ra ry ,  z i nc  

s u l f i d e  minera l  i s  inexpensive and r e a d i l y  ava i l ab le ,  and the re fo re  can be 

used as a disposable c a t a l y s t .  Therefore, t he  c a t a l y t i c  a c t i v i t y  o f  z i nc  

s u l f i d e  was s tud ied  i n  coal l i q u e f a c t i o n  r e a c t i o n  and the  r e s u l t s  a re  discussed 

be1 ow. 

E l  khorn #3 Coal - Add i t i on  o f  z i n c  s u l f i d e  a t  850°F increased coal conversion 

from 84 t o  92% and increased o i l  and hydrocarbon gas produc t ion  from 20.4 t o  

29.3% and from 6.8 t o  8.9%, respec t i ve l y  (Table 137). Asphaltenes decreased 

from 29.2 t o  22.3%. .The r a t e  o f  conversion o f  asphaltenes increased from 0.75 

t o  1.31 hr- '  and t h a t  o f  preasphaltene conversion d i d  no t  change s i g n i f i c a n t l y .  

These data show t h a t  preasphal tene conversion was no t  cata lyzed by z inc  su l f i de ,  

whereas i t  cata lyzed the  conversion o f  asphaltenes t o  o i l s .  Hydrogen consumption 

based on elemental hydrogen balance increased from 0.92 t o  1.93% w i t h  z inc  

s u l f i d e .  

Coal conversion increased from 89 t o  92% as temperature increased from 825 t o  

850°F i n  t he  presence o f  z i nc  s u l f i d e .  Hydrocarbon gas product ion increased 

w i t h  inc reas ing  r e a c t i o n  temperature from 5.8 t o  8.9% O i l ,  asphaltene and 

preasphaltene produc t ion  was no t  g r e a t l y  changed. The ra tes  o f  asphaltene and 

preasphaltene conversion increased s l i g h t l y  w i t h  inc reas ing  the  temperature. 

Hydrogen consumption increased from 1.43 t o  1.93%, and SRC s u l f u r  content  

decreased s l i g h t l y  w i t h  the  increase i n  temperature. 

The d i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  (Table 138) showed no 

change i n  t h e  o i l s  a t  t he  two temperatures, bu t  minor v a r i a t i o n s  were noted i n  

t he  asphaltenes and preasphaltenes. X-ray d i f f r a c t i o n  ana lys is  o f  t h e  coal 

l i q u e f a c t i o n  res idue showed no change i n  t he  chemical form o f  z i nc  s u l f i d e  

be fore  and a f t e r  t he  reac t ion .  



Table 137 

C a t a l y t i c  A c t i v i t y  o f  Z inc  S u l f i d e  i n  Coal L i q u e f a c t i o n  

44- 10 
69% So lven t  + 

Simple No. 
Feed Composit ion 

31 -81 
70% Solvent  + 
30% E l  khorn #3 
Coal 

Temperature, OF 82 0 
Pressure, p s i g  20C 0 
Hydrogen Flow Rate, 

MSCF/T '18.6 
React ion Time, Min. 2.8 
Product D i s t r i b u t i o n ,  Wt.X MAF Coal 

H C 6.8 
co, C02 1 ..O 

0.2 

NH3 o..o 
O i  1 s 20.4 
Asphal tenes 29.2 
Preasphal tenes 25.4 
I .O.M.  15.8 
Water 1.2 

Cclnversion 84.2 

Hydrogen Consumption, W t . %  MAF Coal 
To ta l  0.91 
From Gas 0.92 
From So lven t  (0.01) l  

SRC S u l f u r ,  % 0.50 

F Z r s t  Order Rate Constants, hr - '  

30% E l  khorn #3 
Coal + 10% ZnS 
825 850 

2000 2000 

30% E l  khorn #2 
Coal 

825 
2000 

30% E l  khorn #2 
Coal + 1% ZnS 

825 
2000 

) - means nega t i ve  va lue 



Table 138 

Sample No. 

Coal 

A d d i t i v e  

Temperature, OF 

O i l  F rac t i on ,  wt.% 

C 

H 

0 

N 

S - 
n MW 

D i s t r i b u t i o n  o f  Elements i n  t h e  

Z inc  S u l f i d e  Catalyzed L i q u e f a c t i o n  Products 

31 -81 31 -21 9 31 -234 

E l  khorn #3 

None ZnS 

850 825 850 

Asphal tene F rac t i on ,  wt.% 

C 86.1 85.2 86.2 

H 6.1 6.3 5.9 

0 4.9 5,8 5.1 

N 2.4 2.1 2.4 

S 0.5 0.6 0.5 - 
n MW 390 470 465 

Preasphaltene F rac t i on ,  wt.% 

C 86.2 84.4 86.6 

H 5.1 5.5 4.8 

0 5.9 6.6 5.5 

N 2.5 2.8 2.5 

S 0.5 0.7 0.6 - 
n MW 990 121 0 1775 

31-128 44-1 10 

E l  khorn #2 

None ZnS 



The d i s t r i b u t i o n  o f  oxygen and n i t rogen compounds presented i n  Table 139 

showed no s i g n i f i c a n t  d i f f e rence  w i t h  an increase i n  temperature. I n  add i t i on ,  

the  d i s t r i b u t i o n  o f  protons was very s i m i l a r  a t  both temperatures as shown i n  

Table 140. The Brown-Ladner s t r u c t u r a l  parameters (Table 141) were very 

s i m i l a r  a t  both reac t i on  temperatures. 

I n  conclusion, coal l i q u e f a c t i o n  i n  the  presence o f  z inc  s u l f i d e  a t  825 and 

850°F showed on ly  minor va r i a t i ons '  i n  product d i s t r i b u t i o n ,  element compos'i t i o n ,  

n i t rogen compound, oxygen compound and pro ton  d i s t r i b u t i o n  and v a r i a t i o n  i n  

Brown-Ladner s t r u c t u r a l  parameters. Hydrogen consumption was lower a t  the  

lower temperature, whereas o i l  product ion was h igher  w i t h  z inc  s u l f i d e  a t  

825OF (27.3%) than w i t h  no a d d i t i v e  a t  850°F (20.4%). These data suggest a 

lower reac t i on  temperature w i t h  z inc  s u l f i d e  add i t i on  t o  the  reac t i on  mix ture  

t o  bes t  u t i l i z e  i t s  c a t a l y t i c  a c t i v i t y .  

Elkhorn #2 Coal - The l i q u e f a c t i o n  o f  Elkhorn #2 coal i n  the  presence o f  one 

wt% ZnS based on feed s l u r r y  a t  825OF i s  compared t o  the  base1 i n e  run  i n  

Table 137. The a d d i t i o n  o f  ZnS d i d  no t  a l t e r  o v e r a l l  coal conversion, b u t  

improved the  conversion o f  preasphaltenes and product ion o f  o i l s .  Preasphaltene 

product ion decreased from 44 t o  37% and t h a t  o f  o i l s  increased from 12 t o  23% 

w i t h  the  a d d i t i o n  o f  ZnS compared w i t h  the  no-addi t ive run. Rates o f  conversion 

o f  asphaltenes and preasphaltenes increased s i g n i f i c a n t l y  from 0.62 t o  1.61 

hr- '  and from 1.27 t o  2.13 h r - l ,  respect ive ly .  The product ion o f  hydrocarbon 

gases, H2S, CO, C02, asphaltenes, and water was not  g r e a t l y  a f fec ted ,  al though 

hydrogen consumption based on elemental hydrogen balance decreased and SRC 

s u l f u r  content  increased s l i g h t l y  w i t h  ZnS add i t ion .  

The d i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  given i n  Table 138 

showed h igher  s u l f u r  and lower hydrogen contents i n  the  asphaltene and preas- 

phaltene f r a c t i o n s  w i t h  ZnS compared w i t h  the  no-addi t ive run. Otherwise, no 

ma jo r  d i f fe rences were noted. The d i s t r i b u t i o n  o f  protons (Table 140) showed 

a decrease i n  HAR value and a corresponding increase i n  the  concentrat ions o f  

Ha and Ho w i t h  ZnS, i n d i c a t i n g  t h a t  the  q u a l i t y  o f  so lvent  generated w i t h  ZnS 

was h igher  than t h a t  generated w i t h  no-addi t ive.  

It can be concluded t h a t  z inc  s u l f i d e  can be s e l e c t i v e l y  used i n  coal l i que -  

f a c t i o n  t o  increase the product ion o f  o i l s ;  h igher  SRC s u l f u r  content  i s  the 

on ly  disadvantage. 



Table 139 

D i s t r i b u t i o n ' o f  Oxygen and N i t rogen  Compounds 

i n  t he  O i l  F r a c t i o n  o f  Z inc  S u l f i d e  Catalyzed L i q u e f a c t i o n  

Sample No. FOB #11 

A d d i t i v e  - - 

Oxygen D i s t r i b u t i o n ,  W t . %  

To ta l  1.42 

Abs. Rel. - - 
n a s  n n.90 63.4 

0 as OH 0.52 36.6 

N i t rogen  D i s t r i b u t i o n ,  W t . %  

To ta l  1.05 

Abs. Re1 . 
N as N 0.61 58.1 

N as NH 0.38 36.2 

N as NH2 0.06 5.7 

31 -81 

None 

850 

1.72 

Abs. Rel. - - 
1.09 63.4 

0.63 36.6 

Abs. Rel. - - 
0.30 41.1 

0.32 43.8 

0.11 15.1 

31 -21 9 31-234 

Z inc  S u l f i d e  

825 850 

1.75 1.78 

Abs. Rel. -- Abs. Rel. -- 
1.14 65.1 1.14 64.0 

0.61 34.9 0.64 36.0 

Abs. Rel. -- Abs. Rel. -- 
0.51 59.3 0.44 50.0 

0.30 34.9 0.34 38.6 

0.05 5.8 0.10 11.4 



Table 140 

Sample .No. 

Coal 

Add i t i ve  

Temperature, OF 

Tota l  Hydrogen, Wt.% 

D i s t r i b u t i o n  o f  Protons i n  t he  O i l  
0 

Frac t ions  oLZinc S u l f i d e  Catalyzed L ique fac t i on  

D i s t r i b u t i o n  o f  Protons. % 

Re la t i ve  

Absol u te  

H~~ 

Ha 

0 

FOB # I 1  31-81 31-219 31-234 31-128 - - - - 44- 10 - 
- - El  khorn #3 E l  khorn #2 

None Zinc S u l f i d e  None Zinc S u l f i d e  
- - 850 825 850 825 825 

7.2 7.3 7.3 7.3 7.2 7.3 



Table 141 

Sample No. 

Brown-Ladner S t r u c t u r a l  Parameters f o r  t h e  O i l  F rac t i ons  

o f  Z inc  Sul f i d e  Catalyzed L ique fac t i on  o f  E l  khorn #3 Coal 

A d d i t i v e  

Temperature, O F  

FOB #11 

None Z inc  S u l f i d e  

850 825 850 



A c t i v i t y  Comparison o f  Var ious Minera ls  and M e t a l l i c  Wastes i n  L i q u e f a c t i o n  

The c a t a l y t i c  a c t i v i t y  o f  va r ious  minera ls  and m e t a l l i c  wastes i n  t h e  l i q u e f a c t i o n  

of E lkhorn  #3 coa l  i s  compared i n  Table 142. The most des i r ab le  f unc t i ons  o f  

a  c a t a l y s t  i n  coa l  l i q u e f a c t i o n  a re  h i g h  o i l  p roduc t ion ,  h i g h  coa l  conversion, 

good so l ven t  q u a l i t y ,  low hydrocarbon gas p roduc t ion ,  and low hydrogen consumption. 

The performance o f  t he  var ious  minera ls  and m e t a l l i c  waste samples t e s t e d  was 

r a t e d  on t h e  bas i s  o f  t h e  above c r i t e r i a  and produced a  c l a s s i f i c a t i o n  as 

f o l l ows :  

Hydrocarbon gases: p y r i t e  > r e d  mud > ZnS > 1  ime > f l u e  dus t  > specul i t e  

O i  1  : p y r i t e  > r e d  mud > ZnS > f l u e  dus t  > specul i t e  > 1  ime 

Conversion: f l u e  dus t  > ZnS > p y r i t e  > specul i t e  ; r e d  mud > 1  ime 

Hz Consumption: 1  ime > specul i t e  > r e d  mud > ZnS > f l u e  dus t  > p y r i t e  

Solvent  Qua1 i t y :  p y r i t e  > f l u e  dus t  > r ed  mud > ZnS > specul i t e  > 1  ime 

Based on t h e  above analyses, t h e  o v e r a l l  performance o f  va r ious  minera ls  and 

m e t a l l i c  wastes can be r a t e d  as f o l l ows :  p y r i t e  > r e d  mud > f l u e  dus t  > ZnS > 
s p e c u l i t e  > l ime.  

Ca ta l ys i s  by T r a n s i t i o n  Metal s  

T r a n s i t i o n  metals 1  i ke coba l t ,  n i c k e l ,  and molybdenum were repo r ted  t o  have 

s i g n i f i c a n t  c a t a l y t i c  a c t i v i t y  i n  coa l  l i q u e f a c t i o n .  The use o f  some o f  these 

meta ls  i s  r e s t r i c t e d  because they  a re  n o t  a v a i l a b l e  i n  l a r g e  q u a n t i t i t i e s .  

However, a t  ve ry  low concent ra t ions  (-250 ppm based on coa l ) ,  these meta ls  can 

be used economical ly,  e i t h e r  by adding them as p a r t i c u l a t e  ox ides and s u l f i d e s  

t o  t he  feed s l u r r y  o r  by impregnat ing them i n t o  coal  i n  t he  form o f  wa te r -so lub le  

compounds. The c a t a l y t i c  a c t i v i t y  o f  va r ious  t r a n s i t i o n  metals i n  t h e  l i q u e -  

f a c t i o n  o f  E lkhorn #2 coal  was s tud ied  t o  determine t h e i r  r e l a t i v e  e f f ec t i veness  

and t.o i d e n t i f y  t he  e f f ec t  o f  mode o f  c a t a l y s t  a d d i t i o n  on l i q u e f a c t i o n .  

Ca ta l ys i s  by Molybdenum Compounds - The c a t a l y t i c  a c t i v i t y  o f  molybdic ox ide 

and molybdenum d i s u l f i d e  was s tud ied  i n  t h e  l i q u e f a c t i o n  o f  E lkhorn  #2 coa l .  

Both molybdenum d i s u l f i d e  (enr i ched  molybdenite) and molybdic ox ide  (ox id ized ,  

enr i ched  molybdeni t e )  were suppl i ed by Cl imax Molybdenum Company. 



A d d i t i v e  

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 

O i  1 s 

Asphal tenes 

Preasphal tenes 

Ccmversion 

H2 Consumption, wt.% #AF Coal 

SRC S u l f u r  

Table 142 

Comparison o f  C a t a l y t i c  A c t i v i t y  o f  Var ious Minera ls  and 

M e t a l l i c  Wastes i n  L i que fac t i on  o f  E lkhorn #3 Coal 

React ion Condit ion: Temperature = 850°F, Time = 40 Min. 

To ta l  Pressure = 2000 ps ig ,  Hydrogen Flow Rate = 20 MSCF/T 

and Ca ta l ys t  Concentrat ion = 10 wt.% o f  S l u r r y  (2.5 wt.% Lime) 

P y r i t e  ZnS - Flue Dust 

F i r s t  Order Rate Constants, h r - I  

Ka 1.84 1.37 1.70 1.31 0.88 

K~ 
3.05 2.13 3.48 2.79 4.73 

H Content o f  O i l  7.7 7.2 7.5 7.3 7.7 

D i s t r i b u t i o n  o f  Protons, Z 

H~~ 3.10 3.37 3.26 3.45 3.19 
A 

Ha 2.18 . 2.07 2.12 2.07 1.99 

Ho 2.42 1.76 2.12 1.78 2.52 

Lime 



A c t i v i t y  o f  Molybdic Oxide - Comparing coal l i q u e f a c t i o n  i n  the presence o f  

1 w t  % molybdic oxide t o  base1 i n e  runs showed t h a t  molybdic oxide increased 

coal conversion from -85 t o  -90% both a t  825 and 850°F (Table 143). Molybdic 

oxide increased o i l  product ion from 12 t o  25% a t  825OF and from 8 t o  29% a t  

850°F, respect ive ly .  A t  825 and 850°F, the  c a t a l y s t  y i e l d e d  1 ower product ion 

of hydrocarbon gases compared w i t h  basel ine runs. Product ion o f  asphaltenes 

increased and t h a t  o f  preasphal tenes decreased a t  both temperatures. Hydrogen 

consumption was h igher  w i t h  molybdic oxide (see Table 143). Rates o f  conversion 

of asphal tenes and preasphal tenes increased considerably w i t h  c a t a l y s t  . add i t i on  

a t  both temperatures, showing t h a t  c a t a l y s i s  occurred independent o f  temperature. 

SRC s u l f u r  content was no t  g r e a t l y  a f fec ted  by the  c a t a l y s t  add i t ion .  A 

h igher  hydrogen content  was noted i n  the  o i l  f r a c t i o n s  obtained w i t h  molybdic 

oxide than w i thout  i t , as shown i n  Table 144. I n  add i t i on ,  h igher  Ha and Ho 

and the  lower HAR contents were noted i n  o i l  f r a c t i o n s  obtained a t  850°F w i t h  

molybdic oxide. No major d i f fe rences were noted i n  the  d i s t r i b u t i o n  o f  elements. 

i n  var ious f r a c t i o n s  and i n  the  d i s t r i b u t i o n  o f  protons i n  o i l  f r ac t i ons .  

As shown i n  Table 143, the o v e r a l l  e f f e c t  o f  temperature was q u i t e  small. The 

d i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  (Table 144) showed minor 

v a r i a t i o n s  i n  a l l  f r ac t i ons .  .Molybdic oxide and molybdenum s u l f i d e  cou ld  no t  

be detected i n  the  reac t i on  product. X-ray f luorescence analys is  showed the 

presence o f  more than 5% molybdenum i n  the  coal l i q u e f a c t i o n  residue. D i s t r i -  

bu t i on  o f  protons i n  the  o i l  f r a c t i o n  (Table 145) showed a decrease i n  concen- 

t r a t i o n s  o f  HAR and Ha and an increase i n  t h a t  o f  Ho w i t h  increas ing  reac t i on  

temperature. Solvent generated w i t h  molybdic oxide d e f i n i t e l y  contained more 

hydrogen than the  no-addi t ive run  i n d i c a t i n g  st rong hydrogenation a c t i v i t y .  

No p o s i t i v e  conclusions could be drawn about so lvent  q u a l i t y  from the  proton 

d i s t r i b u t i o n  data. 

A c t i v i t y  o f  Molybdenite - The c a t a l y t i c  a c t i v i t y  o f  molybdenum was evaluated 

by us ing molybdenite conta in ing  90% molybdenum d i s u l f i d e .  A molybdenite 

concentrat ion o f  0.03% based on s l u r r y  (0.05 w t %  molybdenum based on coa l )  was 

used i n  the  experiment, and the  r e s u l t s  are summarized i n  Table 143. Add i t ion  

o f  molybdenite marg ina l ly  changed the  coal conversion over the  no-add i t i ve  

run. It increased the  conversion o f  preasphaltenes and product ion of o i l s ,  



Table 143 

Eff.e,ct o f  Molybdenum Compounds on L iquefac t ion  o f  E l  khorn #2 coal 

Sample No. 31- 128 31-139 38- 120 38-129 44-32 

Feed Composition 70% Solvent + 30% Coal 69% Solvent+ 30% Coal+ 69.97% Solvent + 
I% Molybdic Oxide1 30% Coal + 

0.03% Molybdeni t e  
Temp., O F  825 850 825 850 825 
Pressure, p s i g  2,000 2,000 2,000 2,000 2,000 
Hydrogen Flow Rate, MSCF/T 18.9 19.9 25.6 24.4 23.2 
Reaction Time, Min. 35 3 7 40.7 38.3 36.3 

45- 108 

70% Solvent 
30% Molybdenum 
Impregnated Coal 

825 
2,000 

23.7 
36.5 

Product D i s t r i b u t i o n ,  w t - %  MAF Coal 
H C 5.2 7.0 4.5 4.8 

O i l s  
Asphal tenes 
Preasphal tenes 
I .  0. M. 
Water 

Conversion 

Hydrogen Consumpti on, wt.% MAE Coal 
Tota l  
From Gas 
From Solvent 

SRC Su l fu r ,  % 

F i r s t  Order Rate Constants, h r - I  

;; 
'Molybdic Oxide contained 90% Moo3 and 10% S i  1 i c a  
2 (  ) - means negat ive value 



Table 144 

E f f e c t  o f  Molybdenum Compounds on Elemental 
D i s t r i b u t i o n  o f  E l  khorn #2 Coal L i q u e f a c i o n  Products 

O r i g i n a l  
Sol vent  
FOB #11 31- 128 31-139 38-120 38-129 44-32 Sample No. 

Temperature, O F  

Cata l ys t  
- 825 850 825 850 825 - None Molybdi c Oxide Molybdeni t e  

825 
Ammoni um 
Molybdate 

O i l  F rac t i on ,  wt.% 

Asphal tene F rac t i on ,  wt.% 

Freasphal tene F rac t i on ,  w t . %  

Oxygen -is determined by d i f f e r e n c e  



Table 145 

Sample No. 

Temp. , OF 

E f f e c t  o f  Molybdenum Compounds on D i s t r i b u t i o n  o f  Protons i n  

t he  O i l  F rac t ions  from t h e  L ique fac t ion  o f  Elkhorn #2 Coal 

Ca ta l ys t  None Molybdic Oxide Molybdeni t e  

7.2 7.2 7.4 
-. 

To ta l  Hydrogen, W t . %  b.5 7.1 

D i s t r i b u t i o n  o f  Protons, % 

Rel. Abs. - - Rel. Abs. - - Rel. Abs. - - Rel, Abs. - - Rel. Abs. - - 
H~~ 45.3 3.26 46.9 3.38 44.3 3.28 41.7 3.13 42.8 3.04 

Ha 27.1 1.95 27.9 2 .01  29.6 2.19 28.f. 2.15 29.0 2.06 

Ho 27.6 1.99 25.2 1.81 26.1 1.93 29.; 2.22 2 8 . 2 . 2 . 0 0  

825 

Ammoni um 

Molybdate 

7.2 

Rel. Abs. - - 
38.2 2.75 

32.2 2.32 

29.6 2.13 

Rel. - Re la t i ve  

Abs. - Absolute 



the  l a t t e r  by over a f a c t o r  o f  two. Rates o f  conversion o f  asphaltenes and 

preasphaltenes increased from 0.62 t o  1.36 hr- '  and from 1.27 t o  1.92 h r - I ,  

r espec t i ve l y ,  w i t h  molybdenite. Product ion o f  hydrocarbon gases and asphaltenes 

were no t  g r e a t l y  a f fec ted ,  as were hydrogen consumption and SRC s u l f u r  content. 

D i s t r i b u t i o n  o f  elements i n  var ious f r a c t i o n s  (Table 144) showed i n s i g n i f i c a n t  

d i f fe rences compared w i t h  the  no-addi t i v e  run. Only lower HAR concentrat ion 

i n  the  o i l  f r a c t i o n  was noted w i t h  molybdenite (Table 145). 

It can be concluded t h a t  molybdenite a d d i t i o n  t o  the coal l i q u e f a c t i o n  reac t i on  

m ix tu re  g r e a t l y  improved o i l  product ion.  However, hydrocarbon gas product ion 

was no t  g r e a t l y  a f fec ted .  

Molybdenum Impregnation - A sample o f  Elkhorn #2 coal impregnated w i t h  0.02 

w t %  molybdenum i n  the  form o f  ammonium molybdate was s tud ied  f o r  i t s  l i q u e f a c t i o n  

behavior. Impregnation o f  coal w i t h  molybdenum d i d  no t  change o v e r a l l  coal 

conversion, b u t  increased the  conversion o f  preasphaltenes and asphaltenes, as 

shown i n  Table 143. O i l  product ion increased from 12 t o  22% w i t h  molybdenum 

impregnation over the no-addi t ive run. Hydrocarbon gas product ion was not  

g r e a t l y  a f fec ted ,  al though hydrogen consumption was lower w i t h  impregnated 

coal compared w i t h  the  o r i g i n a l  coal.  SRC s u l f u r  content decreased s l i g h t l y  

w i t h  molybdenum impregnation. 

D i s t r i b u t i o n  o f  elements i n  the  var ious f r a c t i o n s  g iven i n  Table 144 showed 

lower hydrogen contents i n  asphaltene and preasphaltene f r a c t i o n s  w i t h  molybdenum- 

impregnated coal compared w i t h  o r i g i n a l  coal .  Otherwise, no major d i f fe rences 

were noted. The h igher  concentrat ions o f  Ha and Ho observed i n  the o i l  f r a c t i o n  

obtained w i t h  impregnated coal (Table 145) were i n d i c a t i v e  o f  a h igher  q u a l i t y  

o f  so lvent  than t h a t  generated w i t h  the  o r i g i n a l  coal .  

Impregnation Versus P a r t i c u l a t e  Molybdenum Add i t ion  - The l i q u e f a c t i o n  o f  

Elkhorn #2 coal impregnated w i t h  0.02 w t %  molybdenum was compared w i t h  0.05 

and 2.0 w t %  molybdenum added as molybdenite and molybdic oxide, respect ive ly ,  

t o  the  c o a l - o i l  s l u r r y .  Coal conversion was s l i g h t l y  h igher  a t  the  h igher  

molybdenum concentrat ion,  as shown i n  Table 146. The conversion o f  preas- 

ptialLeries and the  product ion asphaltenes increased w i t h  increas ing  molybdenum 



Table 146 

Sanpl e No. 

A d d i t i v e  
Mo Concentrat ion, wt. % Coal 
Feed Consumption 

Temp. , OF 
Pressure, p s i g  
Hydrogen Flow Rate, MSCF/T 
React ion Time, Min. 

E f f e c t  o f  Molybdenum Impregnat ion and P a r t i c u l a t e  
Add i t i on  on L i que fac t i on  o f  E lkhorn #2 Coal 

Molybdic Oxide 
2.0 
60% Solvent  + 
30% Coal + 1% 
Mol ybd i  c Oxi de 
825 
2000 
25.6 
40.7 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 
H C 4.5 

C O Y  C02 0.7 

0.4 

O i l s  25.2 
Asphal tenes 34.9 
Preasphal tenes 22.3 
1.0. M. 9.2 
Water 2.8 

Co ivers ion  90.8 

Hydrogen Consumption, wt.% MAF Coal 
Tota l  1.03 
From Gas 1.45 
From Solvent  (0.42) 

SRC Su l f u r ,  % 0.60 

F i r s t  Order Rat'e Co-stants , hr- '  

Molybdenite 
0.0'5 
69.97% So-vent + 
30% Coal + 0.03% 
Molybdeni t e  
825 

Ammonium Molybdate 
0.02 

70% Solvent  + 30 % 
Impregnated Coal 



concentrat ion. The product ion o f  hydrocarbon gases was independent o f  the  

mode o f  c a t a l y s t  add i t ion .  The r a t e  o f  preasphaltene conversion increased 

w i t h  molybdenum concentrat ion, b u t  no p o s i t i v e  t rend  was observed i n  the  r a t e  

o f  asphal tene conversion. Hydrogen consumption increased w i t h  molybdenum 

concentrat ion, b u t  t he  SRC s u l f u r  content  was independent o f  both the  concen- 

t r a t i o n  o f  the  c a t a l y s t  and i t s  mode o f  add i t ion .  

The d i s t r i b u t i o n  o f  elements summarized i n  Table 147 showed some v a r i a t i o n s  i n  

hydrogen contents i n  t he  o i l ,  asphaltene and preasphaltene f r a c t i o n s  w i t h  

p a r t i c u l a t e  a d d i t i o n  and impregnation. I n  var ious f rac t i ons ,  minor v a r i a t i o n s  

i n  the  d i s t r i b u t i o n  o f  elements o ther  than hydrogen were observed. Higher HAR 

and lower Ha and Ho values were noted w i t h  p a r t i c u l a t e  a d d i t i o n  than w i t h  

impregnation (see Table 148). These data i n d i c a t e  t h a t  the  q u a l i t y  o f  so lvent  

generated i n  t he  reac t i on  (based on Ha and Ho values) i s  h igher  w i t h  molybdenum 

impregnation than w i t h  p a r t i c u l a t e  add i t ion .  

The above data suggest t h a t  o i l  product ion i s  no t  g r e a t l y  a f fec ted  by the  mode 

of molybdenum c a t a l y s t  add i t ion .  More experimental work us ing i d e n t i c a l  

concentrat ions o f  molybdenum metal based on coal are needed t o  de f i ne  the  

e f f e c t  o f  the  mode o f  c a t a l y s t  a d d i t i o n  on coal l i que fac t i on .  

Cata lys is  by Impregnation o f  T r a n s i t i o n  Metals - Samples o f  Elkhorn #2 coal 

impregnated w i t h  0.02 w t %  metal i n  the  form o f  coba l t  n i t r a t e ,  n i c k e l  n i t r a t e  

and ammonium molybdate were s tud ied  f o r  t h e i r  l i q u e f a c t i o n  behavior. 

Impregnation o f  the  coal  d i d  no t  change o v e r a l l  coal conversion, b u t  increased 

the conversion o f  preasphaltenes and asphaltenes, as shown i n  Table 149. O i l  

p roduct ion increased on the  average from 12 t o  20% w i t h  metal impregnation. 

Hydrocarbon gas product ion was no t  g r e a t l y  a f fec ted  w i t h  impregnation. Hydrogen 

consumption was lower w i t h  impregnated coals compared w i t h  the  o r i g i n a l  coal.  

SRC s u l f u r  content  was e i t h e r  unchanged o r  decreased marg ina l ly  w i t h  metal 

impregnation. 

D i s t r i b u t i o n  o f  elements i n  var ious f r a c t i o n s  (Table 150) showed lower hydrogen 

contents i n  asphaltenes and preasphaltenes w i t h  metal impregnated coals compared 

w i t h  the  o r i g i n a l  coal .  No o ther  major di f ferences were noted. Higher Ha and 



Table 147 

C a t a l y s t  

O i l  F rac t i on ,  wt.% 

Asphal tene Frac t ion ,  wt.% 

E f f e c t  o f  Molybdenum Impregnat ion and P a r t i c u l a t e  A d d i t i o n  on 
D i s t r i b u t i o n  o f  Elements i n  E lkhorn #2 Coal L i que fac t i on  Products 

Preasphal tene F rac t i on ,  wt.% 

O r '  g i  na l  
So- ven t  
FOB #11 38- 120 

Molybdic Oxide 

44-32 

Molybdeni te Mo Impregnat ion 

Oxygen i s  determined by d i f f e r e n c e  



Table 148 

E f f e c t  o f  Mcllybdenwm Impregnat ion and P a r t i c u l a t e  Add i t i on  on 

Proton D i s t r i b u t i o n  i n  O i  1 F rac t ions  from E l  khorn #2 Coal L i que fac t i on  

O r i  g i  na l  

Sol vent  

Sample No. FOB #11 38- 120 44- 32 

Ca ta l ys t  - - Molybdic Oxide Nclybdeni te  

To ta l  Hydrogen, W t . %  7 . 2  7.4 7.1 

D i s t r i b u t i o n  o f  Protons, % 

Absol u t ~  

H~~ 3.20 3.28 3.04 

Ha 2.02 2.19 2.06 

Ho 1.98 1.. 93 2.00 

Re1 a t i  ve 

H~~ 

Ha 

Ho 

45- 108 

Mo Impregnat ion 

7.2 



Table 149 

E f f e c t  o f  Metal Impregnat ion on L i q u e f a c t i o n  o f  
E l  khorn #2 Coal 

Sample No. 

Metal S a l t  Used None Coba l t  N i cke l  Ammo n i um 
N i t r a t e  N i t r a t e  Molybdate 

Metal  Concentrat ion,  - 
wt.% Coal 

Feed Composit ion 70% So lven t  
+ 30% Coal 

70% So lven t  + 30% Impregnated Coal 

Temp., O r  825 
Pressure, p s i g  2000 
Hydrogen Flow Rate, MSCF/T 18.9 
React ion Time, Min. 35 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

O i l s  
Asphal tenes 
Preasphaltenes 
1.o.M; 
Water 
Conversion 

Hydrogen Consumption, wt.% MAF Coal 

To ta l  
From Gas 
From Solvent  

SRC S u l f u r ,  % 0.61 

F i r s t  Order Rate Constants, h r - '  



Table 150 

Sample No. 

C a t a l y s t  

O i l  F rac t i on ,  W t . %  
C 
H 
0  
N  
S  

Asphal tene F r a c t i o n ,  W t . %  
C 
H 
0  
N 
S  

Preasphaltene, F rac t i on ,  W t  
C 
H 
0 
N  
S  

E f f e c t  o f  Metal  Impregnat ion on El2mental 
D i s t r i b u t i o n  o f  E l  khorn #2 Coal L i aue fac t i on  Products 

O r i g i n a l  
Sol ven t  
FOB #11 31-128 

None Cobal t  N i cke l  Molybdenum 

Oxygen i s  determined by d i f f e r e n c e  



Ho values observed i n  the  o i l  f r a c t i o n  obtained w i t h  impregnated coals (Table 

151) was i n d i c a t i v e  o f  a h igher  q u a l i t y  o f  so lvent  generated w i t h  impregnated 

coal s. 

These data i n d i c a t e  t h a t  the  impregnation o f  coal w i t h  low concentrat ions o f  

coba l t ,  n i c k e l ,  and molybdenum y i e l d s  very s i m i l a r  coal conversion, product 

d i s t r i b u t i o n ,  hydrogen consumption, and SRC s u l f u r  content. The ra tes  o f  

conversion o f  asphal tenes and preasphal tenes are a1 so near ly  i d e n t i c a l  w i t h  

these metals. 

Synergism i n  Coal L iquefac t ion  - The l i q u e f a c t i o n  behavior o f  coal  impregnated 

w i t h  1 w t %  i r o n  and 0.02 w t %  molybdenum was discussed e a r l i e r  i n  t h i s  repor t .  

Both the  i r o n  and molybdenum were shown t o  cata lyze the  coal l i q u e f a c t i o n  

reac t i on  and increase o i l  product ion. Data from l i q u e f a c t i o n  o f  an Elkhorn #2 

coal impregnated simultaneously w i t h  a mix ture  o f  1 w t %  i r o n  and 0.02 w t% 

molybdenum based on coal are summarized i n  Table 152. 

Coal conversion improved considerably w i t h  the  iron/molybdenum mix ture  over 

i r o n  o r  molybdenum alone. O i l  product ion increased s i g n i f i c a n t l y  compared 

w i t h  t h a t  o f  both i n d i v i d u a l  i r o n  and molybdenum runs, as shown i n  Table 152; 

t h i s  increase i nd i ca ted  a s i g n i f i c a n t  syne rg i s t i c  e f f e c t  o f  the two metals. 

The product ion o f  hydrocarbon gas was no t  g r e a t l y  a f fec ted  by us ing the  mixture. 

Lower asphaltene and preasphaltene product ion,  h igher  asphaltene and preasphaltene 

conversion ra tes ,  h igher  hydrogen consumption, and h igher  'SRC s u l f u r  content 

were observed w i t h  the  i ron/molybdenum mixture. 

Hydrogen content  o f  the  o i l  f r a c t i o n  obtained w i t h  the  mixture was e i t h e r  

equ iva len t  t o  o r  h igher  than t h a t  obtained w i t h  e i t h e r  o f  the metals alone 

(see Table 153). No o ther  major d i f fe rences were noted i n  the  d i s t r i b u t i o n  o f  

elements i n  the  var ious f rac t i ons .  Aromatic hydrogen content i n  the o i l  

f r a c t i o n  obtained w i t h  the  mix ture  was h igher  than w i t h  molybdenum and lower 

than t h a t  w i t h  i r o n  alone (see Table 154). Q u a l i t y  o f  the generated solvent  

w i t h  the  iron/molybdenum mix ture  was h igher  than t h a t  w i t h  i r o n ,  bu t  was lower 

than t h a t  w i t h  molybdenum alone. 



Table 151 

Sample No. 

Cata lys t  

To ta l  Hydrogen, W t .  % 

D i s t r i b u t i o n  o f  Protons, % 

E f f e c t  o f  Metal Impregnation on D i s t r i b u t i o n  o f  

Protons i n  the  O i l  Fract ions from L iquefac t ion  o f  Elkhorn #2 coal 

Absolute 

H~~ 
Ha 

0 

Or ig ina l  Sol vent 

FOB #11 31-128 45-89 
- - None Cobal s 

45-98 45- 108 

Nickel  Molybdenum 



Table 152 

S y n e r g i s t i c  E f f e c t  i n  E lkhorn  #2 Coal L i q u e f a c t i o n  

Sample Number 38- 10 45- 108 45-116 

Ca ta l ys t ,  W t .  % Coal 1.0% I r o n  O.OZ%Molybdenum 1 . 0 % I r o n + 0 . 0 2 %  

Molybdenum 

Feed Composit ion 70% So lven t  + 30% Impregnated Coal 

Temp. , OF 825 825 825 

Pressure, p s i g  2000 2000 2000 

Hydrogen Flow Rate, MSCF/T 20.6 23.7 23.4 

R ~ a r t ~ i n n  Time, M i n  3 2 . 8  

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

H C 

CO, co2 

O i  1 s 

Asphal tenes ' 19.1 

Preasphal tenes 35.8 

I .O .M.  13.5 

Water 2.3 

Conversion 86.5 

Hydrogen Consumption, wt.% MAF Coal 

To ta l  0.99 

From Gas 0.04 

From Solvent  0.99 

SRC S u l f u r ,  % 0.61 

F i r s t  Order Rate Constant, h r - I  

Ka 1.45 

K 
P 

2.19 



Table 153 

Syne rg i s t i c  E f f e c t  on I r o n  and Molybdenum on 

Elemental D i s t r i b u t i o n  o f  Elkhorn #2 Coal L ique fac t i on  Products 

Sample No. 

Ca ta l ys t  

38- 10 

I r o n  

O i l  F rac t ion ,  w t . %  

C 89.9 

H 7.1 

0  1 .5  

N  0.8 

S 0.7 

Asphal tene Frac t ion ,  w t . %  

C 85.6 

H 6.0 

0  5.5 

N  2.4 

S 0.5 

Preasphaltene Frac t ion ,  w t . %  

C 82.9 

H 4.9 

0  8.9 

N 2.6 

S 0.7 

45- 108 

Molybdenum 

45-1 16 

I r o n  + ~ o l ~ b d e n u m  

Oxygen i s  determined' by d i f f e rence  



Table 154 

Syne rg i s t i c  E f f e c t  o f  I r o n  and Molybdenum on D i s t r i b u t i o n  

o f  Protons i n  t he  O i l  F rac t ions  from L ique fac t i on  o f  Elkhorn #2 Coal 

Sample No. 

Ca ta l ys t  

38- 10 45- 108 45-116 

I r o n  Molybdenum I r o n  + Molybdenum 

Tota l  Hydrogen, W t . %  7.1 7.2 7.2 

D i s t r i b u t i o n  o f  Protons, % 

Absolute 

H~~ 

Ha 

Ho 

Re1 a t i v e  

H~~ 

Ha 

Ho 



It can be concluded t h a t  a synergism e x i s t s  between i r o n  and molybdenum i n  t h e  

c a t a l y s i s  o f  t he  coal  l i q u e f a c t i o n  reac t i on .  The p roduc t i on  o f  o i l  increased 

and t h a t  o f  asphal tenes and preasphal tenes decreased, w h i l e  hydrogen consumption 

and SRC s u l f u r  con ten t  increased marg ina l l y .  

Ca ta l ys i s  by Other M inera ls  and By-Product Metal  1 i c  Wastes (Tubi ng-Bomb) 

Several o t h e r  d i f f e r e n t  minera l  and metal  1 i c  waste samples were screened i n  a 

tubing-bomb r e a c t o r  f o r  t h e i r  c a t a l y t i c  a c t i v i t y .  The r e s u l t s  a re  discussed 

be1 ow. 

Z e o l i t e s  - Mordeni te  caused a decrease i n  coa l  conversion, as shown i n  Table 155. 

Mordeni t e  a d d i t i o n  reduced convers ion t o  69% from a convers ion l e v e l  o f  77% o f  

pure coal .  Al though o n l y  a s l i g h t  change i n  preasphaltene p roduc t i on  was 

noted, mordenite a d d i t i o n  t o  t h e  coal  l i q u e f a c t i o n  r e a c t i o n  m ix tu re  improved 

o i l  p roduc t i on  from 16 t o  -22%, which was due t o  increased asphaltene conversion.. 

The a d d i t i o n  o f  chabaz i te  d i d  n o t  a l t e r  coal  conversion, b u t  s i g n i f i c a n t l y  

increased o i l  p roduc t i on  a t  t h e  expense o f  asphaltenes. 

Clays - Kaol i n i t e  and montmori 1 l o n i t e  d i d  n o t  improve coa l  convers ion (Table 155), 

a l though bo th  o f  these c l a y  m a t e r i a l s  increased t h e  convers ion o f  asphaltenes 

t o  o i l s .  O i l  p roduc t i on  increased from 16 (no -add i t i ve  run) t o  32 and 29%, 

and asphaltenes decreased from 48 (no-add i t i ve  run) t o  33 and 34% w i t h  t he  

a d d i t i o n  o f  k a o l i n i t e  and mon tmor i l l on i t e ,  r espec t i ve l y .  The c a t a l y t i c  a c t i v i t y  

o f  s i l i c a  (Table 155) was a l s o  found t o  be s i m i l a r  t o  t h a t  o f  mon tmor i l l on i t e .  

M inera ls  - The a d d i t i o n  o f  mica caused a decrease i n  coa l  convers ion compared 

w i t h  t h e  no -add i t i ve  r u n   a able 155). O i l  p roduc t i on  increased w i t h  mica. 

Al though t h e  preasphaltene p roduc t i on  was n o t  g r e a t l y  a f f e c t e d  by t h e  a d d i t i o n  

o f  t h e  mica, t h a t  o f  asphaltenes decreased sha rp l y  f rom 48% t o  -31%, which was 

due t o  increased convers ion of asphal tones t o  o i l s .  

The a d d i t i o n  o f  b o r n i t e ,  fe ldspar ,  sodium carbonate, do lomi te ,  a p a t i t e ,  i l m e n i t e ,  

r u t i l e ,  i l l i t e ,  z i r c o n ,  and c a l c i t e  t o  t h e  r e a c t i o n  m ix tu re  gave p roduc t  

d i s t r i b u t i o n s  s i m i l a r  t o  t h a t  o f  a no -add i t i ve  run. Al though a s l i g h t  v a r i a t i o n  

i n  coa l  convers ion and o i l  y i e l d  was observed, t h e  v a r i a t i o n  was w i t h i n  t he  

l i m i t s  o f  exper imental  e r r o r .  



Table 155 

C a t a l v t i c  A c t i v i t v  o f  M inera ls  i n  Coa- L i a u e f a c t i o n  

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

A d d i t i v e  None Flordeni t e  Chabazi t e  Kaol i n i  t e  Mon tmor i l l on i t e  

O i l s  16 

Asphal tenes 48 

Preasphal tenes 13 

I . O . M .  2 3 

Conversion 7 7 6 9 7 6 78 75 

React ion Mix ture:  Coal - 39 (F loyd County E lkhorn #3) 

Solvent  - 6g 

A d d i t i v e  - l g  

React ion Condit ions:  Temperature - 450°C 

Pressure - 1250 p s i g  Hz a t  25OC 

Time - 60 Minutes 

Reactor: Tubi ng-Bomb 

Volume - 46.3 m l .  



Table 155 

(Continued) 

C a t a l y t i c  A c t i v i t y  o f  M inera ls  i n  Coal L i que fac t i on  

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

A1 bani an 

Chrome Ore 

Addi ti ve S i  1 i ca* Gypsun Concentrate Mica DO1 omi t e  Born i  t e  

O i l s  2 5 34 3 3 28 17 17 

Asphal tenes 3 7 3 6 34 3 1 40 4 4 

Preasphal tenes 13 13 13 16 16 12 

I.3.M. 25 17 2 0 25 27 27 

Conversion 7 5 8 3 80 75 7 3 73 

Ru t i  l e  

*Received from F isher  S c i e n t i f i c  Company. 



Table 155 

(Continued) 

C a t a l y t i c  A c t i v i t y  o f  Minera ls  i n  Coal L i que fac t i on  

Product D i s t r i b u t i o n ,  wt.% MAF coal  

Add i t i ve  Na2C03 I l l i t e  C a l c i t e  Apa t i t e  Fel  d s p r  Z i r con  I l m e n i t e  ZnO 
-- - 

O i l s  2  2  25 . 2  5  27 2  7  28 29 2  2  

Asphal tenes 43 42 43 38 37 39 42 5 1  

Preasphal tenes 8  14 15 12 14 15 13 11 

I.D.M. 2  7  19 17 2  3  2  2 18 16 16 

Conversion 73 81 83 77 7  8  82 84 84 



Both gypsum and Albanian chrome o re  concentrate showed s l i g h t l y  improved 

c a t a l y t i c  a c t i v i t y  compared t o  mordeni t e  and c l a y  ma te r i a l s .  Coal convers ion 

and o i l  p roduc t i on  w i t h  these two a d d i t i v e s  were gene ra l l y  h i ghe r  compared t o  

t he  n o n c a t a l y t i c  run. The a d d i t i o n  o f  z i n c  ox ide  s l i g h t l y  improved coa l  

convers ion and t he  p roduc t ion  o f  o i l  over  t h e  no -add i t i ve  r u n  (Table 155), b u t  

the  improvement was marginal .  

M e t a l l i c  Wastes - A d d i t i o n  o f  high- and low-z inc f l u e  dusts  and o i l  'shale t o  

t h e  coal  1  i q u e f a c t i o n  r e a c t i o n  m ix tu re  increased coal  convers ion and o i l  y i e l d  

s l i g h t l y  over t h e  no -add i t i ve  run  (Table 156). Al though t he  samples o f  z i n c  

f l u e  dus t  conta ined va ry i ng  concent ra t ions  o f  z i n c  and i r o n ,  t h e  da ta  showed 

no r e l a t i o n s h i p  between c a t a l y t i c  a c t i v i t y  and t he  concen t ra t i on  o f  z i n c  i n  

t he  samples. Also, t h e  presence o f  i r o n  and z i n c  i n  t h e  samples i n d i c a t e d  no 

d e f i n i t e  advantage. However, when added t o  t h e  coal  l i q u e f a c t i o n  r e a c t i o n  

m ix tu re  a lone o r  i n  t h e  form o f  e i t h e r  p y r i t e  o r  i r o n  ox ide,  i r o n  showed 

s i g n i f i c a n t  improvement i n  t h e  coal  convers ion and t h e  o i l  p roduc t ion .  The 

above r e s u l t s  suggest t h a t  i r o n ,  if chemica l l y  complexed w i t h  z i nc ,  loses i t s  

c a t a l y t i c  a c t i v i t y  i n  coa l  l i q u e f a c t i o n .  

Phosphate s l ime showed s i g n i f i c a n t  improvement i n  coal  convers ion from 77 t o  

92% and i n  o i l  p roduc t i on  from 16 t o  34%. The increase i n  o i l  p roduc t i on  w i t h  

phosphate s l ime cou ld  be i n  e r r o r  because o f  l a r g e  amounts o f  water p resen t  i n  

t he  sample ( o i l  and water  a re  n o t  d i s t i n g u i s h e d  i n  t h e  tubing-bomb reac to r ) .  

The a d d i t i o n  o f  f l u e  dust ,  super a l l o y ,  and A l n i c o  g r i nd ings  t o  t h e  coa l  

l i q u e f a c t i o n  r e a c t i o n  m ix tu re  s i g n i f i c a n t l y  improved coa l  and asphaltene 

convers ion and o i l  p roduc t ion .  The c a t a l y t i c  a c t i v i t y  o f  va r ious  m e t a l l i c  

wastes cou ld  n o t  be c o r r e l a t e d  t o  t he  concent ra t ion  o f  i r o n  i n  t h e  samples. 

F l y  Ashes - The c a t a l y t i c  a c t i v i t y  o f  va r ious  f l y  ashes i n  coa l  l i q u e f a c t i o n  

was evaluated and t he  da ta  a re  shown i n  Table 157. The a d d i t i o n  o f  Brown and 

Green R i ve r  f l y  ashes t o  coal  l i q u e f a c t i o n  reac t i ons  was de t r imen ta l  t o  coal  

convers ion (Table 157). The a d d i t i o n  o f  Paradise f l y  ash d i d  n o t  change coal  

conversion, b u t  s i g n i f i c a n t l y  improved o i l  and asphaltene p roduc t ion ;  o i l  

y i e l d  v a r i e d  from 14 t o  28% and asphaltenes from 31 t o  36% w i t h  t h e  a d d i t i o n  

o f  f l y  ashes. Examination o f  chemical analyses o f  d i f f e r e n t  f l y  ashes, g iven  

i n  Table 158, r\evealed no d e f i n i t e  t r e n d  t o  e x p l a i n  t h e  above observat ions.  



A d d i t i v e  

Oi7:s 

Asphal tenes 

Preasphal tenes ' 

I . O . M .  

Table 156 

C a t a l y t i c  A c t i v i t y  o f  M e t a l l i c  Waste and Meta l -Conta in ing By-Products 

Product D i s t r i b u t i o n ,  wt.:% MAF Coal 

High Z inc Low Z i  nc Phosphate 

None O i l  Shale F lue  Dust F lue  Dust Sl ime 

Conversion 7 7 80 80 84 9 2 

React ion M ix tu re :  Coal - 3 g (F loyd County E lkhorn #3) 

Solvent  - 6 g 

A d d i t i v e  - 1 g 

React ion Condi t ions:  Temperature - 450°C 

Pressure - 1250 p s i g  H2 a t  25OC 

Time - 60 Minutes 

Reactor: Tubi ng-Bonb 

Volume - 46.3 m l .  



Table 156 

(Continued) 

Ca ta l y t i c  A c t i v i t y  o f  M e t a l l i c  Waste and Metal-Containing By-Products 

Product D i s t r i b u t i o n ,  w t . %  MAF Coal 

Add i t i ve  

O i l s  

Asphal tenes 

Preasphal tenes 

I .O.M.  

Conversion 

Super A l l o y  A1 n ico  F l  ue 

G r i  nd i  ngs G r i  nd i  ngs Dust 



Table 157 

E f f e c t  o f  F l y  Ashes on Coal L i q u e f a c t i o n  

Product D i s t r i b u t i o n  wt.% MAF Coal 

A d d i t i v e  None 

O i  1 s 16 

Asphal tenes 48 

Preasphaltenes 13 

I .O .M.  2 3 

Conversion 7 7 

Brown Green R i ve r  F l y  Ashes Paradise 

F l y  Ash Blend High F l y  Ash 

React ion Mix tu re :  Coal - 3 g Elkhorn #3 

Solvent  - 6 g 

A d d i t i v e  - 1 g 

React ion Condi t ions:  Temp. - 45OUC 

Pressure - 1,250 p s i g  Hz a t  25OC 

Time - 60 Minutes 

Reactor - Tubing-Bomb (46.3 m l . )  



Table 158 

Chemical Analysis1 o f  t he  F1.y Ash Samples 

High 

Moi s- Temp. 

Samp1.e Si02 TiOZ 2'3 Fe203 CaO MgO K2Cl Na20 Sul f u r  t u r e  Ash 

Brown 51.9 1.4 29.1 11.6 1.1 1.3 3.3 0.4 0.5 0.3 96.7 

Parad i se 42.9 1.2 18.5 29.6 2.3 0.9 2.9 0.6 1.0 - 96.7 

Greer R i ve r  

High 40.9 0.9 16.8 32.3 5.4 0.7 1.8 0.3 0.4 0.1 99.7 

Blend 48.1 0.7 14.8 32.2 1.6 0.5 1.6 0.2 0.2 0.2 94.9 

lAna l ys i s  prov ided by Dr. Alan E. Bland o f  t he  I n s t i t u t e  o f  Min ing and Minera ls ,  U n i v e r s i t y  o f  Kentucky, 

Lexi ngton, Kentucky. 



Bottom Ashes - The degree o f  c a t a l y t i c  a c t i v i t y  o f  va r ious  bottom ashes i n  

coal  l i q u e f a c t i o n  reac t i ons  (Table 159) was determined t o  be as fo l lows :  

Green R i ve r  > Brown > Paradise. The c a t a l y t i c  a c t i v i t y  o f  these bottom ashes 

cou ld  be r e l a t e d  t o  t h e  v a r i a t i o n  i n  t h e i r  s u l f u r  con ten t , ,as  shown i n  Table 160. 

The h ighes t  s u l f u r  con ten t  ash gave t h e  h i ghes t  a c t i v i t y  and v i c e  versa. 

Low- and High-Temperature Ashes o f  S R C - I  F i l t e r  Cake Residue - S R C - I  f i l t e r  

cake res idue  rece ived  from Wi ' l sonv i l l e  p i l o t  p l a n t  was ashed a t  low temperature 

(LTA) and a t  two h i g h  temperatures. These ashes were then  used as a d d i t i v e  i n  

coal  l i q u e f a c t i o n  experiments. The a d d i t i o n  o f  va r ious  ashes (Table 161) 

increased coa l  conversion from 77 t o  83%. The d i f f e r e n t  ashes a l s o  ca ta lyzed  

t h e  convers ion o f  asphaltenes t o  o i l s ;  t h e  h i ghes t  c a t a l y t i c  a c t i v i t y  was 

obta ined w i t h  LTA o f  f i l t e r  cake residue. 

Low- and High-Temperature Ashes o f  Kerr-McGee (K-M) Ash Concentrate - K-M ash 

concentrate rece ived  from W i l s o n v i l l e  p i l o t  p l a n t  was t r e a t e d  i n  t he  same 

manner as t he  f i l t e r  cake res idue  and was used as a d d i t i v e  i n  coal  l i q u e f a c t i o n  

experiments. The ashes o f  K-M ash concentrate were more r e a c t i v e  than  t h a t  o f  

f i l t e r  cake res idue  (Table 162). Again, t he  a d d i t i o n  o f  ashes increased t he  

d i s s o l u t i o n  o f  coa l  and t he  convers ion o f  asphaltenes t o  o i l s .  H ighest  o i l  

p roduc t ion  was a l s o  obta ined w i t h  LTA o f  Kerr-McGee ash concentrate.  

Ca ta l ys i s  by T r a n s i t i o n  Metals (Tubing-Bomb) 

Metal S u l f i d e s  - Coal conversion increased s i g n i f i c a n t l y  w i t h  t h e  a d d i t i o n  o f  

va r ious  metal s u l f i d e s ,  as shown i n  Table 163. Gas p roduc t i on  increased w i t h  

t he  a d d i t i o n  o f  a l l  t h e  s u l f i d e s .  The increase was more pronounced w i t h  

n j c k e l ,  vanadium, tungsten, and c o b a l t  s u l f i d e s .  Preasphaltene p roduc t i on  

seemed t o  be unchanged, whereas asphaltene p roduc t ion  decreased w i t h  t he  

a d d i t i o n  o f  metal s u l f i d e s .  Al though o i l  p roduc t i on  increased w i t h  t he  a d d i t i o n  

o f  any s u l f i d e  (31 t o  49% vs. 16% w i t h  no a d d i t i v e ) ,  t h e  increase was s i g n i f i c a n t  

w i t h  n i c k e l ,  vanadium and t i n  s u l f i d e s .  

Organic Compounds o f  T r a n s i t i o n  Metals - The c a t a l y t i c  a c t i v i t y  o f  metal  

s u l f i d e s  can be increased by i nc reas ing  t he  exposed surface area o f  t h e  metals.  

Molecular  d i spe rs i on  o f  va r lous  meta ls  was achieved by us ing  o rgan ic  metal 



Table 159 

O i  1  s 

Asphal tenes 

Preasphal tenes 

I. 0. M. 

Conversion 

E f f e c t  o f  Bottom Ashes i n  Coal L i que fac t i on  

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

Paradise Brown Green R i ve r  

None - Bottom Ash Bottom Ash Bottom Ash 

React ion Mix ture:  Coal - 3 g Elkhorn #3 

Solvent  - 6 g 

A d d i t i v e  - 1 g 

React ion Condi t ions:  Temp. - 450°C 

Pressure - 1,250 p s i g  H2 a t  25OC 

Time - 60 Minutes 

Reactor - Tubing-Bomb (46.3 m l . )  



Table 160 

Chemical Analyses1 o f  the  Bottom Ash Samples 

wt.% 

High 

Moi s- Temp. 

Sampl e Si02 T i02  A1 2'3 Fe203 CaO MgO K2° Na20 Sul f u r  t u r e  Ash 

Paradise 49.8 0.9 19.8 22.6 4.0 0.9 2.2 0.4 0.1 0.0 100.8 

Brown 46.8 8.1 23.4 21.8 1.5 0.9 2.3 0.3 2.9 0.2 95.8 

Green RiSder 49.7 1.1 20.7 23.7 1.6 0.8 2.2 0.3 3.3 0.6 85.3 

lhnalyses p rov ided  by Dr. A lan E. Bland. 



Table 161 

C a t a l y t i c  A c t i v i t y  o f  Low- and High- 

Temperature Ashes o f  S R C - I  F i l t e r  Cake Residue 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

A d d i t i v e  None F i l t e r  Cake Residue 

Ashing Temp., O C  - 800 51 0 LT A 

O i  1 s 16 3 5 38 46 

Asphal tenes 48 34 36 29 

Preasphal tenes 13 13 i n  F( 

I .O.M.  2 3 18 16 17 

Conversion 77 82 84 8 3 

React ion Mix tu re :  3 g E lkhorn #3 Coal 

6 g Solvent  

1 g A d d i t i v e  

React ion Condi t ion:  Temp. - 450°C 

Presswre - 1,250 p s i g  H, at. 25OC L 
Time - 60 Minutes 

Reactor - Tubing-Bomb (46.3 m l . )  



Table 162 

C a t a l y t i c  A c t i v i t y  o f  Low- and High- 

Temperature Ashes o f  Kerr-McGee Ash Concentrate 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

A d d i t i v e  None K-M Ash Concentrate 

Ashing Temp., OC - 800 51 0 LTA 

O i  1 s 16 4 1 

Asphal tenes 48 3 6 

Preasphal tenes 13 10 

I . O . M .  2 3 13 

Conversion 7 7 87 86 89 

React ion Mix tu re :  3 g E lkhorn #3 Coal 

6 g Solvent  

1 g A d d i t i v e  

React ion Condi t ion:  Temp. - 450°C 

Pressure - 1,250 p s i g  H2 a t  25OC 

Time - 60 Minutes 

Reactor - Tubing-Bomb (46.3 m l . )  



Table 163 

C a t a l y t i c  A c t i v i t y  o f  Metal  Su1fi:des 

Sul f i des 

Gas 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

None - Mo N i - v - Sn - C 0 - - C r .  W - 
11 14 17 18 13 I a 14  18 

O i l s  16 3 1 43 49 47 3 3 3 6 34 

Asphal tenes 3 9 2 9 2 6 2 3 2 3 28 28 2 7 

Preasphal tenes 14 16 12 9 12 12 15 10 

I.D.M. 2 0 10 (211 (1 5 9 7 11 

Conversion 80 9 0 98 9 9 9 5 9 1 93 89 

React ion M ix tu re :  3 g (F loyd County E lkhorn #3) 

Solvent  - 6 g 

A d d i t i v e  - l g  

React ion Condi t ions:  Temperature - 450°C 

Pressure - 1250 p s i g  Hz a t  25OC 

Time - 60 Minutes 

Reactor: Tubing-Bomb 

Volume - 46.3 m l .  

l( ) - Ques t ionab le  

Metal  s u l f i d e  samples were rece ived  from ICN Pharmaceuticals, Inc .  , P la inv iew,  NY. 



compounds such as metal naphthenate, octoate, and l i n o l e a t e .  The organic 

metal compounds are soluble i n  mineral  o i l  and can be e f f i c i e n t l y  dispersed i n  

the  recyc le  solvent.  These compounds are unstable a t  coal l i q u e f a c t i o n  r e a c t i o n  

cond i t ions  and d i s i n t e g r a t e  i n t o  the  corresponding metals. 

The c a t a l y t i c  a c t i v i t y  o f  var ious metals added i n  the  form o f  metal naphthenate 

i s  shown i n  Table 164. Su rp r i s i ng l y ,  no s i g n i f i c a n t  improvement i n  coal 

conversion was noted when metal load ing  was, 0.1 wt% o f  coal .  Lower coal 

conversions were noted w i t h  coba l t  and z inc  naphthenates a t  0.1% concentrat ion 

than w i t h  the  no-addi t ive run. However, coal and asphaltene conversion, and 

o i l  product ion increased upon increas ing  metal concentrat ions o f  coba l t ,  i r o n ,  

n i cke l ,  z inc,  and t i n  from 0.1 t o  1.0%. I n  some cases, preasphaltene product ion  

increased wh i l e  i t  decreased i n  others. 

The c a t a l y t i c  a c t i v i t y  o f  metal octoate, neo-decanoate, and l i n o l e a t e  i s  shown 

i n  Table 165. Once again, no s i g n i f i c a n t  improvements i n  coal conversion and 

o i l  product ion were noted w i t h  a l l  the  metals except molybdenum when metal 

load ing  was 0.1 w t . %  o f  coal.  The a d d i t i o n  o f  molybdenum i n  the  form o f  

molybdenum octoate s i i n i  f i c a n t l y  increased coal conversion and o i  1  product ion, 

as shown i n  Table 165. The product ion o f  preasphaltenes was a l so  n o t  a f f e c t e d  

g r e a t l y  by the  a d d i t i o n  o f  d i f f e r e n t  metals except molybdenum. 

OTHER RELATED WORK 

As discussed e a r l i e r ,  minerals l i k e  p y r i t e  and i r o n  oxide improve o v e r a l l  coal 

conversion and o i l  product ion. To b e t t e r  understand the  c a t a l y t i c  a c t i v i t y  o f  

these minerals,  hydrogenation o f  a pure model compound, f o r  example naphthalene, 

was s tud ied  i n  the  presence o f  the above minerals.  

The conversion o f  naphthalene t o  t e t r a l i n  and t o  o ther  hydrogenated reac t i on  

products y i e l d s  t e t r a l i n  and methyl indane (2). The main hydrogen t r a n s f e r  

reac t ions  invo lved are given i n  equations 8 and 9. 



Table 164 

Meta ls  -. 

Naphthenates 

Conc. o f  Meta l ,  

wt.% Coal 

Gas 

O i l s  , 

P.spha1 tenes 

Preasphal tenes 

1.O.M. , 

Conversion 

C a t a l v t i c  A c t i v i t v  o f  Oraanic T r a n s i t i o n  Metal  Com~ounds 

Product D i s t r i b u t i o n ,  wt. % MAF Coal 

None Cobal t  Molybdenum I r o n  'Nickel  

Ra?action M ix tu re :  Coal - 3 g (F loyd C ~ u n t y  E lkhorn #3) 

Solvent  - 6 g 

React ion Condi t ions:  Temperature - 450°C 

Pressure - 1250 p s i g  Hz a t  25OC 

Time - 60 Minutes 

Z inc  T i n  - 

Reactor: Tubi ng-Bomb 

Volume - 46.3 m l .  



Table 165 

C a t a l y t i c  A c t i v i t y  o f  Organic T r a n s i t i o n  Metal  Compounds 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

Organic Neo-Decanoate Octoate L i  no1 ea te  

Compounds None C o - Zn - Pb - N i - Mo - C r  - Co - 

Gas 11 18 14 9 12 11 16 15 

O i l s  16 12 15 2 1 8 3 9 11 2 1 

Asphal tenes 3 9 2 9 3 1 3 1 3 2 2 9 3 1 3 2 

Preasphal tenes 14 18 18 16 18 10 18 15 

I .O .M.  2 0 23 2 2 23 3 0 11 24 17 

Conversion 80 7 7 78 77 70 89 7 6 83 

React ion Mix ture:  Coal - 3 g (F loyd County E lkhorn #3) 

Solvent  - 6 g 

Metal Loading - 0.1 W t . %  o f  Coal 

React ion Condi t ions:  Temperature - 450°C 

Pressure - 1250 p s i g  H2 a t  25OC 

Time - 60 Minutes 

Reactor: Tubi ng-Bomb 

Volume - 46.3 m l .  



Hydrogenation reac t ion :  

mineral  s  
naphthalene + Hz > t e t r a l i n  

c a t a l y s t  

Dehydrogenation react ion:  

minerals 
t e t r a 1  i n  > naphthalene + Hz 

c a t a l y s t  

A mix tu re  o f  10% naphthalene i n  hexadecane was subjected t o  hydrogenation t o  

study the above reac t ion .  The reac t i on  products were vacuum-f i l tered and 

analyzed by gas chromatography (GC) t o  determine the  peak areas o f  d i f f e r e n t  

compounds. The hydrogenation a c t i v i t y  o f  the  minerals was f o l  1  owed by moni to r ing  

the  t e t r a l  i n-to-naphtha1 ene (T/N) r a t i o  and naphtha1 ene conversion. 

When i r o n  oxide and p y r i t e  were used i n  the  reac t ion ,  they unexpectedly showed 

very l i t t l e  hydrogenation a c t i v i t y  (see Table 166). Commercial c a t a l y s t  l i k e  

Co-Mo-Al, on the cont rary ,  hydrogenated almost a l l  the  naphthalene t o  t e t r a l i n  

a t  the same reac t i on  condi t ions.  Lower c a t a l y t i c  a c t i v i t y  o f  p y r i t e  could be 
2 

a t t r i b u t e d  t o  i t s  low-surface-area-to-weight r a t i o  (1 m /g). To v e r i f y  t h i s ,  

a  high-surface-area synthet ic  p y r i t e  was produced by s u l f i d i n g  i r o n  oxide and 

was tes ted  f o r  i t s  c a t a l y t i c  a c t i v i t y  i n  the  naphthalene hydrogenation reac t ion .  

The r e s u l t s  o f  the  above study are discussed below. 

Product ion o f  High-Surface-Area Synthet ic  P y r i t e  

Samples o f  i r o n  oxide were s u l f i d e d  e i t h e r  w i t h  pure hydrogen s u l f i d e  o r  w i t h  

a mixture o f  hydrogen and hydrogen s u l f i d e  gases t o  produce high-surface-area 

synthet ic  p y r i t e .  The s u l f i d i n g  procedure i s  described i n  d e t a i l  i n  Appendix E. 

A ser ies  o f  s u l f i d i n g  temperatures w i t h  a constant reac t i on  t ime o f  2.5 hours 

was employed f o r  s u l f i d i n g .  The surface area of the  mater ia l  obtained by 

s u l f i d i n g  w i t h  H2S and a mixture o f  H2S and H was determined us ing the  n i t rogen 2 
BET method; the data are presented i n  Table 167 and Figure 43. The surface 

area o f  the  s u l f i d e d  i r o n  oxide decreased w i t h  increas ing  s u l f i d i n g  temperatures, 



Table 166 

C a t a l y t i c  A c t i v i t y  o f  Su l f i ded  Fe203 i n  Naphthalene Hydrogenation 

S u l f i d i n g  Sul f i d i n g  Naphtha1 ene Tetra1 i n /  

Temp. , O C  Gas Conversion, % Naphthalene Rat io  

No Cata lys t  - - 
Or ig ina l  Fe203 - - 
Robena . P y r i t e  - - 
Co-Mo- A1 - - 
Sul f i ded Fe203 

125 Pure H2S 

21 0  Pure H2S 

275 Pure H2S 

350 Pure ' H ~ S  

425 Pure H2S 

500 Pure H2S 

135 H2/H2S Mix ture  6.8 

21 1  H2/H2S Mix ture  23.2 

275 H2/H2S Mix ture  31.2 

350 H2/H2S Mix ture  75.6 

430 H2/HZS Mix ture  52.5 

550 H2/H2S Mix ture  15.0 

Reaction Mixture: 10% naphthalene i n  hexadecane 

Cata lyst  - 10% by w t .  o f  reac t i on  mix ture  

Reaction Condit ion: Temp. - 410°C 

Time - 30 Minutes 

Pressure - .I250 p s i g  Hz a t  25OC 

Reactor - Tubi ng-Bomb (14.5 m l  . ) 



Table 167 

Var ia t i on  o f  Surface Area o f  Su l f i ded  I r o n  

Oxide w i t h  Sul f i d i  ng Temperature 

Surface Area, 

S u l f i d i n g  Temp, O C  S u l f i d i n g  Gas 

Pure H2S 

Pure H2S 

Pure H2S 

Pure H2S 

Pure H2S 
Pure H2S 

H2/H2S Mix ture  15.2 

H2/H2S Mixture 12.7 

H2/H2S Mix ture  10.9 

H2/H2S Mix ture  6.9 

H2/H2S Mix ture  4.6 

H2/H2S Mixture 2.1 



FIGURE 43 
VARIATION OF SURFACE AREA OF SULFIDED 

Fe203 WITH TEMPERATURE 

0.0,- , I I I i 
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suggesting the  use o f  lower temperatures f o r  producing high-surface-area 

s u l f i d e d  mater ia l .  Two new batches o f  i r o n  oxide samples su l f i ded  a t  275 and 

400°C were prepared and analyzed by X-ray d i f f r a c t i o n  t o  determine the  chemical 

form o f  the  samples. The mater ia l  s u l f i d e d  a t  400°C was i d e n t i f i e d  as t r o i l i t e  

(FeS), whereas t h a t  s u l f i d e d  a t  275OC was p r i m a r i l y  p y r i t e ,  w i t h  t races  of 

unreacted i r o n  oxide. S im i l a r  r e s u l t s  have been repor ted  by. several workers 

(4,101. 

Naphthalene Hydrogenation - The i r o n  oxide samples s u l f i d e d  a t  var ious 

temperatures w i t h  pure H2S and a mixture o f  6 and H2S gases were tes ted  f o r  

t h e i r  c a t a l y t i c  a c t i v i t y  i n  a naphthalene hydrogenation reac t ion .  

The s u l f i d e d  Fep03 c o n s i ~ t o n ~ l y  showed much h igher  naphthalene hydrogenation 

a c t i v i t y  than Fe203 and p y r i t e  (see Table 166). Furthermore, the  mater ia l  

s u l f i d e d  w i t h  pure H2S was more a c t i v e  than t h a t  s u l f i d e d  us ing a mix ture  o f  

H2S and Hz. There appears t o  e x i s t  an optimum s u l f i d i n g  temperature c lose t o  

275OC f o r  pure H2S and t o  350°C f o r  H2S/H2, There a lso  appears t o  be a 

r e l a t i o n s h i p  between surface area o f  the  mater ia l  s u l f i d e d  w i t h  pure H2S and 

i t s  hydrogenation a c t i v i t y .  

The c a t a l y t i c  a c t i v i t y  o f  Fe203 s u l f i d e d  a t  275OC and t h a t  o f  Co-Mo-A1 are  

compared i n  Table 168. Comparable naphthalene conversions were observed a t  

380°C w i t h  Co-Mo-A1 versus 410°C w i t h  Fe203 sul  f i d e d  a t  27S°C (Table 168). 

The data i nd i ca ted  t h a t  the c a t a l y t i c  a c t i v i t y  o f  the Co-Mo-A1 a t  lower 

temperature (380°C) i s  ahn~~t .  tw ice  t h a t  of the FepOg s u l f i d e d  a t  275OC. By 
us ing h igher  reac t i on  temperatures the  same conversion l e v e l s  can be achieved 

by Fe203 s u l f i d e d  a t  275OC. 

I t  can be concluded t h a t  the surface area o f  p y r i t e  o r  i r o n  s u l f i d e  does 

a f f e c t  i t s  hydrogenation a c t i v i t y .  Hydrogenation a c t i v i t y  comparable t o  t h a t  

of s u l f i d e d  Co-Mo-A1 c a t a l y s t  can be achieved by c a r e f u l l y  c o n t r o l l i n g  the  

s u l f i d i n g  temperature t o  produce high-surface-area synthet ic  p y r i t e .  



Table 168 

Comparison o f  C a t a l y t i c  A c t i v i t y  o f  Co-Mo-A1 and 

Su l f i ded  I r o n  Oxide i n  Naphthalene Hydrogenation Reaction 

Time, Naphthalene 

Ca ta l ys t  Min. Temp. , O C  Conversion, % 

Co-Mo-A1 5 380 61.0 

10 380 80.2 

15 380 88.1 

Sul f i ded Fe203 5 41 0 56.2 

a t  27S°C 10 41 0 73.6 

15 41 0 82.0 

Reaction Mixture:  5 g (10% Naphthalene i n  hexadecane) 

S u l f i d e  Fe203 - 0.5 g 

S u l f i d e d  Co-Mo-A1 - 0.25 g 

Reaction Condit ion: Pressure - 1,250 p s i g  Hp a t  2S°C 

Reactor - Tubi ng-Bomb (14.5 ml . ) 



Cata lys t  Poisoning i n  Coal L iquefac t ion  

A sample o f  the  i r o n  oxide s u l f i d e d  a t  275OC, which showed the  h ighest  

naphthalene hydrogenation a c t i v i t y ,  was tes ted  as a  c a t a l y s t  i n  coal l i que -  

f ac t i on .  Su rp r i s i ng l y ,  the  c a t a l y t i c  a c t i v i t i e s  o f  s u l f i d e d  i r o n  oxide and 

Robena p y r i t e  were i d e n t i c a l ,  suggesting t h a t  the  s u l f i d e d  i r o n  oxide, high- 

a c t i v i t y  c a t a l y s t  i s  somehow poisoned i n  the  coal l i q u e f a c t i o n  system, and 

the re fo re  does n o t  show any enhanc'ement over Robena p y r i t e .  The poisoning o f  

t h i s  c a t a l y s t  i s  discussed i n  d e t a i l  below. 

Qu ino l i ne  Poisoning - The e f f e c t  o f  the presence o f  basic  n i t rogen compounds 

on naphthalene hydrogenation was s tud ied  by adding qu ino l i ne  t o  the reac t i on  

mixture. Qu ino l i ne  s i g n i f i c a n t l y  reduced the  hydrogenation a c t i v i t y  o f  both 

s u l f i d e d  Fe203 and CO-MO-AI (Table 1691, b u t  was more severe w i t h  the  s u l f i d e d  

Fe203. 

The reac t i on  products obtained from the naphthalene hydrogenation reac t i on  

w i t h  quinol  i n e  us ing Co-Mo-A1 and s u l f i d e d  i r o n  oxide were analyzed by G U M S .  

Propylcyclohexane, a  deni trogenated product,  was i d e n t i f i e d  as the major 

compound produced from qu ino l ine  when Co-Mo-A1 was used as a  c a t a l y s t ,  whereas 

1,2,3,4-tetrahydroquinoline was the  major compound obtained from qu ino l ine  

w i t h  s u l f i d e d  Fe2O3 These data may i n d i c a t e  t h a t  the Co-Mo-A1 c a t a l y s t  was 

much more a c t i v e  f o r  deni t rogenat ion than was the  s u l f i d e d  Fe203. 

Since p a r t  o f  the  qu ino l ine  i s  denitrogenated w i t h  the  Co-Mo-A1 c a t a l y s t ,  the  

concentrat ion o f  basic  n i t rogen remaining i n  the  reac t i on  mix ture  decreases 

w i t h  reac t i on  time. This w i l l  eventua l ly  reduce o v e r a l l  poisoning e f f e c t  

and g i ve  more hydrogenation a c t i v i t y .  Su l f i ded  Fe203 hydrogenates the  qu ino l ine ,  

b u t  i s  no t  a c t i v e  enough t o  remove n i t rogen.  

A s e n s i t i v i t y  t o  qu ino l i ne  poisoning i n  naphthalene hydrogenation was examined 

f o r  both s u l f i d e d  i r o n  oxide ( s u l f i d i n g  temperature 275OC) and the  Co-Mo-A1 

c a t a l y s t .  The r e s u l t s  (Tables 170 and 171 and Figures 44 and 45) showed t h a t  

poisoning increased w i t h  increas ing  concentrat ions o f  qu ino l i ne  f o r  both 

s u l f i d e d  i r o n  oxide and the  Co-Mo-A1 c a t a l y s t ,  b u t  was more severe w i t h  s u l f i d e d  

i r o n  oxide. 



Table 169 

E f f e c t  o f  Qu ino l i ne  on Naphthalene Hydrogenation Reaction 

Naphthalene Conversion, % 

Qu ino l  i n e  Su l f i ded  Sul f i ded 

Concentration, wt .% Fe203 Co-Mo- A1 

- - - > .  zc-c-- ---= 

Reaction Mixture: 5 g (10% naphthalene i n  hexadecane) 

Cata lyst :  0.5 g Su l f i ded  Fe203 

0.25 g Co Co-Mo-A1 

Reaction Condit ion: Temp. - 380°C (Co-Mo-A1 ) 

- 410°C (Su l f ided Fe203) 

Pressure - 1,250 p s i g  Hz a t  25OC 

Time - 15 Minutes 

Reactor - Tubing-Bomb (14.5 m l . )  



Table 170 

S e n s i t i v i t y  Study o f  Q u i n o l i n e  Concentrat ion On 

Naphthalene Hydrogenation i n  t he  Presence of 

Su l f i ded  I r o n  Oxide 

Qu i  no1 i ne 

Concentrat ion, % 

0.0 

0.10 

0.25 

0.52 

1.02 

2.04 

Naphtha1 ene Conversion, % 

F.or D i f f e r e n t  Reaction Time, Min. 

5 - 10 15 

56.2 73.6 82.0 

13.7 28.9 40.1 

8.0 15.2 23.4 

3.3 7.4 13.0 
2.0 5 ..8 7.0 

3.0 3.7 8.5 

Reaction Mixture:  5 g (10% naphthalene i n  hexadecane) 

Ca ta l ys t  - 0.5 g s u l f i d e d  Fe203 

Reaction Condit ion: Temp. - 4lO0C 

Pressure - 1,250 p s i g  H2 a t  25OC 

Reactor - Tubi ny-Bonlb (14.5 n l l  . ) 



Table 171 

S e n s i t i v i t y  Study o f  Qu ino l i ne  Concentrat ion On 

Naphthalene Hydrogenation i n  the  Presence o f  

Sul f ided Co-Mo-A1 

Qu i  no1 i ne 

Concentration, X 
0.0 

Naphthalene Conversion, % 

For D i f f e r e n t  Reaction Time, Min. 

5 - 10 15 - 
61.0 80.2 88.1 

Reaction Mixture: 5 g (10% naphthalene i n  hexadecane) 

Cata lys t  - 0.25 g s u l f i d e d  Co-Mo-A1 

Reaction Condit ion: Temp. - 380°C 

Pressure - 1,250 p s i g  H2 a t  25OC 

Reactor - Tubing-Bomb (14.5 m l . )  



FIGURE 44 
QUlNOLlNE POISONING IN NAPHTHALENE 

HYDROGENATION REACTION IN THE PRESENCE 
OF SULFIDED Fez O3 

QUlNOLlNE CONCENTRATION, WT. % 

0 5 10 15 

REACTION TIME, MIN. 



FIGURE 45 
QUlNOLlNE POISONING IN NAPHTHALENE 

HYDROGENATION REACTION IN THE PRESENCE 
OF SULFIDED CO-Mo-Al 

CONCENTRATION, WT. % 

0.0 

0 5 10 15 

REACTION TIME, MIN. 



Reaction K ine t i cs  - Data obtained on the  conversion o f  naphthalene w i t h  t ime 

were used t o  evaluate the k i n e t i c s  o f  the  qu ino l i ne  poisoning react ion.  A 

10/1 mole r a t i o  o f  ava i l ab le  hydrogen (gaseous hydrogen) t o  naphthalene was 

used f o r  the  study, i n d i c a t i n g  t h a t  much hydrogen would be l e f t  unused, even 

if complete conversion o f  naphtha1 ene was achieved. The concentrat ion of 

hydrogen gas was, there fore ,  assumed t o  be constant t o  simp1 i f y  the modeling 

o f  t he  reac t i on  k i n e t i c s .  The r a t e  o f  naphthalene hydrogenation could be 

represented by 

where r = reac t i on  r a t e ,  g  mole/min, 

k = pseudo f i rs t -o rde r  r a t e  constant,  g  so l  vent/g ca ta lys t -mi  n, 

Wc = mass o f  t he  ca ta l ys t ,  g, and 

Ws = mass o f  t he  solvent  (hexadecane), g. 

Cn = concentrat ion o f  naphthalene, g  mole 

I n t e g r a t i o n  o f  r a t e  expression (eqn. 10) y i e l d s  

c  - I n  (1 - x ) =  k - t  
s  

where x  = f r a c t i o n a l  conversion, and 

t = reac t i on  t ime, min. 

The f r a c t i o n a l  conversion o f  naphthalene p l o t t e d  against  t ime on semi-log 

graph paper (Figure 46) shows a  l i n e a r  r e l a t i o n s h i p  between f r a c t i o n a l  

naphthalene conversion and t ime which i nd i ca tes  t h a t  a  f i r s t - o r d e r . r a t e  

expression can describe the naphthalene hydrogenation reac t i on  k i n e t i c s .  The 

pseudo f ' i r s t -o rder  r a t e  constants were determined f o r  d i f f e r e n t  concentrat ions 

o f  qu ino l ine  us ing l i n e a r  regression ana lys is ;  t he  data are presented i n  

Table 172. S im i l a r  analys is  was performed f o r  the Co-Mo-A1 c a t a l y s t  (Table 173). 



FIGURE 46 
SEMI-LOG PILOT OF FRACTIONAL CONVERSION 

VERSUS TIME FOR NAPHTHALENE HYDROGENATION 
IN THE PRESENCE OF SULFIDED Fe2 O3 

QUlNOLlNE CONCENTRATION, 

0 0.00 

WT. % 

REACTION TIME, MIN. 



Table 172 

F i r s t  Order Rate Constant f o r  Naphthalene 

Hydrogenation Reaction i n  t h e  Presence o f  S u l f i d e d  Fe203 

Rate Constant, 

Q u i  no1 i ne g so lvent /  I n h i b i t i o n  

Conc. , wt. % g cata lyst -min.  Factor  

Table 173 

F i r s t  Order Rate Constant f o r  Naphthalene 

Hydrogenation Reaction i n  t he  Presence o f  ' su l f i ded  Co-Mo-A1 

Rate Constant, 

Qu i  no1 i ne g so lvent /  I n h i  b i  t i , on  

Conc w t .  % . - - . -  ca ta lys t -mi  n. . Factor- .. _ 



The measure o f  qu ino l i ne  poisoning was determined by an i n h i b i t i o n  f a c t o r ,  

which was def ined as the  r a t i o  o f  the  r a t e  constant a t  some concentrat ion of 

added poison (qu ino l ine)  t o  the  r a t e  constant w i t h  no added poison: 

I n h i b i t i o n  f a c t o r  = ki/k (12) 

where ki = pseudo f i r s t - o r d e r  hydrogenation r a t e  constant a t  the  l e v e l  of 

qu ino l i ne  concentrat ion,  and 

k  = pseudo f i r s t - o r d e r  hydrogenation r a t e  constant w i thout  qu ino l ine .  

The i n h i b i t i o n  f a c t o r  def ined above has a  value o f  one when no qu ino l i ne  i s  

present  i n  t he  reac t i on  mixture, i . e . ,  zero i n h i b i t i o n  by qu ino l ine .  As i n h i -  

b i t i o n  by qu ino l i ne  increases, the value o f  the  i n h i b i t i o n  f a c t o r  becomes 

smal ler  such t h a t  maximum i n h i b i t i o n  approaches a  l i m i t i n g  value o f  Zero. 

The values o f  t he  i n h i b i t i o n  fac to r  a t  d i f f e r e n t  concentrat ion l e v e l s  o f  

qu ino l ine  are a l so  presented i n  Table 172 and 173. Rapid dec l ine  i n  the  value 

o f  the  i n h i b i t i o n  f a c t o r  was noted w i t h  s u l f i d e d  i r o n  oxide and the  Co-Mo-A1 

c a t a l y s t  w i t h  increas ing  amounts o f  qu ino l ine .  The dec l ine  i n  the  value o f  

the i n h i b i t i o n  f a c t o r  was more pronounced w i t h  s u l f i d e d  i r o n  oxide than w i t h  

the Co-Mo-A1 ca ta l ys t .  These observat ions suggest t h a t  qu ino l i ne  has a  h igher  

poisoning e f f e c t  on the  s u l f i d e d  i r o n  oxide than does the  Co-Mo-A1 ca ta l ys t .  

Nonbasic Ni t rogen Compound Poisoning - The basic  n i t rogen compound qu ino l ine  

was shown t o  poison the  naphthalene hydrogenation reac t ion .  To prov ide more 

in format ion concerning the poisoning a c t i v i t y  o f  n i t rogen compounds, the  r o l e  

o f  nonbasic n i t rogen compounds was s tud ied  i n  the  naphthalene hydrogenation 

reac t ion .  

Nonbasic compounds can form basic  n i t rogen compounds (5) on hydrogenation; f o r  

example, w i t h  hydrogenation, py r ro le ,  a  nonbasic n i t rogen compound, was repor ted 

t o  form p y r r o l i d i n e ,  a  basic  n i t rogen compound. A ser ies  o f  experiments w i t h  

th ree  d i f f e r e n t  n i t rogen compounds, both basic  and nonbasic, was performed t o  

determine the  e f f e c t  o f  n i t rogen compounds on the  naphthalene hydrogenation 

reac t ion .  The experimental cond i t ions  were the  same as used i n  the  qu ino l ine  

poisoning study. Fe20g s u l f i d e d  a t  275OC was used as a  c a t a l y s t  i n  a l l  the 



react ions.  The r e s u l t s  o f  the  e f f e c t  o f  n i t rogen compounds on the  naphthalene 

hydrogenation reac t i on  are summarized i n  Table 174. The presence o f  a n i l i n e ,  

carbazol e, and i ndol e  reduced (poi  soned) s i g n i f i c a n t l y  t he  hydrogenation 

a c t i v i t y  of s u l f i d e d  Fe2O3 The pseudo f i r s t - o r d e r  r a t e  constant determined 

by l i n e a r  regression and an i n h i b i t i o n  f a c t o r  def ined as the r a t i o  o f  the  r a t e  

constant a t  some concentrat ion o f  n i t rogen compound t o  the  r a t e  constant w i t h  

no n i t rogen compound a d d i t i o n  are presented i n  Table 175. The values o f  the 

pseudo f i r s t - o r d e r  r a t e  constant and the  i n h i b i t i o n  f a c t o r  obtained by qu ino l i ne  

add i t i on  are a1 so inc luded f o r  comparison. The r a t e  constants and i n h i  b i t i o n  

fac to rs  decreased w i t h  the  a d d i t i o n  o f  n i t rogen compounds. The poisoning 

e f f e c t  o f . n i t r o g e n  compounds i n  the  naphthalene hydrogenation reac t i on  was as 

fo l lows:  qu ino l i ne  > i ndo le  > carbazole > a n i l i n e .  

From the  above data i t  can be concluded t h a t  the presence o f  n i t rogen compounds 

are detr imenta l  t o  the hydrogenation reac t ion ,  and the  hydrogenation reac t i on  

can be improved by simply removing n i t rogen compounds from the  reac t i on  mixture. 

Solvent Mod i f i ca t i on  Appl ied t o  Coal L iquefac t ion  Reaction 

The presence o f  n i t rogen compounds i s  known t o  i n h i b i t  c a t a l y s t  a c t i v i t y  i n  

numerous commercial processes. E a r l i e r  i t  was shown t h a t  n i t rogen compounds 

such as qu ino l i ne  l i m i t  the  naphthalene hydrogenation a c t i v i t y  o f  s u l f i d e d  

FeZOj and Co-Mo-Al. Thus, i f  heteroatoms were removed from the  coal -der ived 

l i q u i d s ,  the  c a t a l y t i c  a c t i v i t y  o f  the  c a t a l y s t  should excel i n  coal processing. 

Experiments were performed t o  determine the e f fec t  o f  the  removal o f  heteroatoms 

from process solvent  on thermal and c a t a l y t i c  coal l i q u e f a c t i o n .  

Samples of S R C - I 1  heavy d i s t i l l a t e  (F.O.B. #11) were t rea ted  i n d i v i d u a l l y  t o  

remove basic  n i t rogen compounds and phenol ic  compounds. Another sample was 

t rea ted  separate ly  t o  remove the  n i t rogen as we l l  as the  oxygen conta in ing  

compounds. The d i s t r i b u t i o n  o f  elements i n  the o r i g i n a l  and t rea ted  solvents 

i s  given i n  Table 176. The basic  nitrogen-compound-free so lvent  showed 42 and 

15% removal o f  t o t a l  n i t rogen and oxygen, respect ive ly ,  from the  o r i g i n a l  

so lvent .  The phenol- f ree solvent  showed 37% removal o f  t o t a l  oxygen, whereas 

the  t o t a l  n i t rogen content d i d  no t  change. The ni trogen-and oxygen-free 

solvent  had zero n i t rogen and contained on ly  25% o f  the  t o t a l  oxygen present 



Table 174 

E f f e c t  o f  D i f f e r e n t  Ni t rogen Compounds 

On Na~h tha lene  Hvdroaenation Reaction 

Naphtha1 ene Conversion, % 

D i f f e r e n t  Reaction Time, Min. 

Ni t rogen'  Compounds 5 10 15 

None 56.2 73.6 82.5 

A n i l i n e  30.3 44.4 54.0 

Carbazol e 18.5 29.1 40.4 

I n d o l  e 12.0 22.8 25.7 

Reaction Mixture:  5 g (10% naphthalene i n  hexadecane) 

Ca ta l ys t  - 0.5 g s u l f i d e d  Fe203 

Ni t rogen Compound - 0.025 g 

Reaction Condit ion: Temperature - 410°C 

Pressure - 1250 p s i g  Hz a t  25OC 

Reactor - Tubing-Bomb (14.5 m l . )  

Table 175 

Pseudo F i r s t  Order Rate Constant f o r  Naphthalene 

Hydrogenation Reaction i n  t he  Presence o f  Su l f i ded  Fe2g3 

Ni t rogen Rate Constant I n h i b i t i o n  

Compound CJ Solvent/g Cata lys t ,  Min, Factor  

None 1.01 1.0 

Ani 1 i ne 0.50 0.50 

Carbazol e 0.31 0.31 

Indo le  0.19 0.19 

Q u i  no1 i ne 0.07 0.07 



Table 176 

D i s t r i b u t i o n  o f  Elements i n  Or ia ina l  and Treated Solvents 

Or ig ina l  N-Base Free Phenol Free Oxygen Free 

E l  ements So l .~en t  Sol vent Sol vent  Sol vent  

Carbon 89.44 89.66 89.80 90.36 

Hydrogen 7.21 7.53 7.36 8.48 

Oxygen 1.70 1.45 1.07 0.42 

N i  t rogen 1.10 0.64 1.06 0.01 

Table 177 

Soldent S e ~ a r a t i o n  o f  Or ia ina l  and Treated Solvents 

w t . %  

Ni t rogen and 

O r i  g i  na1 N-Base Free Phenol Free Oxygen Free 

Sol vent Fract ions Sol vent Sol vent Sol vent 

O i  1  s  92.8 95.2 94.3 

Asphal tenes 5.8 4.5 5.3 

Preasphal tenes 0.7 0.2 0.4 

Sol vent  



i n  t he  o r i g i n a l  sample. The hydrogen and s u l f u r  contents o f  samples increased 

upon treatment. The o r i g i n a l  so lvent  and the  t r e a t e d  solvents were separated 

i n t o  o i l s ,  asphal tenes, preasphal tenes, and I .  0. M. The data are g iven i n  

Table 177. 

The o r i g i n a l  and t r e a t e d  solvent  samples were used w i t h  and w i thout  s u l f i d e d  

Fe203 t o  determine the  e f f e c t  o f  heteroatom removal on thermal as w e l l  as 

c a t a l y t i c  coal l i que fac t i on .  The l i q u e f a c t i o n  product was solvent-separated 

i n t o  o i  1 s, asphal tenes , preasphal tenes , and I. 0. M. The product d i s t r i b u t i o n  

i s  summarized i n  Table 178. Conversion o f  approximately 75% was noted w i t h  

a l l  solvents i n  t he  absence o f  s u l f i d e d  Fep03. O i l ,  asphaltene and preasphal- 

tene y i e l d s  were very s i m i l a r  us ing o r i g i n a l ,  N-base-free and phenol-free 

solvents; o i l  y i e l d  was negat ive i n  a l l  th ree  cases. S i g n i f i c a n t l y  h igher  o i l  

y i e l d s  were noted w i t h  the  n i t rogen- and oxygen-free so lvent  w i thou t  ca ta l ys t .  

The increase i n  o i l  y i e l d s  was due t o  increased asphaltene and preasphaltene 

conversion. The above data show r e l a t i v e  improvement i n  thermal conversion o f  

coal us ing heteroatom-free solvent.  

Coal l i q u e f a c t i o n  was s i g n i f i c a n t l y  improved by adding su l f i ded  Fe203 i n  the 

coal 1 i que fac t i on  reac t i on  mixture. Coal conversion increased from 75 t o  89% 

w i t h  a l l  the  solvents us ing s u l f i d e d  Fep03. The conversion o f  asphaltenes and 

preasphaltenes was a lso  g r e a t l y  improved. Higher o i l  y i e l d s  were noted i n  a l l  

the experiments w i t h  s u l f i d e d  Fe203; o i l s  increased from -2 t o  24% w i t h  o r i g i n a l  

so lvent ,  from -3 t o  31% w i t h  N-base f r e e  solvent ,  from -6  t o  30% w i t h  phenol-free 

solvent  and from 23 t o  48% w i t h  n i t rogen- and oxygen-free solvent.  Both 

N-base-free and phenol-free solvents showed an o i l  product ion o f  30% as opposed 

t o  24% w i t h  o r i g i n a l  so lvent  us ing s u l f i d e d  Fe203. This  in fo rmat ion  shows 

t h a t  the removal o f  e i t h e r  n i t rogen o r  oxygen improved c a t a l y t i c  coal l i que -  

f ac t i on ,  whereas the i n d i v i d u a l  removal o f  heteroatoms seemed t o  have l i t t l e  

e f f e c t  i n  thermal coal l i que fac t i on .  When both n i t rogen and oxygen compounds 

were removed from process solvent ,  o i l  product ion increased i n  thermal as we l l  

as c a t a l y t i c  l i que fac t i on .  The improvement was very dramatic i n  the case o f  

c a t a l y t i c  coal l i q u e f a c t i o n  (Table 178); o i l  product ion was 48% w i t h  s u l f i d e d  

Fe203 compared w i t h  on ly  23% wi thout  add i t i ve .  Also, the use o f  s u l f i d e d  



C a t a l y s t  

Gas 

O i  1  s 

Asphal tenes 

Preasphal tenes 

I .O.M.  

Conversion 

Recovery, % 

Table 178 

E f f e c t  o f  So lvent  Treatment on Coal LLauefact ion 

Product D i s t r i b u t i o n ,  wt.% MAF Coal 

N i t r ogen  and Oxygen 
O r i g i n a l  Sol ven t  N-Base Free Solvent  Phenol Free So lven t  

S u l f i d e d  Sul f i ded Sul f i ded 
None Fe203 None Fe203 None Fe203 

React ion M ix tu re :  Coal - 3 g  (F loyd County E l  khorn #3) 

Solvent  - 6 g 

A d d i t i v e  - l g  

React ion Condi t ions:  Temperature - 425OC 

Pressure - 1250 p s i g  H2 a t  25OC 

Time - 60 Minutes 

Reactor: Tubing-Bomb 

Volume - 46.3 m l ,  

I r o n  Oxide was s u l f i d e d  a t  275OC 

Free So lven t  
Sul f i ded 

None F e A  

l (  ) - I n d i c a t e  nega t i ve  va lue 



Fep03 s i g n i f i c a n t l y  improved the  conversion o f  preasphaltenes over the  no- 

a d d i t i v e  run; preasphaltene product ion decreased from 13 t o  7%. The product ion  

o f  gas was no t  a f fec ted  by us ing d i f f e r e n t  so lvents i n  the  thermal o r  c a t a l y t i c  

coal l i q u e f a c t i o n  experiments. 

It can be concluded t h a t  the removal o f  heteroatoms from coal -der ived process 

so lvent  improves o i l  product ion and the  conversion o f  asphaltenes and 

preasphaltenes i n  thermal as we l l  as c a t a l y t i c  coal l i q u e f a c t i o n .  
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APPENDIX A 

Pressur izab le  Thermogravimetr ic Reactor (PTGR) 

A schematic diagram o f  t h e  system l a y o u t  i s  i l l u s t r a t e d  i n  F igures A . l  and 

A.2. The p r imary  apparatus used i n  o b t a i n i n g  da ta  i s  a  6 gram capac i t y  

thermobalance b u i l t  s p e c i f i c a l l y  f o r  A i r  Products '  l a b o r a t o r i e s  by Spectrum 

Products, I nc .  Th i s  apparatus i s  capable o f  opera t ion  a t  pressures up t o  1500 

p s i  and a t  temperatures up t o  1000°C. The r e a c t o r  i s  a  4 - f t .  c y l i n d r i c a l  

Haynes 188 supe ra l l oy  tube w i t h  3/4 i n c h  i . d .  and 2.5 i n c h  o.d., 3  f e e t  o f  

which i s  heated by a Marshal 1  t u b u l a r  furnace (Model No. 1149). 

Thermocouples a re  l oca ted  a long t h e  ou te r  tube w a l l ,  i n s i d e  t h e  furnace and 

i n s i d e  t h e  r e a c t o r  tube. The exac t  l o c a t i o n s  o f  t h e  thermocouples a re  shown 

i n  F igure  A.3. The e x i t  gas temperature upstream of t h e  t a r  t r a p  i s  a l s o  

moni tored by a thermocouple. The thermocouple j u s t  below t h e  sample basket 

was used as a feedback f o r  t he  hea te r  c o n t r o l l e r  t o  ma in ta i n  cons tan t  tempera- 

t u r e  o r  hea t i ng  r a t e .  Process gas en te rs  e i t h e r  through t h e  t op  o r  t he  bottom 

o f  t h e  r e a c t o r  tube, w h i l e  t h e  purge gas can be admi t ted  through t h e  microbalance 

housing a t  t h e  t op  and f lows down t h e  d ip- tube.  The gas f l o w  r a t e s  i n t o  and 

ou t  o f  t he  r e a c t o r  a re  measured by t h r e e  Brooks thermal 'mass f lowmeters 

(Model 5811). F I - 1  and FI -3  i n  F igure  A.2, which measured t h e  f l o w r a t e  i n t o  

and o u t  o f  t he  reac to r ,  were c a l i b r a t e d  w i t h  hydrogen; FI-2,  which measured 

t he  f l o w  r a t e  down t h e  reac to r ,  was c a l i b r a t e d  w i t h  helium. I f  hel ium i s  

f l o w i n g  through F I - 1  and FI-3,  t h e  i n d i c a t e d  f l o w  r a t e  has t o  be m u l t i p l i e d  by 

1.5 t o  g i v e  t h e  ac tua l  hel ium f l o w  r a t e .  The system pressure was measured by 

two pressure t ransducers P I - 1  and PI -2 (by Se t ra  Systems, I nc .  Model 204), 

l oca ted  a t  t h e  e x i t  gas l i n e  upstream and downstream o f  t h e  t a r  t r ap ,  respec- 

t i v e l y .  Thc pressure d i f f e r e n c e  between t h e  i n l e t .  and e x i t  gas l i n e  was 

measured by another pressure t ransducer  PI -3  (Set ra  Systems, Inc .  Model 228). 

The 3/8 i n c h  o.d., 5 i n c h  l ong  sample basket  ( f a b r i c a t e d  by Newark Wire C l o t h  

Company) can ho ld  up t o  a  3  gram sample; It can be lowered i n t o  o r  r a i s e d  f rom 

the  heated s e c t i o n  o f  t he  r e a c t o r  tube by a No. 40 gauge chrome1 w i r e  a t tached  

t o  a motor ized winch. The microba.lance i s  engaged o n l y  when Lhe basket i s  i n  

I) 



i t s  pre-determined f i n a l  p o s i t i o n  i n s i d e  the  reac tor .  The e x i t  gas l i n e  

upstream o f  the  t a r  t r a p  i s  kept ho t  by heat ing tapes t o  prevent t a r  conden- 

sat ion.  The p y r o l y s i s  gas i s  passed through the  t a r  t r a p  (immersed i n  i ce )  

and c o l l e c t e d  e i t h e r  i n  a sampling c y l i n d e r  o r  i n  the  sample loops o f  a.Valco 

automatic sampling u n i t  f o r  gas chromatograph analys is .  The system ~ r e s s u r e  

was maintained by a back-pressure regu la to r  P C V - 1  (Grove Valve and Regulator 

Company, Model S-91-W) located downstream o f  the t a r  t rap.  

Experimental Procedure 

The PTGR has two modes o f  operat ion: the  h o t - s t a r t  f a s t  heat ing mode and the  

c o l d - s t a r t  slow heat ing  mode. I n  the  h o t - s t a r t  f a s t  heat ing mode, t he  sample 

i n  the  basket was lowered r a p i d l y . i n t o  the  ho t  reac tor ;  the heat ing r a t e  was 

approximately 15OC/sec. I n  the  c o l d - s t a r t  slow heat ing mode, the  basket was 

lowered i n t o  the reac tor  a t  ambient temperature and then the  reac to r  was 

heated t o  i t s  f i n a l  temperature; the  heat ing r a t e  was approximately 8OC/mi n. 

Experimental Preparat ion 

The PTGR system was leak- tested w i t h  helium under pressure. The microbalance 

transducer was checked and c a l i b r a t e d  p e r i o d i c a l l y  t o  assure i t s  accuracy. 

Before each experiment, the recorder was zeroed and spanned by means o f  poten- 

t iometers so t h a t  on ly  the sample weight l oss  was recorded as a percentage o f  

i t s  o r i g i n a l  weight. The recorder was zeroed wh i l e  the microbalance was 

engaged w i t h  an empty basket; t h i s  was done e i t h e r  w i t h  the  reac tor  ho t  o r  

cold. With the  reac tor  cold, the  recorder can be spanned by lower ing the  

b d ~ k e t  loaded w i t h  a known weight o f  sample (from d i r e c t  weighing) i n t o  the 

reac tor  t o  engage the microbalance. When the  reac tor  was hot ,  the  recorder 

was spanned by us ing a known weight o f  sand i n  the  basket ins tead o f  sample 

and then rep lac ing  the  sand w i t h  the same weight o f  sample afterwards. The 

t o t a l  percentage weight loss  obtained from such thermograms agreed t o  w i t h i n  

2% o f  the  percentage weight l oss  obtained from d i r e c t  weighing. Three o r  f o u r  

experiments a day were poss ib le  w i t h  t h i s  spanning procedure. A t imer  could 

be preset  t o  t u r n  the  furnace on e a r l y  i n  the  morning so t h a t  the  reac to r  was 

ready a t  t he  desi red temperature f o r  experimental runs. The t imer  was used 

on ly  when a l l  h igh  temperature shu t -o f f  con t ro l s  were func t ion ing .  The t a r  

t r a p  was washed and cleaned w i t h  te t rahydro furan (THF) a f t e r  each experiment 

and then d r i e d  by blowing a i r  through it. 



FIGURE A-1 
PRESSURIZABLE THERMOGRAVIMETRIC REACTOR (PTGR) 
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SAMPLE SIZE: 3 g 

FIGURE A-2 
DETAILED PTGR SYSTEM 

FIGURE A-3 
THERMOCOUPLE POSITIONS IN REACTOR 



Date Acqu is i t i on  Procedure 

1. Slow heat ing mode experiments: The basket, w i t h  approximately 39 o f  

sample, was lowered i n t o  the reac to r  a t  room temperature. A f t e r  purg ing 

the system w i t h  he1 ium, the  reac to r  was heated. The temperature, monitored 

by a thermocouple loca ted immediately below the  sample basket, the helium 

f l ow  r a t e  and the  sample weight were cont inuously  recorded. Gas samples 

were p e r i o d i c a l l y  c o l l e c t e d  by syr inges through a septum i n  the  heated 

e x i t  l i n e .  These samples were subsequently analyzed us ing a Perkin-Elmer 

Sigma-1 gas chromatograph. 

Fast heat ing mode experiments: Before heat ing  the  reac tor ,  the  system 

was purged w i t h  helium; when hydrogen was used, the  hydrogen i n l e t  l i n e s  

were purged w i t h  hydrogen t o  e l im ina te  any trapped a i r  before purg ing the  

system w i t h  helium. The reac to r  was then heated up t o  the  operat ing 

temperature. Then the  system was pressur ized t o  the  operat ing pressure 

w i t h  helium and leak-tested. The system was now ready f o r  experimental 

runs i n  helium. The loaded sample basket was lowered r a p i d l y  i n t o  the  

ho t  reac tor  and he ld  f o r  t he  desi red residence time. The pressure, 

temperature and volume o f  the  sampling c y l i n d e r  were recorded. The gas 

i n  the sampling c y l i n d e r  was mixed by means o f  a heat gun before i t was 

analyzed by the Perkin-Elmer Sigma-1 gas chromatograph. A f t e r  the sample 

was cooled down, the  system was depressurized and purged w i t h  helium. 

The basket was removed from the  system and weighed. The t a r  t r a p  was 

washed w i t h  a known volume o f  THF so lu t ion .  The t r e a t e d  sample and the 

THF t a r  washings were analyzed. 

A step-by-step operat ing procedure f o r  a helium run  and a hydrogen run i s  

described i n  the next  sec t ion  i n  the  PTGR operat ing procedure. A f t e r  

p u t t i n g  back the cleaned t a r  t r a p  and rep lac ing  the  f u l l  sampling c y l i n d e r  

w i t h  an empty one, the system was ready f o r  t he  next experimental run. 

3. Temperature measurement a t  center  o f  sample bed: This was done on ly  i n  

helium a t  atmospheric pressure. A sub-miniature thermocouple (Omega 

Engineering, Inc. , Catalog #SCAIN-020U-66) was embedded a t  the  center  o f  

the sample bed. The temperature was recorded as the basket was lowered 

r a p i d l y  i n t o  the ho t  reac tor  w i t h  helium f lowing.  The microbalance 



housing was opened to. atmosphere f o r  ease o f  feeding i n  the  thermocouple 

b u t  t he  reac tor  was purged o f  a i r  by the  f l ow  o f  helium from the  bottom 

o f  t he  .reactor. I n  the slow heat ing mode, the  system was c losed a f t e r  

the  basket was i n  place, and the  temperature a t  the  center  o f  the  sample 

bed and the  gas temperature i n s i d e  the  reac tor  immediately below the  

basket were recorded dur ing  heat-up o f  the  reactor .  

Water Analvsis 

Water from the  sampling c y l i n d e r  was analyzed by the  gas chromatograph. Water 

i n  the  t a r  t r a p  was washed w i t h  a known volume o f  THF. From the  weight percent  

analyses o f  water i n  the  THF washing s o l u t i o n  and t h a t  i n  t he  "clean" THF, the  

volume o f  the  THF used i n  the washing and from the s p e c i f i c  g r a v i t y  (0.88) o f  

THF, the  weight o f  water i n  t he  t a r  t r a p  can be obtained. 

PTGR OPERATING PROCEDURE 

Helium Run Procedure 

1. A f t e r  spanning and zero ing the  recorder,  t u r n  on the  He main regu la to r  t o  

1200 ps ig.  

2. Purge system w i t h  He a t  atmospheric pressure (8 min. w i t h  1 sc fh  f l ow  

ra te) .  The valves ( r e f e r  t o  F igure A.2) should be 'as  fo l lows:  

Status 

Open/Cl ose* 

Close 

Open 

Open 

Open/Close* 

Open 

Open/Cl ose* 

Open/Cl oseA 

Close 

Close 

HCV - 
1 

2 

3 

4 

5 

6 

'7 

8 

Status LHV - STATUS 

Open 1 Open 

Open/Cl ose 2 Open 

Open 3 Open/Cl ose 

Close 

Open 

Open 

Open 

Open/Cl ose* 

*Open CV1,  CV5, CV7, CV8, HCV2, HCV8, LHV3 temporar i l y  and then c lose them. 



3. Turn on c o o l i n g  water. 

Turn on heater  and heat  up t o  des i r ed  temperature w i t h  he l ium purg ing.  

A f t e r  reaching temperature,  s e t  t h e  dome pressure on t h e  back-pressure 

r e g u l a t o r  t o  t h e  des i r ed  ope ra t i ng  pressure. 

A f t e r  t h e  system has reached ope ra t i ng  pressure, purge t h e  sampling 

c y l i n d e r  w i t h  helium. Add i c e  t o  t a r  t r a p  bath.  

Record pressure and f l o w  r a t e  on da ta  sheet. 

Set recorder  f o r  wei y h t  moni tor ing:  

(i) Switch on p o i n t  15 and p r i n t  o n l y  p o i n t  15. 

(ii) Set P o i n t  Scan on recorder  t o  Va r i ab le  ( f a s t e s t )  p r i n t .  

(iii) Set c h a r t  speed t o  8  inch/min. 

Lower basket  i n t o  r e a c t o r  and s imul taneously  c l ose  LHV2. 

Raise t h e  basket  a f t e r  h o l d i n g  i t  i n  t h e  r e a c t o r  f o r  t h e  des i r ed  

res idence t ime. 

A f t e r  t h e  c a l c u l a t e d  pressure has been reached i n  t h e  sample c y l i n d e r ,  

c l ose  LHV-1 and LHV-3. 

Depressur ize t he  system by c l o s i n g  CV3, CV4 and s low ing  opening up HCV8. 

Close HCV6, HCV7 and remove sample c y l i n d e r .  

Weigh t he  basket and i t s  con ten t  a f t e r  l e t t i n g  i t  cool down i n  so lu t i on .  

Send t h e  THF t a r  t r a p  washing and t he  o r i g i n a l  c lean  THF s o l u t i o n  f o r  

water  ana l ys i  s. 

Hydrogen Run Procedure 

1. Set dome pressure f o r  H2 d e l i v e r y  t o  1200 ps ig .  

2. Turn on He main t o  1200 ps ig .  

3.  With reaclur. cu ld ,  purge system w i t h  hydrogen a t  atmospheric pressure 

(8  min. w i t h  1 s c f h  f l o w  ra te ) .  The va lves a re  as f o l  lows: 

cv - Status - HCV Status LHV - Status 

1 Close 1 Open 1 Open 

2 Open 2 Close 2 Open 

3 Close 3 Open 3 Open 

4 C l  osc 4 Open 

5 Close 5 Open 

6 Open 6 Open 

7 Close 7 Open 

8 Close 8 Open 

9 Close 

10 Close 



4. Purge system w i t h  he l ium a t  atmospheric pressure (8  min. w i t h  1 scfh) .  

(i) Close CV2. 

(ii) Open CV1,  CV3, CV4, CV5. 

(i i i) Open CV7, CV8, CV10, H C V ~  t empora r i l y  t o  purge and then  c l ose  them. 

( i v )  Close HCV8 and LHV3. 

5. Turn on c o o l i n g  water  and s t a r t  hea t i ng  w i t h  he l ium purg ing.  

6. A f t e r  reach ing  temperature,  s e t  back-pressure r e g u l a t o r ' s  dome pressure and 

p ressur ized  system t o  ope ra t i ng  pressure w i t h  helium. Check f o r  leaks.  

7. Depressur ize system o f  he1 ium. 

(i) Close CV1,  CV3, CV4, CV5. 

(ii) Open CV7, CV8. 

(iii) Slowly  re lease  back-pressure r e g u l a t o r  dome pressure and open HCV8. 

8. Set system dome pressure f o r  Hp i n s i d e  t h e  h i g h  pressure c e l l .  

9. F i l l  t a r  t r a p  ba th  w i t h  i c e .  

10. Purge system w i t h  Hz a t  atmospheric pressure (8  min. w i t h  1 scfh) .  

(i) Open CV2. 

(ii) Open CV7, CV8, C V l O  t empora r i l y  t o  purge and then  c l ose  them. 

(iii) Close LHV3, HCV8. 

The va lves should have t h e  f o l l o w i n g  s ta tus :  

Status HCV - 
Close 1 

Open 2 

Close 3 

Close 4 

Close 5 

Open 6 

Open/Cl ose 7 

Open/Close 8 

Close 

Open/Close 

Status - LHV Status 

Open 1 Open 

Open 2 Open 

Open 3 Close 

Open 

Open 

Open 

Open 

Close 

11. Set back-pressure r e g u l a t o r  dome pressure from ou t s i de  o f  t h e  h i gh  pressure 

c e l l .  

12. A f t e r  reach ing  opera t ing  pressure,  purge t h e  system w i t h  Hz. 



Record pressure and f l ow  r a t e  on data sheet. 

Set recorder f o r  weight mon i to r ing  (same as Step 8 i n  helium run  procedure). 

Lower basket i n t o  reac tor  and simultaneously c lose LHV2. 

Raise the  basket a f t e r  ho ld ing  i t i n  the  reac to r  f o r  the  des i red  residence 

time. 

A f t e r  the  ca l cu la ted  pressure has been reached i n  the  sample cy l i nde r ,  

c lose LHVl and open LHV3. 

Depressurize the  system by c l o s i n g  CV2 and s lowly  opening up HCV8. 

A f t e r  depressur izat ion,  purge the  system w i t h  helium before en te r i ng  

h igh  pressure c e l l .  

( i )  Open CV1,  CV3, CV4, CV5, CV7, CV8, CV10. 

(ii) Close CV1, CV3, CV4 a f t e r  purging. 

Close HCV6, HCV7 and remove sample cy l i nde r .  

Weigh the  basket and i t s  content  a f t e r  l e t t i n g  i t  cool down i n  helium. 

Save the  product  f o r  analys is .  

Remove the t a r  t r a p  and wash w i t h  THF s o l u t i o n  (same 'as Step 15 i n  helium 

run procedure). 



APPENDIX B 

Solvent Separation Procedure (Auburn Un ive rs i t y )  

I .  Obtain ing Sample .Weight 

1. Weigh f i l t e r  paper, beaker, and th ree  500 m l  f lasks .  

2. Place f i  l t e r  paper i n t o  f i  1  t e r  (readings t o  .001 g  are  p resen t l y  

used). 

3. Transfer reac t i on  mix ture  from tubing-bomb t o  beaker. Ca re fu l l y  

scrape the  i ns ide  o f  the  bomb and caps t o  remove a l l  the  sample. 

Do not  inc lude drops on the  ou ts ide  edges which may be contaminated 

w i t h  sea l ing  ma te r ia l .  

4. Present ly  two s tee l  b a l l s  are used i n  the tubing-bombs t o  a i d  

mixing. Remove the  s tee l  mix ing b a l l s  from the  mix ture  i n  the  

beaker a f t e r  s t i r r i n g  we l l .  

5. Wipe o f f  any sample on the  top h a l f  o f  the  i n s i d e  o f  t he  beaker. 

6. Weigh the  beaker and sample t o  ob ta in  sample weight. (The t ime 

between step 3 and 5 should be as sho r t  as p r a c t i c a l  because some 

o f  the  sample i s  v o l a t i l e . )  The v o l a t i l e  components and o i l  are 

ca lcu la ted  from the  sample weight less  the  o ther  components and, 

thus, a f t e r  weighing some loss  o f  v o l a t i l e s  does no t  a f f e c t  the 

analys is .  

11. Ex t rac t i on  Procedures 

Pentane Ex t rac t i on  o f  O i l s  

1. Pour 40 t o  50 m l  pentane i n t o  the  sample and w i t h  a  spatu la s t i r  

the  mixture we l l .  Wipe as much as poss ib le  o f  t he  mater ' ia i  adhering 

t o  the spatu la i n t o  the bottom o f  the beaker. 



2. Pour the  l i q u i d  i n t o  two 100 m l  cen t r i f uge  tubes and cen t r i f uge  

fo r  3 t o  5  minutes a t  500 t o  700 rpm. Place a  l i d  (rubber stopper) 

1  i g h t l y  on the cen t r i f uge  tubes before cen t r i f ug ing .  Before 

cen t r i f ug ing ,  wash the  remaining mix ture  i n  the  beaker and beaker 

wa l l s  w i t h  pentane from a  wash b o t t l e .  This  l i q u i d  a l so  i s  poured 

i n t o  the  cen t r i f uge  tubes before cen t r i f ug ing .  

3 .  A f t e r  c e n t r i f u g i n g  pour the  f l u i d  d i r e c t l y  i n t o  the pressure 

f i l t e r  and catch the  f l u i d  i n  one o f  the 500 m l  f lasks .  

4. Spread ou t  t he  mix ture  remaining i n  t he  f l a s k  on the  bottom o f  t h e  

f l a s k  t o  f a c i l i t a t e  the  crushing i n  step 6 below. Any mater ia l  

remaining on t o o l s  (spatu la,  glass rod, etc .  ) should be c a r e f u l l y  

p ro tec ted  and inc luded i n  the  separat ion procedure a t  the  appropr iate 

t ime determined by the  operator.  

5. F i l l  the  beaker w i t h  l i q u i d  n i t rogen and immerse a  glass s t i r r i n g  

rod  (1/2" t o  1") w i t h  a  f l a t  end. Al low the mix ture  t o  stop 

b o i l i n g  v i o l e n t l y  before proceding w i t h  step 6 .  

6. Crush the  frozen sample t o  a  f i n e  powder under the  l i q u i d  n i t rogen.  

F ive t o  ten  minutes o f  crushing i s  required. 

7. Allow the  l i q u i d  N2 t o  evaporate t o  j u s t  above the sample. Place 

a cap on the  beaker t o  minimize s p l a t t e r  loss.  The cap may be a  

funnel cut  t o  a l l ow  the  sonicator  t i p  t o  be immersed i n  the  f l u i d .  

Mater ia l  which s p l a t t e r s  on the cap, upper p a r t  o f  the  beaker, o r  

on the s o n i f i e r  should be recovered. 

8. Place t h e  beaker q u i c k l y  under the  s o n i f i e r  and t u r n  on the s o n i f i e r .  

9; Pour enough pentane i n t o  the  beaker a f t e r  the s o n i f i e r  i s  turned 

on so t h a t  the s o n i f i e r  t i p  w i l l  be immersed a t  l e a s t  1/2 i nch  

i n t o  the f l u i d .  



10. Sonicate a t  l e v e l  5 on the  "output  con t ro l "  f o r  f i v e  minutes. 

11. Let  the  mixture s e t t l e  f o r  approximately 2 minutes a f t e r  rem0vin.g 

from the  s o n i f i e r .  

12. Pour the  l i q u i d  i n t o  two 100 m l  cen t r i f uge  tubes and cen t r i f uge  

f o r  3  t o  4  minutes (700 rpm). (Al low the  s o l i d  mater ia l  t o  remain 

i n  the  beaker.) 

13. A f t e r  cen t r i f ug ing ,  pour t he  f l u i d  i n t o  the  f i l t e r .  

14. Repeat steps 9-13 tw ice  more ( th ree  sonicat ions i n  a l l ) .  On the 

l a s t  step a l l ow  the  s o l i d  mater ia l  t o  pour i n t o  the cen t r i f uge  

tubes. Wash the  mater ia l  from the  beaker thoroughly w i t h  pentane, 

pour ing the  e n t i r e  mixture i n t o  the  cen t r i f uge  tubes. 

15. Centr i fuge f o r  3  t o  4  minutes and pour the  f l u i d  i n t o  the  f i l t e r s .  

See step 19 below f o r  the  completion o f  the  use o f  the pressure 

f i l l t e r .  

Benzene Ex t rac t i on  o f  Asphaltenes 

16. Pour abrjut 20 m l  benzene i n t o  each' o f  the cen t r i f uge  tubes. S t i r  

w i t h  a  g las rod  (1/411 t o  3/8" diameter) and pour i n t o  the  o r i g i n a l  

beaker. Remove as much o f  the  mater ia l  from the  tubes beaker. 

Care should be exercised so t h a t  mater ia l  i s  no t  s p i l l e d .  

17. Sonicate the  benzene i n  the beaker f o r  3  t o  5 minutes a t  "output  

cont ro l ' '  l e v e l  3. Use a  benzene wash b o t t l e  t o  wash mater ia l  

remaining on the  sonicator  i n t o  the  beaker. Pour a l l  t he  ma te r ia l ,  

l i q u i d  and s o l i d ,  i n t o  the  cen t r i f uge  tubes us ing a  benzene wash 

b o t t l e  as required. 



18. Centr i fuge f o r  4  t o  5 minutes. 

19. To complete the  pentane so lub le  p o r t i o n  c o l l e c t i o n  apply pressure 

t o  the  f i l t e r  i f  any l i q u i d  remains i n  the  f i l t e r .  Wash the 

ins ides  o f  the  pressure f i l t e r  w i t h  pentane and pressure i t  through. 

Repeat. Remove the  pentane catch f l a s k  and p lace a  c lean f l a s k  

f o r  the  c o l l e c t i o n  o f  asphaltenes. Use a  l i t t l e  benzene t o  wash 

the  f i l t e r  and f i l t e r  paper. A few drops w i l l  begin t o  c o l l e c t  i n  

the clean f l ask .  

20. Pour the l i q u i d  from the  cen t r i f uge  i n  step 18 i n t o  the  pressure 

f i l t e r .  The sol  i d  mater ia l  should remain i n  the  cen t r i f uge  tubes. 

21. Pour some benzene i n t o  the  beaker and scrape the  ma te r ia l  remaining 

on . the  sides o f  the  beaker i n t o  the  benzene, Wash o ther  t o o l s  

upon which any qua'nt i ty o f  sample remains i n t o  the benzene i n  the  

f l ask .  The t o o l s  w i l l  i nc lude glass rods, spatula, and s o n i f i e r  

t i p  a f t e r  t he  e x t r a c t i o n  pr'ocedures were begun. 

22. Pour the benzene from the  beaker i n t o  the  cen t r i f uge  tubes. Wash 

any loose mater ia l  i n  the  beaker i n t o  the  cen t r i f uge  tubes. S t i r  

the  mater ia l  i n  the  cen t r i f uge  tubes v igorous ly  w i t h  the  glass 

rods used i n  step 15. 

23. Centr i fuge. 

24. Pour the l i q u i d  from step 22 i n t o  the pressure f i l t e r .  

25. Repeat steps 21-23 one more time. 

Methylene Chlor ide (90% by volume) - Methyl Alcohol (10% by Volume) 

Ex t rac t i on  of Preasphaltenes 

26. Repeat steps 15 through 24, b u t  w i t h  the  methylene chlor ide-methyl 

alcohol mixture ra the r  than benzene. Step 19 w i l l  r e f e r  t o  complet ing 

the benzene soluble p o r t i o n  c o l l e c t i o n  r a t h e r  than the  "pentane 

so lub le  por t ion ' '  co l  l e c t i  on. 



27. On t h e  l a s t  s tep wash a l l  t h e  m a t e r i a l  f rom t h e  c e n t r i f u g e  tubes 

i n t o  t he  pressure f i l t e r .  It w i l l  t ake  approx imate ly  one hour 

under 10 l b s  pressure t o  push t h e  l i q u i d  through t he  f i l t e r .  

111. Removing Solvents from t h e  Respect ive F rac t i ons  

Removing Pentane on Rotovap 

1. The f l a s k  may be r o t a t e d  s l ow l y  (on t h e  lowes t  Rotovap s e t t i n g ) .  

Rotovap ba th  temperature should be 60°C; a  smal l  f l o w  o f  n i t r o g e n  

should be d i r e c t e d  i n t o  t h e  o i l  f l a s k .  No s top  cock grease i s  

used. 

2. Leave t h e  f l a s k  on two minutes a f t e r  pentane ceases t o  form on t h e  

c o o l i n g  c o i l s .  (Drops may s t i l l  remain on t h e  c o i l s  b u t  w i l l  n o t  

be i nc reas ing  i n  s i ze . )  Cool ing c o i l s  a r e  approx imate ly  a t  O°C. 

Place a  c lean  f l a s k  on t h e  ro tovap t o  avo id  condensing Rotovap 

ba th  vapors on t he  c o o l i n g  c o i l s .  

3.  Al low t h e  f l a s k  now c o n t a i n i n g  o n l y  o i l s  t o  s e t  a t  room temperature 

f o r  one h a l f  hour, then weigh t o  o b t a i n  we igh t  o f  o i l s .  

Removing Benzene 

1. Rotovap ba th  temperature 75OC (Up t o  90°C i s  acceptable).  A 

medium n i t r o g e n  f l o w  r a t e  i s  requ i red .  

2. Do n o t  evaporate t h e  l a s t  10 t o  20 m l  o f  benzene. The benzene i s  

f reeze  d r i e d  as f o l l ows :  

a. S w i r l  t h e  f l a s k  i n  l i q u i d  n i t r o g e n  t o  evenly  coa t  t h e  i n s i d e  

two t h i r d s  o f  t he  f l a s k .  



b. At tach immediately t o  a vacuum pump. A t r a p  immersed i n  

l i q u i d  n i t rogen i s  necessary t o  c o l l e c t  the  benzene. The 

t r a p  i s  pos i t ioned between the  f l a s k  and the  pump. The pump 

should be exhausted t o  a hood. The freeze d ry ing  requ i res  

approximately 1 hour. 

3.  A f t e r  freeze dry ing,  d ry  the ou ts ide  o f  the  f l a s k  as necessary, 

l e t  se t  a t  room temperature f o r  1 5  minutes and weigh t o  ob ta in  

the  weight o f  asphaltenes. The appearance o f  t he  asphaltenes 

should be a medium t o  l i g h t  t an  and obviously  dry. I f  no t  dry,  

then repeat the  f reeze d ry ing  step. 

Removing . . =-. Methylene Chqoride - Methyl Alcohol 

1. Rotovap bath temperature 60°C t o  90°C. 

2. A low n i t rogen f l ow  r a t e  i s  requi red;  too  h igh  a f l ow  r a t e  w i l l  

r e s u l t  i n  blowing some o f  the  d ry  preasphaltenes out  o f  the f l ask .  

3. When the preasphal tene i s  completely dry,  remove the f l a s k ,  d ry  

the  outs ide,  a l l ow  t o  s e t  a t  room temperature f o r  one h a l f  hour 

and weigh t o  ob ta in  weight o f  preasphaltene. 

IV. Obtaining the  Weight o f  Residue 

The res idue conta in ing  the i nso lub le  organic mat ter  ( I . O . M . ) ,  coal 

minerals,  and any insouble mater ia l  added w i l l  accumulate 'on the  

f i l t e r  paper. Ca re fu l l y  remove t h i s  mater ia l  along w i t h  the 

f i l t e r  paper on t o  a watch glass. Recover any mater ia l  adhering 

t o  the f i  1 t e r  par ts .  A1 low the  mater ia l  t o  a i r  d ry  (breaking the  

mater ia l  apar t  w i l l  help).  A f t e r  d ry ing ' (one h a l f  hour i s  genera l l y  

s u f f i c i e n t  i f  the mater ia l  i s  broken i n t o  small pieces) weigh t o  

ob ta in  the amount o f  residue. 



V. Sample Weights 

1. I n  s p i t e  o f  repeated sc rap ing  and washing w i t h  var ious  so lven ts  

t h e r e  w i l l  be some smal l  amount o f  m a t e r i a l  remain ing on t h e  

beaker, c e n t r i f u g e  tubes, son i ca to r  t i p ,  f i l t e r  w a l l s ,  and t oo l s .  

Th is  i s  unavoidable, however, reasonable e f f o r t  should be made t o  

minimize t h e  loss .  

2. The weights o f  t he  var ious  f r a c t i o n s  a re  c a l c u l a t e d  from the  

f r a c t i o n  l e s s  t he  f l a s k  weight.  

3. Though t h e  o i l s  amount a r e  weighed, t h e  ac tua l  o i l  va lue used i s  

ob ta ined  by s u b t r a c t i n g  t h e  sum o f  t h e  asphalt'ene, preasphaltene, 

and res idue  weights from the  o r i g i n a l  sample weight.  The assumption 

i s  t h a t  i f  t h e  sum o f  t h e  f o u r  f r a c t i o n s  i s  l e s s  than  t h e  sample 

weight ,  t h a t  v o l a t i l e  components f rom the  o i l  were l o s t .  Th i s  

assumes t h a t  t he  amount o f  m a t e r i a l  l o s t  i n  1. i s  smal l .  



APPENDIX C 

So lven t  Separat ion Procedure ( A i r  Products) 

It i s  t h e  purpose o f  t h i s  procedure t o  p rov ide  a  r a p i d  and p r e c i s e  

f r a c t i o n a t i o n  o f  t h e  gross coal  convers ion p roduc t  i n t o  four  sub f rac t i ons  

de f i ned  by t h e i r  so l  u b i  1  i ty. 

A )  O i l s  - Pentane Solub les 

B) Asphaltenes - Pentane Insoluble/Benzene So lub le  

C) Preasphaltenes - P y r i d i n e  Soluble/Benzene I n s o l u b l e  

D) Residue - P y r i d i n e  i n s o l u b l e  

Th i s  procedure was conducted a t  room temperature 2S°C . - + 3', under n i t r o g e n  gas 

pressure,  us i ng  so lven ts  o f  t h e  h i ghes t  q u a l i t y  a v a i l a b l e .  The sample may be 

1  i q u i d ,  so l  i d  o r  a  m ix tu re ,  w i t h  l e s s  than 1% m a t e r i a l  b o i l i n g  below 150°C. 

Equipment Required: 

Branson Model 350 Sonicator  w i t h  3/4 i n c h  horn 

M i l l i p o r e  142 mm pressure f i l t e r  w i t h  300 m l  capac i t y  #XX40-047-00, w i t h  

142 mm f i l t e r ,  SF, FSLW-01420 

Round bottom d i s t i  11 i ng f l a s k s  - 500 m l  , 250 m l  , 2  each 

Rotovapor R, F i she r  S c i e n t i f i c  #9-548-151 (1979) 

Vacuum pump and t r a p  

Nitrogen-Gas (0-20 p s i  ad jus tab le )  pressure f i l t e r  feed  

Nitrogen-Gas (0-20 p s i  ad jus tab le )  ro tovapor  feed  

N i.l;r.oyeu~-l .iqu.icl (1-2L) f reeze  sanlpl e (dewar) 

a) n-Pentane - 
b) Benzene - Grade o f  so l ven t  depends upon u l t i m a t e  

c )  P y r i d i n e  - use o f  sample sub f rac t i ons  Pes t i c i de ,  

d) Methanol D i s t i l l e d  i n  Glass, o r  HPCL grade 

Fume hood 150-200 cfm a i r  r a t e  exchange 



9. Cool ing water o r  heater exchange f o r  rotovapor condenser 

10. Balance t o  read weights - + 0.005 grams o r  b e t t e r  w i t h  maximum load 200 

grams. 

Safety Features: 

Solvents must be used on ly  under the  fume hood and t r a n s f e r r e d  from b o t t l e  t o  

f l a s k  by hand pump. Gloves t o  p r o t e c t  workers hands, and o v e r a l l s  f o r  

labora tory  work are required. Clean-up o f  s p i l l s  on hands can be completed 

w i t h  Go-Jo, water less hand-cleaner, m i l d  scrubbing and water wash (warm). A l l  

normal sa fe ty  precaut ions must be observed dur ing  the f u l l  operat ion. 

Sample Hand1 i ng: 

The sample chosen f o r  t h i s  procedure must be representa t ive  o f  the  process 

u n i t  output.  Great care must be g iven t o  the  i s o l a t i o n  o f  approximately 

50 grams o f  gross product. 

The sample, once chosen, must be kept f r e e  o f  a i r  (oxygen), heat and l i g h t .  

Store samples not. ready f o r  separat ion a t  4OC under a b lanket  o f  n i t rogen.  

Hot samples may be taken i n  316 s ta in less  s tee l  b o t t l e s  (DuPont #03226, 235 m l  

61  x 140 mm w i t h  screw cap). Samples may be warmed t o  65OC i n  the  cans and 

s t i r r e d  o r  shaken t o  induce good mix ing j u s t  p r i o r  t o  t a k i n g  a 5 gram actual  

work-up sample. 

Procedure 

The labora tory  equipment i s  prepared i n  the f o l l o w i n g  order:  

a) U l t rason ic  u n i t . w i t h  3/4 i nch  horn adjusted and cleaned w i t h  methylene 

ch lo r ide .  

b)  M i l l i p o r e  f i l t e r  p u t  i n  p lace a f t e r  t a k i n g  weight o f  d ry  f i l t e r  

element. Ensure t h a t  a1 1 O-rings f i t  we1 1 w i t h  no leaks ( t e s t  w i t h  

n-pentane under 10 ps i ) .  Use Tef lon  tape (3/4 inch)  t o  wrap screw 

f i t t i n g s  and seals. 



c)  Prepare ro tovapor-bath temperature a t  55-60°F f o r  n-pentane; n i t r o g e n  

f l o w  r a t e  should j u s t  cause 1/4-1/2 i n c h  dimple i n  l i q u i d  o f  250 m l  

f l a s k .  

d) Cool i n g  1  i q u i d  f o r  ro tovapor  condenser should be 10°C i f  hea te r  

exchanger used - l O ° C  w i t h  MeOH. 

Step 1 Tare a  150 m l  heavy w a l l  Pyrex beaker, add 5  grams read t o  - + 0.005 

grams o f  t he  des i r ed  coa l -der i ved  sample. Add approx imate ly  100 m l  

o f  l i q u i d  n i t r o g e n  s l ow l y  t o  t h e  beaker t o  ma in ta i n  a  q u i e t  so lu t i on .  

To ta l  volume o f  l i q u i d  n i t r o g e n  used may exceed 500 m l .  

Step 2  Wi th  a  (3/81/2 inch)  Pyrex g lass  s t i r r i n g  rod,  g r i n d  t h e  now f rozen  

sample t o  a  f i n e  powder. Th i s  procedure requ i res  5-8 minutes and no 

l a r g e  1/16 i n c h  lumps should remain. F i l l  w i t h  more l i q u i d  n i t r o g e n  

t o  ma in ta i n  a t  l e a s t  30 m l  volume w h i l e  g r i nd ing .  

Step 3  A l low the  l i q u i d  n i t r o g e n  t o  evaporate t o  j u s t  above t h e  s o l i d  

mix ture.  Add w i t h  moderate (micro-probe 1/8 inch/power l e v e l  3) 

son i ca t i on  100 m l  o f  n-pentane. Some s t i r r i n g  may be r e q u i r e d  (keep 

t o o l s  o u t  o f  beaker w h i l e  son ic  power i s  on). Sonciate f o r  5  minutes ------ -- 
a t  l e v e l  5. 

Step 4  A l low m ix tu re  t o  s e t t l e  (1-2 minutes) decant supernatant i n t o  f i l t e r  

u n i t ,  r e f i l l  beaker w i t h  n-pentane and son ica te  again f o r  3-5 minutes. 

A l low decant l i q u i d  t o  f i l t e r  i n t o  a  250 m l  f l a s k  - do n o t  a l l o w  

f i l t e r  t o  dry from t h i s  t ime onward. -- ---- 

Step 5  Repeat Step 4  tw i ce  f o r  a  t o t a l  o f  300 m l  n-pentane. I f  ca t ch  f l a s k  

f i l l s  . t r a n s f e r  t o  ro tovapor  and beg in  t o  remove n-pentane under 

n i t r o g e n  a t  60°C. T rans fe r  t h e  s o l i d s  w i t h  smal l  p o r t i o n s  (25-50 m l )  

o f  pentane. 

Do n o t  d i s c a r d  beaker; h o l d  f o r  a d d i t i o n a l  t r a n s f e r  o f  so lven ts  t o  

f i l t e r .  Th is  assures removal o f  maximum amount o f  m a t e r i a l  and 

reduces losses. 



Step 6  F i  1  t e r  the sol  i ds ,  adding n i t rogen  pressure (5-10 p s i )  i f  needed. 

Add new pentane v i a  o r i g i n a l  beaker as needed f o r  a  t o t a l  o f  2  L. 

This  amount can be reco l l ec ted  from rotovapor u n i t  dur ing  the  

continuous solvent  removal steps. 

Step 7  Continue solvent  f i l t e r i n g  (up t o  2  L) u n t i  1  the  f i  1  t r a t e  i s  a  very 

l i g h t  yellow/green. A t  the  end o f  the pentane ex t rac t i on ,  w i t h  

25 m l  pentane i n  the  f i  1  t e r ,  add 100 m l  benzene and cont inue as i n  

Step 6  f o r  2.5 L. The new f i l t r a t e  i s  c o l l e c t e d  i n  a  new 500 m l  

f l a s k  ( ta re) .  Continue t o  t r a n s f e r  f i l t r a t e  t o  rotovapor w i t h  a  

waterbath temperature o f  75OC. Ni t rogen f l ow  r a t e  1/2 i nch  dimple. 

Step 8  The pentane solubles from steps 6  and 7  should R e  held on rotovapor  
f o r  2  minutes pas t  the l a s t  drop o f  condensed pentane i s  i n  the  

catch f l ask .  Remove, c lean and d ry  outs ide o f  the f l a s k  conta in ing  

the  o i l s  (reddish) and weigh. From the  d i f f e rence  on tare:  

Y i e l d  o f  o i l s :  -------- grams 

Step 9  The benzene e x t r a c t i o n  i s  c a r r i e d  ou t  i n  a  s i m i l a r  fashion as i n  

Steps 6-8. The benzene solubles are removed from the  rotovapor when 

10-20 m l  o f  s o l u t i o n  remains. The f l a s k  i s  sw i r l ed  i n  l i q u i d  n i t rogen 

t o  evenly coat  2/3 inner  f l a s k  and freeze the  s o l u t i o n  i n  place. 

Q u i c k l y  t r a n s f e r  f l a s k  t o  vacuum l i n e  (1 mm Hg) w i t h  t r a p  and a l low 

f l a s k  t o  stand unheated t o  f reeze dry  the  benzene (sublime) i n  about 

1 hour. 

Y i e l d  o f  asphaltenes: -------- grams 

Step 10 A f t e r  the  l a s t  benzene e x t r a c t i o n  begin t o  add p y r i d i n e  and cont inue 

e x t r a c t i o n  as i n  Steps 6-8. Remove the solvent  a t  90°C under 1/4-1/2 

i nch  n i t rogen dimple. Two l i t e r s  o f  p y r i d i n e  are required. The 

l a s t  wash should be pure methanol (100 m l ) ,  fo l lowed by n i t rogen  gas 

a t  5  p s i  f o r  10 minutes. As the  p y r i d i n e  i s  j u s t  near ly  removed 

(5-10 m l )  stop and add 10-15 m l  benzene. S w i r l  f l a s k  t o  mix contents 

and freeze-dry as i n  Step 9  f o r  one hour. I f  p y r i d i n e  odor remains, 

add 20 m l  benzene and re- f reeze dry. 



Yield of preasphaltenes: -------- grams 

Step 11 The residue will dry in-place. Stop nitrogen, gently remove f i  1 t e r  

and weigh. 

Yield of residue: -------- grams 

Step 1 2  Oils A 

Asphal tenes B 

Preasphal tenes C 

Residue D 

A + B + C + D = Total recovered 

Original mass of sample = MS. 

MS - total  recovered = net loss or gain. 

If gain of  weight i s  observed solvent i s  present in o i l s  or other fraction. 

If loss of  weight i s  observed o i l s  have volat i le  matter. 

Add net loss t o  mass of o i l s  (A  + net loss) and calculate over material recovery. 

Recovered Corrected % 

Report: Oils A A + net loss 

Asphal tenes B B 
Preasphal tenes C C 

Res i due D - D - 
Total Recovered MS 100% 



APPENDIX D 

F rac t i ona l  and Elemental Composit ion 
o f  t h e  Product L i q u i d  

The p roduc t  l i q u i d  samples c o l l e c t e d  du r i ng  t h e  ope ra t i on  o f  CPDU were 

so l ven t  separated i n t o  var ious  f r a c t i o n s  as discussed i n  Appendix C. 

The so l ven t  separa t ion  and elemental analyses r e s u l t s  f o r  t he  var ious  

f r a c t i o n s  a re  summarized below. 

FR C H 0 N S Ash Sum - - - - -  - - - 
CCI-25-14 PL - - 89.0 7.28 2 L,20 0.47 0.23 100.00 206 

0 88.60 89.64 7.40 1.30 1.17 0.50 -- 100.00 198 
A 7.80 80.99 4.68 -- - - - - - - - - - - 
P 3.40 -- - - - - - - - - - - - - - - 
R 0.20 -- - - - - - - - - - - - - - - 
Sum 100.0 
RCV 98.8 

CCL-25-28 PL - - 82.82 7.28 1.32 0.97 0.46 7.14 100.00 203 
0 88.0 89.25 7.74 1.39 1.19 0.44 -- 100.00 205 
A 3.0 84.0 6.76 -- - - 0.64 -- - - - - 
P 1.0 - - - - - - - - - - - - - - - - 
R 8.0 4.55 0.41 3.54 0.33 31.61 85.58 126.0Z1 -- 
Sum 100.00 
RCV 99.60 

Sum i s  more t.han 100% because coal  m inera ls  and added c a t a l y s t s  g a i n  weight  
upon ox ida t i on .  

C = Carbon 
H = Hydrogen 
0 = Oxygen 
N = N i t rogen  
S = S u l f u r  

Ash = Ox id ized  Residue 
PL = Product L i q u i d  
0 = O i l  
A = Asphaltene 
P = Preasphaltene 
R = Residue 

RCV = So lven t  Separat ion Recovery 
FR = So lven t  F rac t i ons  



- APPENDIX D (Continued) 

I 
CCL-25-40 PL 

0 
A 
P 
R 
S urn 
RCV 

CCL-25-52 PL 
0 
A 
P 
R 
S urn 
RCV 

CCL-25-88 PL 
0 
A 
P 
R 
S urn 
RCV 

CCL-25-100 PL 
0 
A 
P 
R 
S uiii 
RCV 

CCL-25-136 PL 
0 

A 
P 
R 
S urn 
RCV 

CCL-25-148 PL 
0 
A 
P 
R 
S urn 
RCV 

F rac t i ona l  and Elemental Composition 
o f  the  Product L i q u i d  

- 
FR C H 0 N S Ash S urn - - - - - - - - nMW - 



APPENDIX D (Continued) 

F r a c t i o n a l  and Elemental Composit ion 
o f  t h e  Product L i a u i d  

. - 

S Ash Sum - - - nMW - 
CCL-25-184 PL 

0 
A 
P 
R 
S urn 
RCV 

CCL-25-196 PL 
0 
A 
P 
R 
S urn 
RCV 

CCL-28-11 PL 
0 
A 
P 
R 
S urn 
RCV 

CCL-28-22 PL 
' 0 

A 
P 
R 
S urn 
RCV 

CCL-28-35 PL 
0 
A 
P 
R 
Sum 
RC\J 

CCL-28-46 PL 
0 
A 
P 
R 
Sum 
RCV 



APPENDIX D (cont inued) 

F r a c t i o n a l  and Elemental Composit ion 
o f  t h e  Product L i a u i d  

CCL-28-84 Cut # 1  

Cut #2 

SRC 

Res i due 

CCL-28-96 Cut # 1  

Cut #2 

SRC 

Residue 

CCL-28-110 Cut # 1  

- 
C H 0 N s Ash Sum n MW - - - -  - - - -  

87.65 8.40 2.44 0.68 0.83 -- 100.00 156 

89.85 7.16 1.42 1.12 0.46 -- 100.00 176 

85.26 5.84 5.20 2.17 1.11 0.42 100.00 -- 

29.60 1.85 7.40 0.45 5.00 59.60 103.90 -- 

Cut #2 89.87 7.21 1.60 0.77 0.55 -- 100.00 190 

S RC 84.09 5.88 5.27 3.05 1.42 0.29 100.00 -- 

Residue 21.32 1.35 6.54 0.29 6.83 70.30 106.63 -- 

CCL-28-123 Cut # 1  89.16 7.59 1.64 1.08 0.52 -- 100.00 183 

Cut #2 85.35 9.32 3.89 0.75 0.68 -- 100.00 -- 
S RC 84.15 6.13 5.64 2.14 1.94 -- 100.00 -- 

Residue 24.39 1.42 5.57 0.29 8.44 68.05 108.16 -- 

C u t # l  = IBP - 450°F 
Cut #2 = 450°F - FBP 
SRC = Solvent  Ref ined Coal 
~ e s i d u e  = P y r i d i n e  I nso lub les  



APPENDIX D (cont inued) 

F r a c t i o n a l  and Elemental Composit ion 
o f  t h e  Product L i q u i d  

- 
FR C H 0 N S Ash Sum n MW - - - - - - - - -  

CCL-28-56 PL - - 76.55 6.45 2.73 1.22 3.01 10.03 100.00 253 
0 69.09 89.05 7.76 1.49 1.23 0.47 -- 100.00 208 
A 11.82 85.99 6.40 4.40 2.38 0.83 -- 100.00 423 
P 5.70 84.11 5.57 5.52 2.66 1.07 -- 100.00 1142 
R 13.39 10.7 0.75 3.74 0.24 20.01 80.20 115.64 -- 
S urn 100.0 
RCV 99.86 

O r i g i n a l  Sol ven t  
(F.O.B. #11) 

P L - - 89.44 7.21 1.70 1.10 0.55 -- 100.00 222 
0 93.8 89.68 7.25 1.42 1.05 0.60 -- - - 100.00 208 
A 5.0 - - - - - - - - - - - - - - 
P 0.4 - - - - - - - - - - - - - - - - 
R 0.8 - - - - - - - - - - - - - - - - 
S um 100.0 
RCV 100.0 

CdL-31-10 0 93.3 89.51 7.34 1.55 0 .91  0.69 -- 100.00 210 
A 3.5 87.10 6.41 3.88 2.14 0.47 -- 100.00 570 
P 0.2 - - - - - - - - - - - - - - - - 
R 1.0 - - - - - - - - - - - - - - - - 
Sum 100.0 
RCV 99.9 

CCL-31-24 0 86.2 89.50 7.49 1.30 1.02 0.68 -- 100.00 200 
A 1 .5  87.10 6.50 3.80 2.13 0.47 -- 100.00 -- 
P 0.8 - - 9 - - - - - - - - - - - - - 
R 11.5 3.20 0.10 3.10 -- 31.70 85.95 124.05 -- 
S urn 100.0 
RCV 100.0 

CCL-31-34 0 90.9 89.77 7.45 1.54 0.68 0.55 -- 100.00 235 
A 4.6 87.48 6.60 3.23 2.24 0.45 -- 100.00 -- 
P 0.9 - - - - - - - - - - - - - - - - 
R 3.6 . 4.69 0.15 3.55 -- 20.65 81.75 110.79 -- 
S um 100.0 
RCV 99.6 



APPENDIX D (continued) 

F rac t i ona l  and Elemental Composition 
o f  t h e  Product L i q u i d  

CCL-31-45 0 
A 
P .  
R 
Sum 
RCV 

CCL-31-55 0 
A 
P 
R 
S um 
RCV 

CCL-31-66 0 
A 
P 
R 
S um 
RCV 

CCL-31-81 0 
A 
P 
R 
S um 
RCV 

CCL-31-93 0 
A 
P 
R 
S urn 
RCV 

CCL-31-109 0 
A 
P 
R 
Sum 
RCV 

- 
F R C H 0 N S Ash Sum nMW - - - - -  - - - -  



APPENDIX D (cont inued) 

F r a c t i o n a l  and Elemental Composit ion 
o f  t h e  Product L i a u i d  

CCL-31-113 0 
A 
P 
R 
S urn 
RCV 

CCL-31-128 0 
A 
P 
R 
S urn 
RCV 

CCL-31-139 0 
A 
P 
R 
S urn 
RCV 

CCL-31-149 0 
A 
P 
R 
S urn 
RCV 

CCL-31-161 0 
A 
P 
R 
Sum 
RCV 

CCL-31-175 0 
A 
P 
R 
S urn 
RCV 

- 
F R C H 0 N S Ash Sum n MW - - - - -  - - - -  

71.35 89.06 7.51 1.83 0.94 0.67 -- 100.00 250 
10.96 85.53 6.00 5.70 2.13 0.65 -- 100.00 375 

5.00 85.06 5.36 6.10 2.35 0.70 0.43 1OO:OO -- 
12.69 18.98 0.94 4.62 0.21 13,75 72.07 110.57 -- 

100.00 
98.27 



APPENDIX D (cont inued) 

Frac t iona l  and Elemental Composition 
o f  t he  Product L i q u i d  

CCL-31-186 0 
A 
P 
R 
S urn 
RCV 

CCL-31-196 0 
A 
P 
R 
Sum 
RCV 

CCL-31-206 0 
A 
P 
R 
Sum 
RCV 

CCL-31-219 0 
A 
P 
R 
Sum 
RCV 

CC1.~-.11-734 0 
A 
P 
R 
Sum 
RCV 

CCL-31-248 0 
A 
P 
R 
Sum 
RCV 

Ash 
- 

Sum n MW - - 
100.00 225 
100.00 505 
100.00 1730 
115.18 -- 



APPENDIX D (continued) 

Frac t iona l  and Elemental Composition 
o f  the Product L iqu id  

Ash Sum 

CCL-31-258 0 
A 
P 
R 
S urn 
RCV 

CCL-31-268 0 
A 
P 
R 
S urn 
RCV 

CCL-31-278 0 
A 
P 
R 
S urn 
RCV 

CCL-31-301 0 
A 
P 
R 
S urn 
RCV 

CCI..-31.-312 0 
A 
P 
R 
S urn 
RCV 

CCL-31-321 0 
A 
P 
R 
S urn 
RCV 



APPENDIX D (continued) 

CCL-38-10 0 
A 
P 
R 
S urn 
RCV 

CCL-38-17 0 
A 
P 
R 
S urn 
RCV 

CCL-38-28 0 
A 
P 
R 
Sum 
RCV 

CCL-38-40 0 
A 
P 
R 
S urn 
RCV 

CCL-38-83 n 
A 
P 
R 
S urn 
RCV 

CCL-38-102 0 
A 
P 
R 
S urn 
RCV ' 

F rac t iona l  and Elemental Composition 
o f  the  Product L iqu id  

- 
Ash S urn n MW - - - 



APPENDIX D (continued) 

Frac t iona l  and Elemental Composition 
o f  t he  Product L i q u i d  

CCL-38-120 0 
A 
P 
R 
Sum 
RCV 

CCL-38-129 0 
A 
P 
R 
Sum 
RCV 

CCL-40-10 0 
A 
P 
R 
Sum 
RCV 

CCL-44-20 0 
A 
P 
R 
Sum 
RCV 

CCL-44-32 0 
A 
P 
R 
S um 
RCV 

CCL-45-23 0 
A 
P 
K 
Sum 
RCV 

FR C H 0 N S Ash Sum - - - - -  - - - 



APPENDIX D (cont inued) 

CCL-45-31 0 
A 
'P 
R 
S urn 
RCV 

CCL-45-39 0 
A 
P 
R 
Sum 
RCV 

CCL-45-52 0 
A 
P 
R 
S urn 
RCV 

CCL-45-62 0 
A 
P 
R 
S urn 
RCV 

CCL-45-79 0 
A 
P 
R 
S urn 
RCV 

CCL-45-89 0 
A 
P 
R 
Sum 
RCV 

FR 

69.4 
10.4 
12.0 
8.2 

100.00 
98.98 

73.7 
10.4 
8.7 
7.2 

IUU. UO 
98.1 

68.7 
9.9 

11.8 
9.6 

100.00 
98.97 

73.40 
9.00 

10.60 
7.00 

100.00 
98.20 

73.20 
10.00 
9.70 
7.20 

100.10 
98.31 

73.00 
8.40 

'11.20 
7.40 

100.00 
98.00 

F r a c t i o n a l  and Elemental Composit ion 
o f  t h e  Product L i a u i d  

Ash 



APPENDIX D (continued) 

CCL-45-98 0 
A 
P 
R 
S urn 
RCV 

CCL-45-108 0 
A 
P 
R 
Sum 
RCV 

CCL-45-116 0 
A 
P 
R 
Sum 
RCV 

CCL-47-10 0 
A 
P 
R 
Sum 
RCV 

Frac t iona l  and Elemental Composition 
o f  t he  Product L i q u i d  

FR C H 0 N S Ash S um - - - - -  - - -  



APPENDIX E 

S u l f i d i n g  o f  I r o n  Oxide 

The i r o n  s u l f i d e  o r  reduced p y r i t e  (FeS) was prepared a t  Auburn U n i v e r s i t y  by 

sul  f i d i n g  f e r r i c  oxide (Fe203) w i t h  H2S i n  the  presence o f  hydrogen gas. The 

f e r r i c  oxide used was red-anhydrous powder o f  over 99% p u r i t y  and was obtained 

from Fisher  S c i e n t i f i c  Company. The hydrogen s u l f i d e  gas was o f  commercial 

p u r i t y  obtained from Matheson Gas Company. The s u l f i d i n g  reac t i on  i s  given i n  

Equation E-1. 

Fep03 + 2H2S + H2 > 2FeS + 3H20 (Eqn. E-1) 

The schematic o f  the apparatus used i s  shown i n  F igure E-1. A constant supply 

pressure o f  2 p s i g  was maintained on the  Hz and H2S cy l inders .  Rotameters 

were used t o  measure the  i n d i v i d u a l  gas f l ow  ra tes  and the  gas f l ow  ra tes  were 

c o n t r o l l e d  by f i n e  metering valves t o  g i ve  a requ i red  H2/H2S f l ow  r a t i o .  A 

porce la in  boat conta in ing  approximately 2-39 o f  f e r r i c  oxide was placed i n  the  

center  o f  1 - inch  O.D. Pyrex glass tube heated by a Lindberg E l e c t r i c  Furnace 

(Type 123-12). A thermocouple was i n s t a l l e d  i n  the  center  o f  the  furnace t o  

read and manually con t ro l  the temperature. The unreacted H2S gas was scrubbed 

w i t h  the  use o f  caus t ic  s o l u t i o n  and the  o ther  gases were vented i n  the  hood. 

The system was checked and cor rec ted  f o r  leaks before t u r n i n g  on the  heat. 

Usual ly ,  50-70 minutes were requ i red  t o  heat the furnace from room temperature 

t o  the  desi red temperature. When the  desi red temperature was reached, the  

t ime was marked as zero time. A reac t i on  t ime o f  150 minutes was used. A t  

the end o f  the  reac t i on  per iod  the heat was turned o f f  and. the  product  was 

al lowed t o  cool down r a p i d l y  t o  room temperature. The product  was then 

removed, ground, and stored under an i n e r t  atmosphere o f  Np f o r  l a t e r  use as a 

ca ta l ys t .  



FIGURE E-1 
APPARATUS FOR FeS PREPARATION 

RUBBER STOPPERS 

------ ----------- 
FINE METERING 

DIGITAL TEMPERATURE RECORDER 



APPENDIX F 

Ca lcu la t ion  o f  Reaction Rate Constants 

The reac t i on  r a t e  constants f o r  conversion o f  asphal tene and preasphal tene 

were ca lcu la ted  assuming sequential  reac t ion ,  f o r  example, 

Coal > Preasphal tenes > Asphal tenes > O i l s  

kc k  P ka 

where kc, k and ka are f i r s t - o r d e r  r a t e  constants f o r  the  conversion o f  
P ' 

coal,  preasphaltenes and asphaltenes, respect ive ly .  The r a t e  expression could 

be w r i t t e n  as fo l lows:  

and 

where t = nominal residence time, h r .  

C = concentrat ion o f  coal ,  g/hr. 

P = concentrat ion o f  preasphal tene, g/hr. 

A = concentrat ion o f  asphal tene, g/hr. 

0 = concentrat ion o f  o i  1, g/hr. 

and subscr ip t  i and o r e f e r  t o  i n l e t  and o u t l e t ,  respect ive ly .  

Rearranging the  equations F-1 t o  F-4, t o  obtain: 



Equations F-5 and F-6 were used to  calculate the first-order reaction rate 
constants for the conversion of asphaltene and preasphaltene. 



APPENDIX G 

Thermal Proper t ies o f  Various Minera ls  and M e t a l l i c  Wastes 

Magnetite - The thermogram o f  magnetite i n  the  presence o f  f l ow ing  hel ium i s  

shown i n  Figure G-1. Neg l i g ib le  weight l oss  was observed suggesting t h a t  

magentite i s  thermal ly  s tab le  up t o  600°C under i n e r t  atmosphere. 

The thermogram f o r  magnetite i n  the  presence o f  f l ow ing  hydrogen i s  a l so  shown 

i n  Figure G-1. Magnetite began l o s i n g  weight ( reduct ion o f  magnetite) a t  

around 350°C; the  r a t e  o f  weight reduc t ion  reached i t s  maximum a t  around 
' 

450°C. The reac t i on  o f  magnetite w i t h  hydrogen i s  represented by the  equat ion 

given below. l 

Fe304 + 4H2 = 3 Fe + 4H20 (Eqn. G-1)  

S to ich iomet r ica l  ly ,  complete reduc t ion  o f  pure magnetite (Fe304) r e s u l t s  i n  

27.6% weight reduct ion. The o v e r a l l  observed weight l oss  a t  600°C was 24%. 

Therefore, the  actual  and the  t h e o r e t i c a l  weight l oss  correspond very we l l  

(p rov id ing  the  i m p u r i t i e s  i n  the  magnetite sample are accounted f o r  i n  the  

ca l cu la t i on )  suggesting t h a t  complete reduc t ion  o f  magnetite i s  achieved a t  

6OO0C. 

Magnetite when reduced a t  450°C under 1000 p s i g  hydrogen pressure f o r  10 

minutes i n  the  PTGR ( f a s t  heat ing) l o s t  approximately 2.7% weight (see 

Table G-1). This weight loss corresponds t o  on ly  10% o f  the  weight l oss  

necessary f o r  complete s to i ch iomet r i c  reduct ion.  Therefore, i f  magnetite i s  

used as a disposable c a t a l y s t  i n  coal l i q u e f a c t i o n ,  on ly  a small f r a c t i o n  o f  

the  t o t a l  hydrogen requ i red  f o r  coal l i q u e f a c t i o n  w i l l  be consumed i n  reducing 

the magnetite. 

- - 

Kawa, Walter,  Hiteshue, R. W. ,  Anderson, R. E. and Harold Greenf ie ld,  

"Reactions o f  i r o n  and i r o n  compounds w i t h  hydrogen s u l f i d e " ,  A r e p o r t  

prepared by the Burea o f  Mines ( Inves t i ga t i on  5690) 



FIGURE G-1 
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Sampl e  

Magnet i te  

M o n t m o r i l l o n i t e  (Th i xoge l l  #3) 

M o n t m o r i l l o n i t e  (Hyd r i t e  PX1672) 

M o n t m o r i l l o n i t e  ( C o l l o i d  BP1673) 

A p a t i t e  (Monocal c i  um Phosphate) 

A p a t i t e  ( D i c a l c i  um Phosphate) 

A p a t i t e  (T r i ca l c i um  Phosphate) 

Q u i c k  Lime 

Gyps urn 

Born i  t e  

I l m e n i t e  

Ru t i  1  e  

I l l i t e  

Molybdeni te  

F lue  Dust 

TABLE G-1 

Reduction o f  M inera ls  and M e t a l l i c  Wastes i n  t h e  PTGR 

I n i  t i  a1 F i n a l  
Weight, Weight, Weight Loss, Gas Analyses, % 

% 2  C02 H2S H20 4 4 A -  ---- 

Tota l  
Recovered Recovery 

Product o f  Los t  
g  Weight 



Samp 1 e 

TABLE G-1 (Continued) 

Reduction o f  Minera ls  and M e t a l l i c  Wastes i n  t h e  PTGR 

I n i t i a l  F ina l  
Weight, Weight, Weight Loss, Gas Analyses, % 

% 2 C02 H2S H20 9 9 9- ---- 
A1 n i  co G r i  nd i  ngs 3 . 0 0 .  2.96 0.04 1.3 - - - - - - - - 

Super A l ' l  oy G r i  nd i  ngs 3.00 3.00 0.00 0.0 - - - - - - - - 

Kaol i n i  t e  Burgess #10 2.82 2.80 0.02 0.02 - - - - - - - - 

C a l c i t e  2.82 2.82 0.00 0.00 - - - - - - - - 
Feldspar NC-4 3.00 3.00 

Albanion Chrome 

Ore Concentrate 3.00 2.98 

Molybdi c Oxide 3.00 2.73 

Phosphate Slime 1.00 0.89 

Sphal e r i  t e  (ZnS) 3.00 2.98 

Do1 omi t e  1.00 1.00 

O i l  Shale 1 - 0 0  0.95 

Red Mud 1.00 0.87 

To ta l  
Recovered Recovery 

Product o f  Los t  
g Weight ,% 

Reaction Time = 10 Minutes, Temperature = 450°C 
Pressure = 1,000 p s i g  H 2 



The DTA o f  magnetite i n  the presence o f  a i r  showed a  small exotherm from room 

temperature t o  120°C (see Figure G-2). This  exotherm, the  on ly  thermal a c t i v i t y  

t h a t  was observed, was apparent ly due t o  ox ida t i on  o f  carbon and o ther  i m p u r i t i e s  

present i n  the  sample. 

Zinc Flue Dusts - The thermograms o f  low z inc  and h igh  z inc  f l u e  dus t  samples 

under f l ow ing  helium gas are shown i n  Figures G-3 and G-4. Both samples were 

noted t o  be thermal ly  s tab le  i n  the  presence o f  i n e r t  gas; i .e . ,  no weight 

l oss  upon heat ing i n  the  presence o f  i n e r t  atmosphere. 

The thermograms o f  z inc  f l u e  dust  samples under f l ow ing  hydrogeri,are a lso  

presented i n  Figure G-3 and G-4. Both f l u e  dust  samples s t a r t e d  l o s i n g  weight 

( reduct ion o f  f l u e  dust) a t  around 350°C and cont inued t o  do so w i t h  the  

increase i n  temperature. Complete reduct ion  o f  f l u e  dust  samples was'not 

achieved dur ing  the  heat ing per iod.  The o v e r a l l  weight loses f o r  low z inc  and 

h igh  z inc  samples a t  600°C were 14.5 and 12.5%, respect ive ly .  

The DTA's o f  z i nc  f l u e  dust samples (low and h igh  z inc  contents) i n  the  presence 

o f  helium and a i r  are shown i n  Figures G-5 t o  G-8. The low z inc  and h igh  z inc  

f l u e  dust  samples gave minor endotherms a t  133 and 7Z°C, respect ive ly ,  i n  the  

presence o f  helium. These endotherms are probably due t o  the  vapor iza t ion  o f  

moisture present i n  the  samples. S i m i l a r l y ,  minor endotherms were observed i n  

the presence o f  a i r  a t  somewhat lower temperatures. Also, very minor exotherms 

a t  360°C (low z inc  sample) and a t  10g°C (h igh  z inc  sample) were apparent ly  due 

t o  the  ox ida t i on  o f  the  sample. The h igh  z inc  sample, i n  a d d i t i o n  t o  both an 

endotherm and exotherm a t  low temperatures, a lso  gave an endotherm a t  495OC 

which was due t o  fus ion  o f  the sample. 

The two z'inc f l u e  dust samples were reduced a t  450°C under 1000 p s i g  hydrogen 

pressure f o r  10 minutes i n  the  PTGR ( f a s t  heat ing) t o  study the reduct ion  o f  

f l u e  dusts and the  data are presented i n  Table G-2. The low z inc  and h igh  

z inc  f l u e  dust samples l o s t  6.3 and 4.7% weight, respect ive ly .  The corresponding 

weight 1  osses ( a t  450°C) under f 1 owing hydrogen (1 atm pressure) were 1.5 and 

3%. The d i f fe rences i n  the weight l oss  under f l ow ing  hydrogen and under 

pressur ized hydrogen cou ld  be due t o  d i f fe rences i n  pressure and heat ing time. 



FIGURE 6-3 
PGA OF ZlNC FLUE DUST (LOW ZINC) IN THE PRESENCE 

OF HELIUM AND HYDROGEN GASES 

0 - ----__ 
\ 

'. 

TEMPERATURE . OC 

I 
P 
$ 30- 

a- 

FlGURE 0-5 
DATA OF LOW ZlNC FLUE DUST IN THE PRESENCE OF HELIUM 

H e  He FLOW R4TE = 40 ML.IMIN. 

---- Hz 
Hz FLOW RATE = 300 MLIMIN. 
HEATING F.ATE = 

Hz = 10°CIMIN. 

HI = 20°CI~lN. 

I HEATING RATE = 2B0 CIMIN. 

TEMPEEATURE, OC 

FIGURE 04 
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FIGURE 0-7 
DTA OF LOW ZlNC FLUE DUST IN THE PRESENCE OF AIR 

FIGURE 0-8 
DTA OF HIGH ZINC FLUE DUST IN THE PRESENCE OF AIR 

I HEATING RATE = 20' CIMIN. 1 

FIGURE G-@ 
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FIGURE 0-10 
TGA OF COPPERAS IN THE PRESENCE 
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TABLE G-2 

Reduction o f  Zinc Flue Dusts i n  PTGR 

Low Z i  nc 

Temp. , O C  

Pressure, p s i  g 

I n i t i a l  Weight, g 

F ina l  Weight, g 

Weight Loss, g 

Weight Loss, % 

Gas Analyses, g water 

L i q u i d  Analysis ,* g, water 

L i q u i d  Analysis,* g, s u l f u r  

Tota l  Recovered Product, g 

% Recovery o f  Lost Weight 

High Zinc 

450 

1000 

3.0 

2.86 

0.14 

4.67 

0.0468 

0.2845 

0.0002 

0.3315 

237.0 

"Condensed i n  the  i c e  t rap.  



The samples of z inc  f l u e  dusts before and a f t e r  hydrogen reduct ion  i n  the  PTGR 

were analyzed by x-ray d i f f r a c t i o n .  The major d i f f e rence  between the  two z inc  

samples was the  concentrat ion o f  z inc ;  the  h igh  z inc  samples had s i g n i f i c a n t l y  

g rea ter  concentrat ion o f  ZnO than the low z inc  sample. The chemical forms o f  

z inc  present i n  the  two samples were i d e n t i f i e d  as ZnFe204 and ZnO. A f t e r  

hydrogen reduct ion  the amount o f  ZnFep04 present  i n  t he  sample diminished and 

elemental i r o n  and the  FeO isomorph appeared. The concentrat ion o f  ZnO was 

no t  g r e a t l y  a f fec ted  by the treatment. Z inc metal was no t  observed e i t h e r  

before o r  a f t e r  reduct ion.  Apparently the  i r o n  oxide reduced i n  preference t o  

the  z inc  oxide. The analys is  o f  var ious hydrogen reduct ion  products (gas and 

condensed 1 i q u i d  given i n  Table G-2 showed t h a t  t he  major product was water. 

The formation o f  water f u r t h e r  confirmed the  reduct ion  o f  i r o n  ox ide t o  elemental 

i r on .  

Zinc Oxide - Zinc oxide on ana lys is  by TGA l o s t  weight a t  approximately 450°C 

i n  the  presence o f  hydrogen gas as shown i n  Figure G-9. The s to i ch iomet r i c  

reduc t ion  (24.6% weight loss)  o f  ZnO was obtained a t  about 660°C. The sample 

cont inued t o  lose  weight a t  temperatures above 660°C. The excess l oss  i n  

weight (more than the s to i ch iomet r i c  amount) was due t o  v o l a t i l i z a t i o n  o f  

z inc.  S im i l a r  r e s u l t s  were obtained by reducing ZnO i n  the  PTGR a t  450 and 

1000°C and 1000 p s i g  hydrogen pressure. ZnO l o s t  approximately 60% o f  t he  

i n i t a l  weight a t  1000°C i n  j u s t  ten  minutes; whereas no weight loss  was observed 

a t  450°C as shown i n  Table G-3. So, i f  ZnO i s  t o  be, reduced t o  Zn, the reduct ion  

temperature used should be i n  between 450-660°C t o  assure the  reduct ion  o f  ZnO 

and t o  avoid v o l a t i l i z a t i o n  o f  elemental z inc.  The reduct ion  o f  the  ZnO 

sample v e r i f i e d  e a r l i e r  work o f  hydrogen reduct ion  o f  z inc  f l u e  dusts where no 

reduct ion  o f  ZnO was repor ted a t  450°C. Furthermore, no weight co r rec t i on  due 

t o  the  reduct ion o f  ZnO would be necessary i f  i t  i s  used as an a d d i t i v e  i n  

coal l i q u e f a c t i o n  under normal operat ing condi t ions.  

The DTA o f  ZnO i n  the presence o f  a i r  showed no s i g n i f i c a n t  features up t o  

550°C i n d i c a t i n g  the  sample was thermal ly  s table.  

Copperas (Ferrous Su l fa te )  - The thermogram o f  copperas under an i n e r t  atmosphere 

i s  shown i n  Figure G-10. The sample s t a r t e d  l o s i n g  water o f  c r y s t a l l i z a t i o n  

a t  around 40°C. The r a t e  o f  water removal reached i t s  maximum value a t  around 



Table G-3 

Reduction o f  Z inc  Oxide i n  PTGR 

Temp. , OC 1000 450 

H2 Pressure, p s i g  1000 . 1000 

React ion Time, min. 10 10 

I n i t i a l  Weight, g 3.00 3.00 

F i n a l  .Weight, g 1.20 3.00 

Weight Loss, g 1.80 0.00 

Weight Loss, % 60.0 0.0 



t 
120°C, dropped s u b s t a n t i a l l y  above 200°C, once again s t a r t e d  t o  increase a t  

about 500°C, and continued t o  do so w i t h  the  increase i n  temperature. The 

water o f  c r y s t a l 1  i z a t i o n  present i n  the copperas (43.28%) was removed a t  

635OC. The sample l o s t  more than 44% weight a t  and above 640°C. This  add i t i ona l  

loss  o f  weight ( i n  add i t i on  t o  water o f  c r y s t a l l i z a t i o n )  a t  the  h igher  temperature 

was due t o  decomposition o f  FeS04 t o  s u l f u r  d iox ide,  s u l f u r  t r i o x i d e ,  basic  

i r o n  s u l f a t e  (Fe2[SO4I3), and o ther  products. 

The thermogram o f  copperas under f l ow ing  hydrogen i s  shown i n  F igure G-11. 

The water o f  c r y s t a l  1 i z a t i o n  (43.28%) was removed a t  around 470°C, considerably 

lower than i n  t he  case o f  py ro l ys i s .  The decomposition o f  FeS04 was apparent ly  

completed a t  around 520°C ( i n s i g n i f i c a n t  change i n  weight above 520°C). The 

DTA o f  copperas run  t o  550°C i n  the  presence o f  a i r  showed endotherms t h a t  

were due t o  the  loss  o f  water a t  around 75 and 130°C and exotherms t h a t  were 

due t o  decomposition and ox ida t i on  of FeS04 a t  220°C (see Figure G-12). The 

sample, a f t e r  cool ing,  was run again. Most o f  the  endotherms and exotherms 

disappeared as shown i n  Figure G-12. Another sample was heated t o  j u s t  below 

220°C t o  remove the  water o f  c r y s t a l l i z a t i o n  and then cooled t o  room temperature 

Again on heat ing t o  200°C, most o f  the  endotherm disappeared as shown i n  

Figure G-13. A l l  the water o f  c r y s t a l l i z a t i o n  was l o s t  by 200°C wi thout  

decomposing the  mater ia l .  

Terra Alba F&P Gypsum - The TGA o f  Terra Alba F&P gypsum (CaS02. 2H20) i n  the 

presence o f  hydrogen and n i t rogen i s  shown i n  Figure G-14. A sharp ,19% i n i t i a l  

weight l oss  was observed between 100 and 200°C i n  the  presence o f  both gases. 

The weight l oss  i s  due t o  the l oss  o f  water o f  hydrat ion. The combined water 

present i n  the  gypsum was repor ted t o  be 19.8%. The observed weight l oss  o f  

19% corresponds we l l  t o  the  amount o f  combined water present  i n  the  sample. 

The sample l o s t  water o f  hydra t ion  a t  a lower temperature i n  the  presence o f  

hydrogen than i n  the presence o f  n i t rogen.  The hydrogen reduct ion  o f  gypsum 

K i r k  - Othmer, Encyclopedia o f  Chemical Technology, Volume 12, Page 40, 

Second Ed i t i on ,  In te rsc ience Publ ishers. 



FIGURE Q-11 
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FIGURE G-14 
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a t  h igh  hydrogen pressure shown i n  Table G-1 a l so  gave a weight l oss  o f  about 

19%. A l a rge  p o r t i o n  o f  the weight l oss  i s  due t o  the  removal o f  water o f  
a hydra t ion  and the  balance due t o  the  decomposition o f  gypsum. 

The DTA o f  two d i f f e r e n t  gypsums (Terra Alba F&P and Terra Alba #105) gave a 

l a rge  endotherm between 100 and 150°C (see Figures G-15 and G-16). The endo- 

therm i s  due t o  the  l oss  o f  water o f  hydrat ion.  The sample, a f t e r  l o s i n g  

waters o f  hydrat ion,  was thermal ly  s tab le  i n  the  presence o f  a i r  up t o  550°C. 

Kaol i n i t e  (Burgess # lo )  - The sample was s tab le  from room temperature t o  300°C 

both i n  the presence o f  hydrogen and n i t rogen.  The sample l o s t  approximately 

13% weight a t  about 625OC i n  the  presence o f  both gases, as shown i n  Figure 

G-17. The l oss  i n  weight i s  due t o  the  l oss  o f  s t r u c t u r a l  water from the  c l a y  

matr ix .  

The k a o l i n i t e  sample was reduced a t  h igh  hydrogen pressure i n  the  PTGR and the  

r e s u l t s  are repor ted i n  the Table G-1. Neg l i g ib le  weight l oss  was observed a t  

450°C and 1000 p s i g  hydrogen pressure. Kaol i n i  t e  i s  chemical l y  and thermal l y  

s tab le  a t  t y p i c a l  coal l i q u e f a c t i o n  reac t i on  condi t ions.  The DTA o f  k a o l i n i t e  

i n  a i r  i s  shown i n  Figure G-18. An endotherm observed around 400°C was very 

broad and cont inued beyond the temperature range used i n  the experiments. The 

endotherm i s  due t o  the  loss  o f  l i g h t l y  bound water i n  the  c l a y  mat r ix .  

Apa t i t e  (Monocal c i  um, D ica l  c i  um, and T r i c a l  c i  um Phosphate) - Endotherms were 

observed a t  around 270 t o  290°C due t o  the  l oss  o f  water o f  hydra t ion  and 

condensation o f  the  hydroxyl groups i n t o  the oxide (see Figures G-19 t o  G-20). 

The monocalcium phosphate showed t h i s  process most c l e a r l y ,  whereas the  l a t t e r  

process dominated i n  the  d ica lc ium phosphate. The t r i c a l c i u m  phosphate has no 

hydroxyl group t o  lose, hence no endotherms appeared i n  the DTA t r a c e  a t  the 

i nd i ca ted  temperature. There i s  some i n d i c a t i o n  o f  loss  o f  moisture around 

2oo0c. 

The hydrogen reduct ion  r e s u l t s  o f  a p a t i t e  are shown i n  Table G-1. The weight 

loss  ranging from two t o  ten  percent was due t o  the  loss o f  water o f  hydrat ion. 

The a p a t i t e  by i t s e l f  i s  i n s e n s i t i v e  t o  hydrogen reduct ion  a t  450°C. 
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Montmori 11 oni  t e  - Three d i f f e r e n t  samples o f  montmori 11 oni  t e  were hydrogen 

reduced a t  450°C and 1000 p s i g  pressure. The samples showed weight losses 

ranging from two t o  ten  percent. The weight l oss  was mainly due t o  the  removal 

o f  water from the  samples. Water was the  major compound determined i n  the  gas 

product as repor ted i n  Table G-1. The montmor i l lon i te  by i t s e l f  was i n s e n s i t i v e  

t o  hydrogen reduct ion  a t  450°C. 

Z i rcon and Quar tz  - No thermal a c t i v i t y ' w a s  observed i n  the  presence o f  a i r  up 

t o  500°C. The mater ia ls  were a lso  i n s e n s i t i v e  t o  hydrogen treatment a t  450°C 

i n  the PTGR. 

C a l c i t e  - The.DTA o f  c a l c i t e  gave no endothermic o r  exothermic a c t i v i t i e s .  

Also, no reduct ion  o f  t he  sample was observed i n  the  PTGR a t  1000 p s i g  hydrogen 

pressure and 450°C, as shown i n  Table G-1. 

R u t i l e  - There were no major features i n  the  DTA o f  r u t i l e  i n  the  presence o f  

a i r .  The small endotherms between 150 t o  225OC (Figure G-22) were due t o  the  

l oss  o f  water adsorbed on the surface o f  the  mineral.  The sample was i n s e n s i t i v e  

t o  hydrogen reduct ion  a t  450°C. 

I l m e n i t e  - No sharp features were observed i n  t he  DTA o f  i l m e n i t e  i n  a i r .  A 

broad endotherm around 400°C, as shown i n  F igure G-23, was due t o  i m p u r i t i e s  

present i n  the  mineral.  The sample was i n s e n s i t i v e  t o  hydrogen a t  450°C. 

Feldspar (NC4) - No major features i n  the  DTA i n  a i r  (see Figure G-24) were 

observed. The mater ia l  was a l so  found t o  be i n s e n s i t i v e  t o  hydrogen reduct ion  

a t  h igh  pressure i n  the  PTGR (see Table G-1). 

I l l i t e  - Small exotherrns were observed i n  the DTA o f  i l l i t e  i n  the presence o f  

a i r ,  as shown i n  F igure G-25. The exotherms are due t o  the ox ida t i on  o f  

inorganic and i r o n  cons t i tuents  o f  the  mineral.  The sample was i n s e n s i t i v e  t o  

hydrogen a t  450°C. 

Chrome Ore Concentrate - The DTA o f  chrome ore concentrate i n  t he  presence o f  

a i r  showed no s i g n i f i c a n t  a c t i v i t y  over the  temperature range used i n  t h i s  

study (Figure G-26). The mater ia l  was i nsensi t i v e  t o  hydrogen t rea le~en t  a t  

450°C i n  the  PTGR (Table G-1). 
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Quick  Lime - Quick  l ime i n  the presence o f  a i r  showed no apparent thermal 

a c t i v i t y  up t o  550°C. Under hydrogen pressure quick l ime d i d  no t  reduce a t  

450°C as shown i n Tab1 e G-1 . 

Molybdic Oxide - No thermal a c t i v i t y  was observed i n  the  presence o f  a i r  up t o  

600°C as shown i n  Figure G-27. Molybdie oxide l o s t  9% weight when t r e a t e d  i n  

the  PTGR, which was mainly due t o  the reduct ion  o f  metal oxide. 

Mordenite and Chabozite - The thermograms o f  mordenite and chabozite showed no 

thermal a c t i v i t y  i n  the presence o f  a i r .  

X-Type Molecular Sieve - The thermogram o f  X-type molecular s ieve showed a 

broad and prnnn~~nced endotherm s t a r t i  nq a t  room temperature and cont inu ing  t o  

about 350°C (see Figure G-28). The endotherm was due t o  the  l oss  o f  adsorbed 

water. 

Flue Dust - Ni-Mo-Fe conta in ing  f l u e  dust  sample showed a broad exotherm i n  

the presence o f  a i r  (Figure G-29). The exotherm was due t o  ox ida t i on  o f  

var ious metals present i n  the sample. The hydrogen reduct ion  o f  f l u e  dust  

showed a weight loss  o f  seven percent a t  450°C and 1000 p s i g  pressure. The 

major weight loss.was due t o  the  reduct ion  of some o f  the metal oxides t o  

t h e i r  corresponding reduced states.  The r e s u l t s  o f  hydrogen reduct ion  of f l u e  

dust  are t a b l u l a t e d  I n  Table G-1. 

Bo rn i te  - The' hydrngen reduct ion  o f  bo rn i t e ,  shown i n  Table G-1, gave a s i x  

percent weight loss.  The weight i s  mainly due t o  the  reduct ion  o f  oxides t o  

t h e i r  corresponding reduced form. 

Super A l l o y  and A ln ico  Grindings - The DTA's i n  a i r  o f  super a l l o y  and A ln ico  

gr indings are  shown i n  Figures G-30 and G-31. The samples showed a d e f i n i t e  

exotherm due t o  the ox ida t i on  o f  the metals. Since the  ox ida t i on  i s  a surface 

process, the  broad peaks are due t o  a l ack  o f  r a p i d  oxygen t r a n s f e r  below the  

surface. The hydrogen reduct ion  o f  the  above two gr ind ings  a t  450°C and 1000 

p s i g  was conducted i n  t he  PTGR. The samples were found t o  be i n s e n s i t i v e  t o  

hydrogen.reduct ion as shown i n  Table G-1. This i s  due t o  the  presence o f  

metals i n  the samples i n  the reduced form. 
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Spha ler i te  (ZnS) - The TGA o f  spha ler i  t e  under f l ow ing  hydrogen and n i t rogen 

gases i s  shown i n  Figure G-32. The mater ia l  was i n s e n s i t i v e  t o  thermal treatment 

(n i t rogen) as we l l  as chemical reac t l on  t o  hydrogen a t  temperatures up t o  

600°C. No reac t i on  was noted when the  mater ia l  was heated w i t h  hydrogen a t  

450°C and 1000 p s i g  (Table G-1). 

Red Mud - The TGA o f  red  mud under n i t rogen (Figure G-33) showed a  weight l oss  

o f  12% a t  ,700°C. This was due t o  the  l oss  o f  v o l a t i l e  mater ia l  present  i n  t he  

sample. The weight l oss  o f  27% a t  650°C i n  the presence o f  hydrogen gas was 

due t o  the  reduct ion  o f  var ious oxides t h a t  were present  i n  the  sample i n  

t h e i r  respect ive elemental form. A weight loss  o f  13% was noted a t  450°C i n  

the  PTGR (see Table G-1) which matched a  corresponding weight loss  o f  14.5% a t  

450°C i n  the  TGA. This weight l oss  under process cond i t ions  can have a  

s i g n i f i c a n t  a f f e c t  on the  reac t i on  cond i t ions  under continuous f l ow  operat ion. 

Since most o f  the  product obtained by hydrogen reduct ion  i s  water, i f  t h i s  

moisture passes through the reac t i on  system, i t  can severely reduce the  hydrogen 

p a r t i a l  pressure i n  the  system. 

Other Mater ia ls  - Dolomite was i n s e n s i t i v e  t o  hydrogen treatment a t  450°C i n  

the  PTGR (see Table G-1). No weight co r rec t i on  would be requ i red  when t e s t i n g  

i t  f o r  i t s  c a t a l y t i c  a c t i v i t y  i n  coal l i que fac t i on .  Phosphate s l ime l o s t  11% 

weight which was mainly due t o  the  reduct ion  o f  metal oxides present' i n  the 

sample. O i l  shale gave 5% weight reduc t ion  mainly due t o  the  loss  o f  v o l a t i l e s .  

F l v  Ashes 

Green River  (blend) F l y  Ash - This sample was obtained from the  Green River 

power p l a n t  located a t  Moorman, Muhlenberg Co., Kentucky. It was taken when 

burn ing a  "blend" o f  two W. Kentucky coals i n  the  power p lan t .  The DTA o f  t he  

sarnple i n  the  presence o f  helium showed no thermal a c t i v i t y  (Figure G-34), 

whereas i n  the  presence o f  a i r  an exotherm occurred around 587OC (Figure G-35). 

The exotherm i s  due t o  the ox ida t i on  o f  some o f  the  compounds present  i n  the 

f l y  ash. Figure G-36 shows the  thermograms o f  Green River  (blend) f l y  ash 

under f low ing helium and hydrogen gases. The f l y  ash was found t o  be thermal ly  

stab1 e  under i n e r t  atmosphere (he1 i um); whereas i t  s t a r t e d  l o s i n g  weight a t  

around 300°C under f l ow ing  hydrogen. The weight l oss  a t  600°C was observed t o  
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Green River  (high) F l y  Ash - This sample was a lso  obtained from the  Green 

River  power p lan t .  It was taken when burn ing "high" s u l f u r  W. Kentucky coal 

i n  the  power p lan t .  The DTA's o f  Green River  (high) F l y  Ash were found t o  be 

s i m i l a r  t o  t h a t  o f  the  blend except f o r  an exotherm a t  630°C ins tead of 587OC. 

The DTA's are shown i n  Figures G-37 and G-38. The Green River  (high) ash l o s t  

weight a t  approximately 350°C, both under f 1 owing he1 i um and hydrogen gases 

(see Figure G-39). The weight losses under f l ow ing  helium and hydrogen gases 

a t  600°C were observed t o  be 1.0 and 3.0%, respect ive ly .  

Brown F l y  Ash - The f l y  ash sample was obtained from the  E. W. Brown power 

p l a n t  loca ted  a t  Burgin, Mercer Co., Kentucky. The sample was taken when 

burn ing E. Kentucky coal i n  the  power p lan t .  The DTA i n  the  presence o f  

helium showed no thermal a c t i v i t y  (Figure G-40). The DTA i n  the  presence o f  

a i r  showed an exotherm a t  660°C due t o  the  ox ida t i on  o f  the  mater ia l  (Figure 

G-41). The thermograms f o r  Brown f l y  ash under f l ow ing  helium and hydrogen 

gases are shown i n  Figure G-42. The f l y  ash l o s t  weight a t  approximately 

300°C both i n  he1 ium and hydrogen gases. The weight losses under f l ow ing  

helium and hydrogen gases a t  6 0 0 0 ~  were found t o  be 1.0 and 2.3%, respect ive ly .  

Paradise F l y  Ash - The f l y  ash sample was obtained from the  Paradise power 

p l a n t  loca ted  a t  Paradise, Muhlenberg Co., Kentucky. The sample was taken 

when burn ing E. Kentucky coal.  The DTA o f  Paradise F l y  Ash i n  the presence o f  

he1 ium showed one minor endotherm a t  approximately l l O ° C  due t o  the l oss  o f  

moisture from the  sample, whereas i n  the presence o f  a i r  a minor exotherm a t  

631°C was observed due t o  the ox ida t i on  o f  the sample. The DTA's are shown i n  

Figures G-43 and G-44. The Paradise f l y  ash began l o s i n g  weight a t  approximately 

250°C both under f l ow ing  he1 ium and hydrogen gases (Figure G-45). The t o t a l  

weight losses under f low ing he1 ium and hydrogen gases a t  600°C were 2.0 and 

7.3%, respect ive ly .  

The r e s u l t s  from the  reduct ion o f  the  above f l y  ashes, conducted a t  h igh  

pressure (1000 p s i g  hydrogen) i n  the  PTGR, are summarized i n  Table G-4. The 

weight loss  was i n s i g n i f i c a n t  f o r  a l l  the  samples w i t h  the  maximum weight l oss  

being on ly  4%. Water, the major product o f  the  reduct ion,  was trapped i n  the 

dry  i c e  t r a p  b u t  was no t  analyzed due t o  the small sample s ize.  These obser- 

va t i ons  suggest t h a t  the  f l y  ashes are no t  very s e n s i t i v e  t o  hydrogen reduct ion.  
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Sample 

TABLE G-4 

Reduction o f  F l y  Ashes i n  t he  PTGR 

I n i t i a l  F i na l  Weight Loss, Gas Analyses, g To ta l  Recovered Recovery 
Weight, g Weight, g % N 2 H20 Product, g o f  Los t  wt.% 

Brown Fly Ash 3.00 3.00 

Paradise IFly Ash 3.00 2.88 

Green R iver  F l y  Ash 

Blend 3.0 2.91 0.09 3.0 0.0030, 0.0350 0.038 42.0 

High 3.00 2.92 0.08 2.7 0.0036, 0.0355 0.040 50.0 

React ion Time = 10 Minutes, Temp. = 450°C 

Pressure = l0OO p s i g  Hz 
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Bottom Ashes 

Green River  Bottom Ash - The bottom ash sample was obtained from the  Green 

River  power p l a n t  loca ted  a t  Moorman, Muhlenberg Co., Kentucky. The TGA o f  

the sample i n  the  presence o f  hydrogen and n i t rogen i s  shown i n  F igure G-46. 

The sample began l o s i n g  weight a t  approximately 100°C and cont inued t o  lose  

weight up t o  700°C. The sample appeared t o  conta in  some v o l a t i l e s  because i t 

l o s t  approximately ll% weight by the  t ime i t  reached 700°C i n  the  presence o f  

n i t rogen.  The weight l oss  was even greater  i n  the  presence o f  hydrogen because 

of reduc t ion  i n  a d d i t i o n  t o  py ro l ys i s .  The sample was analyzed by DTA i n  the  

presence o f  a i r  t o  determine combustible mater ia l  i n  the sample. The sample 

gave a s t rong exotherm a t  around 400°C (see Figure G-47), which v e r i f i e d  the 

presence o f  vo la t i le /combust ib le  mater ia ls  i n  the  sample. 

Paradise Bottom Ash - The sample was obtained from the Paradise power p l a n t  

loca ted  a t  Paradise, Muhlenberg Co., Kentucky. The TGA o f  Paradise Bottom Ash 

showed no weight loss  e i t h e r  i n  the  presence o f  hydrogen o r  n i t rogen,  as shown 

i n  Figure G-48. The DTA o f  the  sample i n  the  presence o f  a i r ,  F igure G-49, 

showed a broad exotherm over much o f  the  temperature range, due t o  the  ox ida t i on  

o f  var ious sample components. 

Brown Bottom Ash - The bottom ash sample was obtained from the  E. W. Brown 

power p l a n t  loca ted  a t  Burgin, Mercer Co., Kentucky. The sample l o s t  approxi-  

rna'tely 2 and 5% weight a t  600°C i n  the  presence o f  n i t rogen and hydrogen, 

respect ive ly .  The sample began l o s i n g  weight a t  around 450°C i n  the  

presence o f  n i t rogen and a t  200°C i n  the  presence o f  hydrogen, as shown i n  I 

Figure G-50. The h igher  loss  i n  weight i n  the presence o f  hydrogen as opposed 

t o  n i t rogen i s  due t o  reduct ion o f  the  sample i n  a d d i t i o n  t o  py ro l ys i s .  The 

DTA o f  the  sample i n  a i r  (Figure G-51), showed one'broad exotherm i n  the  range 

100 t o  300°C and one sharp exotherm a t  around 440°C. The sharp exotherm i s  

due t o  t h e  ox ida t i on  o f  the organic m a t c r i ~ l  present i n  the  sample. 

The hydrogen reduct ion  o f  bottom ashes was conducted i n  the  PTGR. The samples 

l o s t  weight ranging from one 14% as presented i n  Table G-5. The major 

compounds found i n  the gas phase were methane and water. Brown and Paradise 

bottom ashes l o s t  i n s i g n i f i c a n t  weight (maximum o f  three percent);  whereas 

f 
Green River  bottom ash l o s t  approximately 14% weight. These observat ions 

suggest t h a t  Green River bottom ash i s  more hydrogen sens i t i ve  than Brown and 

PdvdC1-i se b ~ t t ~ l i i  ashes. 

380 
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Sampl e 

TABLE G-5 

Reduction o f  Bottom Ashes i n  the PTGR 

I n i t i a l  F ina l  Weight Loss, Gas Analyses, g Tota l  Recovered Recovery 
Weight, g Weight, g g % N 2 CH4 H20 Product, g o f  Lost W t .  

Brown F l y  Ash 3.013 2.92 0.02 2.7 0.0031 0.0032 0.0426 0.0489 6 1  

Paradise Bottom Ash 3.00 2.96 0.04 1.3 - - - - - - - - 0 

Green River Bottom Ash 3.00 2.58 0.42 14.0 0.0043 0.0078 0.0519 0.0640 15 

Reaction Time =. 10 Minutes, Temp. = 450°C 

Prtessure = 1000. p s i g  H2 



Coal Preparat ion P lan t  Waste Ma te r ia l s  - The TGA o f  the  var ious coal p repara t ion  

p l a n t  waste mater ia ls  s tudied i n  the presence o f  hydrogen and n i t rogen are 

shown i n  Figures G-52 t o  G-59. These mater ia ls  show very s i m i l a r  thermograms 

w i t h  weight losses vary ing between 16 and 32% o f  the  i n i t i a l  weight. The 

weight loss  i s  due t o  v o l a t i l e  organic mat ter  (coal)  present  i n  the  samples, 

and the  v a r i a t i o n  i n  weight l oss  i s  due t o  the  d i f f e r e n t  amounts o f  organic 

mater ia l  present i n  the samples. 

The DTA's o f  the  coal p repara t ion  p l a n t  waste mater ia ls  i n  t he  presence o f  a i r  

are shown i n  Figures G-60 t o  G-65. A l l  these samples show very s i m i l a r  thermo- 

grams, w i t h  two exothermic peaks, both q u i t e  broad and i n  the  temperature 

range o f  325 t o  450°C. The exotherms are due t o  the  ox ida t i on  o f  t he  carbonacious 

mater ia l  present  i n  the  samples. The DTA o f  t he  Colonial/P&M coal p repara t ion  

p l a n t  waste mater ia l  was repeated t o  check the  r e p r o d u c i b i l i t y  and i s  shown i n  

Figure G-65. A f t e r  the DTA ana lys is  t he  sample was l e f t  i n  the instrument,  

cooled down t o  room temperature, and again analyzed i n  the  presence o f  a i r  f o r  

i t s  thermal a c t i v i t i e s .  On the  second pass, the  sample was e s s e n t i a l l y  i n e r t  

(Figure G-65). Once the carbonacious mater ia l  was ox id ized,  the  ox id ized 

product showed no more thermal a c t i v i t y  i n  t he  presence o f  a i r .  

The TGA o f  the  var ious coal p repara t ion  p l a n t  waste mater ia ls  were studied i n  

the presence o f  a i r .  The samples showed a  weight loss  ranging from 35 t o  68% 

as shown i n  Figures G-66 and G-67. The weight l oss  was p r i m a r i l y  due t o  the 

ox ida t i on  o f  the  organic mater ia l  present i n  the samples. The purpose o f  t h i s  

study was t o  determine the ox ida t i on  temperature requ i red  t o  remove the organic 

phase and the  weight percent ash present i n  the  samples. The temperature 

requ i red  f o r  complete ox ida t i on  was observed t o  be greater  than 500°C. 

Pyr i te-Magnet i te  Mixture - The p o s s i b i l i t y  o f  generat ing reduced p y r i t e  by 

reac t i ng  a  mixture o f  p y r i t e  and magnetite simultaneously was examined i n  the  

PTGR. The i n d i v i d u a l  and coupled reac t ions  o f  hydrogen reduct ion  o f  p y r i t e -  

magnetite are given by equations G-2 t o  G-4. 
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FIGURE 6-53 
TGA OF GUNDilSLAND CREEK 

COAL PREPARATION PLANT WASTE MATERIAL 
IN THE PRESENCE OF HYDROGEN GAS 

(SAMPLE NO. ICG-P-C) 

HEATING RATE - ZOO CMIN. 
FLOW RATE = 300HLIIYUN. 

FIGURE a-52 
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FIGURE a-54 
TGA OF GUNDIISLAND CREEK 

COAL PREPARATION PLANT WASTE MATERIAL 
IN THE PRESENCE OF HYDROGEN AND NITROGEN GASES 
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FIG'URE 6-55 
TGA OF SPURLOCKIISLAND CREEK 
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IN  THE PRESENCE OF HYDROGEN AND NITROGEN GASES 
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FIGURE 0-57 
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FIGURE 4-56 
TGA OF GILBRATOR/AMAX COAL 
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I N  THE PRESENCE OF NITROGEN AND HYDROGEN GASES 

(SAMPLE NO. AG-P-M) 

TEMPERATURE, OC 

0 

10 

x 
d 20 
S 
I- x 

2 3 0 -  
Z 

00 

FIGURE G-58 
TGA OF HAMILTON #l/ISLAND CREEK 

COAL PREPARATION PLANT 
WASTE MATERIAL I N  THE PRESENCE OF 

HYDROGEN AND NITROGEN GASES 
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3FeS2 + 3H2 - > 3FeS + 3H2S (Eqn. G-2) 

Fe304 + 3H2S + Hz - > 3FeS + 4H20 (Eqn. G-3) 

Fe304 + 3FeS2 + 4H2 - > 6FeS + 4H20 (Eqn. G-4) 

M.W. 232 120 88 

A 50-50 mixture by weight o f  p y r i t e  and magnetite was t r e a t e d  i n  the  PTGR a t  

450°C and 1000 psig.  The t h e o r e t i c a l  reac t i on  product  d i s t r i b u t i o n  obtained 

was ca lcu la ted  us ing Equations G-2 t o  G-4 and the  c a l c u l a t i o n  procedure i s  

described be1 ow. 

Feed: 1.5 g  FeS2 

1.5 g  Fe304 

From the. Equation G-4 i t  i s  ev ident  t h a t  p y r i t e  i s  t he  l i m i t i n g  reac tan t  i n  

the reac t i on  mixture. The s to i ch iomet r i c  amount o f  Fe304 t h a t  can r e a c t  w i t h  

1.5 g  FeS2 i s  ca lcu la ted  t o  be 0.97 g. Therefore, the  remaining 0.53 g  o f  

Fe304 i s  subjected t o  d i r e c t  hydrogen reduct ion  reac t ion .  The d i r e c t  hydrogen 

reduct ion  o f  Fe304 a t  450°C and 1000 p s i g  Hz pressure r e s u l t e d  i n  on ly  2.67% 

weight reduct ion i n  the PTGR. Using t h i s  number, the  amounts o f  reduced 

p y r i t e ,  elemental i r o n  and unreacted Fe304 t h a t  would r e s u l t  from the  reac t i on  

o f  1.5 g  o f  FeS2 and 1.5 g  o f  Fe303 are g iven i n  Table G-6. The r e l a t i v e  

d i s t r i b u t i o n  o f  i r o n  among var ious i r o n  species i s  ca lcu la ted  and presented i n  

Table G-7. The observed d i s t r i b u t i o n  o f  i r o n  determined by Mossbauer i s  a lso 

presented i n  Table G-7 f o r  comparison. It can be seen t h a t  t he  t h e o r e t i c a l  

and observed d i s t r i b u t i o n  o f  i r o n  vary by an order o f  magnitude i n d i c a t i n g  

t h a t  the  reac t i on  o f  p y r i t e  and magnitude cannot be described by Equation G-4. 

The t o t a l  weight loss  assuming no chemical reac t i on  between p y r i t e  and magneti te 

i s  ca lcu la ted  and compared t o  observed t o t a l  weight l oss  as shown' i n  Table G-8. 

The ca lcu la ted  and observed weight losses are noted t o  be very close. Likewise, 

the ca lcu la ted  i r o n  d i s t r i b u t i o n  f o r  the 50-50 mix ture  and t h a t  determined by 

Mossbauer are a lso  q u i t e  s i m i l a r .  Therefore, on the  basis  o f  the  above resu ' l ts  

there  seems t o  be l i t t l e  i n t e r a c t i o n  between p y r i t e  and magnetite under the  

reac t i on  cond i t ions  used i n  the  study. Likewise, these compounds appear t o  

behave as i nd i v idudl compounds i n hydrogen reduet i  on reac t ion .  



Table G-6 

Reduction o f  Pyr i te-Magnet i te  Mix ture  i n  the  PTGR 

Reaction Mixture: 

P y r i t e  = 1.5 g 

Magnetite = 1.5 g 

Reaction Temp. = 450°C 

Pressure = 1000 p s i g  H p  

Mater i  a1 

FeS 

Fe301 
a1 pha-Fe 

Theoret ica l  D i s t r i b u t i o n ,  W t . %  

80.7 

19.1 

0.2 



Table G-7 

D i s t r i b u t i o n  o f  Elemental I r o n  as Determined by Mossbauer 

i n  the  Reaction Product o f  P y r i t e  Magnet i te Reduction 

FeS 

Other 

Theore t ica l  Observed 

D i s t r i b u t i o n  Di s t r i  b u t i o n  

Weight % Weight % 

78.5 34.0 

21.1 49.0 

0.36 13.0 
- - 4.0 



Table G-8 

Reduction o f  P y r i t e ,  Magnet i te  and 50-50 M ix tu re  

100% 100% P y r i t e  - Magnet i te  

P y r i t e  Magnet i te  50-50 

.U.S. Mesh S ize  -200 -200 

Temp., O C  450 450 

I n i t i a l  Weight, g 3.00 3.00 

F i n a l  Weight, g 2.48 2.92 

Weight Loss, % 17.33 2.67 
Ca lcu la ted  Weight Loss, *% - - - - 

* Ca lcu la ted  on t he  bas i s  o f  no o the r  r e a c t i o n  o f  p y r i t i c  s u l f u r  w i t h  magnet i te.  



APPENDIX H 

Coal Processina Deve lo~ment  U n i t  (CPDU) 

Equipment 

F igure  H-1 i s  a s i m p l i f i e d  f lowsheet  o f  t h e  Coal Process Development U n i t  

(CPDU). The d e t a i  1 ed d e s c r i p t i o n  o f  va r ious  equipments i s  presented be1 ow. 

S l u r r y  Feed System - Three 65 g a l l o n  charge tanks a re  used t o  c o n t a i n  t h e  

s t a r t - u p  so l ven t  and s l u r r y  feedstocks f o r  t h e  coa l  l i q u e f a c t i o n  experiments. 

The tanks a re  cons t ruc ted  o f  s t a i n l e s s  s t e e l  and can be operated a t  temperatures 

o f  up t o  600°F a t  pressures o f  up t o  1000 ps ig .  P r o v i s i o n  i s  made t o  b l anke t  

t h e  tanks w i t h  n i t rogen .  Each charge t ank  i s  equipped w i t h  a high-speed 

t u r b i n e  s t i r r e r .  A 15 gpm Moyno pump i s  employed t o  r e c y c l e  t h e  s l u r r y  feedstock 

i n  a c losed- loop around charge tanks t o  a i d  i n  ma in ta i n i ng  a un i fo rm d i spe rs i on  

o f  coa l  o r  res idue  i n  t h e  so lven t .  A spare Moyno pump i s  p i ped  i n t o  t h e  

r e c y c l e  loop. The Moyno pump i s  a p rogress ive  c a v i t y  pump, equipped w i t h  -a 

s t a i n l e s s  s t e e l  r o t o r  and s t a t o r ,  which can develop a d i f f e r e n t i a l  pressure o f  

about 35 p s i .  

The l i q u e f a c t i o n  r e a c t o r  i s  f e d  from a 8 - l i t e r  s l u r r y  feed t ank  cons t ruc ted  

from 4" s t a i n l e s s  s t e e l  pipe. Al though t h i s  feed t ank  i s  normal ly  operated a t  

ambient temperature, i t  can be heated. A 15 p s i g  b l anke t  o f  n i t r o g e n  i s  

mainta ined over  t h e  s l u r r y  i n  t h i s  tank. Al though t h e  t ank  i s  n o t  s t i r r e d ,  a 

1.5 gpm Moyno pump c i r c u l a t e s  s l u r r y  around t he  t ank  t o  ma in ta i n  a un i fo rm 

s o l i d  suspension. A d i f f e r e n t i a l  pressure t r a n s m i t t e r  mounted on t h e  feed 

t ank  measure t h e  mass o f  s l u r r y  i n  t he  tank. Th i s  measurement i s  used t o  

c a l c u l a t e  t h e  s l u r r y  feed  r a t e  t o  t h e  l i q u e f a c t i o n  reac to r .  The s l u r r y  feed 

tank  i s  t y p i c a l l y  r e f i l l e d  every hour from one o f  t h e  charge tanks by opening 

a pneumat ica l ly -operated b a l l  va lve  i n  t h e  s h o r t  l e n g t h  o f  t u b i n g  l i n k i n g  t h e  

feed  tank  t o  t h e  charge tank  recyc le  loop. 

A separate 1 0 - l i t e r  so l ven t  feed  t ank  a l s o  i s  prov ided.  Th i s  tank  i s  equipped 

w i t h  a d i f f e r e n t i a l  pressure t r a n s m i t t e r  and may be operated a t  temperatures 

up t o  600°F. 



COAL SLURRY 

FIGURE H-1.  SIMPLIFIED DIAGRAM OF COAL PROCESS DEVELOPMENT UNIT 



The CPDU has two high-pressure, posit ive-displacement sl.urry feed pumps. The 

Bran and Lubbe pump i s  t y p i c a l l y  used t o  pump coal s l u r r i e s ,  w i t h  the  M i l t o n  

Roy pump used as a  spare. These are both p i s t o n  pumps w i t h  double bal l -and-seat 

check valves a t  the  i n l e t  and discharge o f  the  pump chamber. A tungsten 

carb ide plunger and b a l l s  are used when pumping coal s l u r r i e s .  A v a r i e t y  o f  

plunger s izes are  ava i lab le ,  p e r m i t t i n g  pump ra tes  o f  about 250-7500 cc/hr. 

However, i f  -200 mesh coal p a r t i c l e s  are being processed, t he  minimum pump 

r a t e  i s  about 1000 cc/hr. A t  lower ra tes ,  s o l i d s  s e t t l e  i n  the  9/16" t r a n s f e r  

t ub ing  and/or i n  the  f low-through diaphragm i so la to rs .  The complex p i p i n g  and 

valve arrangement a t  the  i n l e t  o r  the  s l u r r y  pumps permi ts  e i t h e r  o r  both o f  

them t o  pump from e i t h e r  feed tank. 

A h igh pressure swi tch i s  i n s t a l l e d  a t  the discharge o f  each o f  the  high-pressure 

pumps as a  sa fe ty  device. This  swi tch w i l l  shut down the  pump i f  the  l i n e  

pressure exceeds the  designated operat ing pressure by 500 ps i .  A pressure 

gauge and rup ture  d i sc  are a l so  i n s t a l l e d  i n  t h i s  l i n e .  Flow-through i s o l a t o r s  

are associated w i t h  the pressure swi tch and pressure gauge. Priming l i n e s  are  

prov ided t o  f a c i l i t a t e  pump s tar t -up .  These pr iming l i n e s  are N2 purged. 

Continuous S t i r r e d  Tank Reactor (CSTR) - The coal l i q u e f a c t i o n  reac tor  i s  a  

1 - l i t e r  CSTR b u i l t  by Pressure Products. This  vessel i s  constructed o f  A-286 

a l l o y  s tee l  and has a  pressure r a t i n g  o f  5000 p s i g  a t  1000°F. The CSTR has an 

i n s i d e  diameter o f  3 inches and an i n s i d e  length  o f  9  inches. A g i t a t i o n  i s  

provided by a  2- inch diameter, 6-blade tu rb ine ,  which i s  d r i ven  a t  speeds up 

t o  2000 rprn ( t y p i c a l l y  1000 rpm) by a  sealed magnetic d r ive .  The t u r b i n e  

blades are f l a t  and have a  1/2 i nch  width. The tu rb ine  i s  1-1/4 inches above 

the  bottom o f  the  vessel. 

Although the  CSTR i s  no t  ba f f l ed ,  a  3/8" thermowell e f f e c t i v e l y  breaks the  

vor tex a t  the t y p i c a l  impe l l e r  speed o f  1000 rpm. A co ld - f low model o f  the 

vessel and a g i t a t o r  conf irms t h a t :  



1. s o l i d s  a re  f u l l y  suspended 

2. t h e  vo r t ex  i s  ve ry  small 

3. t he  gas v o i d  f r a c t i o n  i s  about 13 percen t  volume 

4. most o f  t h e  g a s / l i q u i d  con tac t  occurs i n  t he  immediate v i c i n i t y  o f .  the  

t u rb i ne .  

A b a f f l e s  was t e s t e d  i n  t he  CSTR, b u t  d iscarded because i t  tended t o  c o l l e c t  

s o l i d  p a r t i c l e s ,  thus l ead ing  t o  coke format ion.  

Both t he  hydrogen gas and t h e  feed s l u r r y  en te r  t h e  CSTR a t  ambient temperature 

through a 9/16" i n l e t  p o r t  centered i n  t h e  base. Both t h e  p roduc t  gas and 

s l u r r y  l e a v i n g  thorugh a 9/16". p o r t  a t  t he  t o p  o f  t h e  body. A slow n i t r o g e n  

purge must be mainta ined between t h e  s t i r r e r  s h a f t  and bear ings t o  p r o t e c t  t h e  

g r a p h i t e  bear ings from t h e  s l u r r y .  The normal n i t r o g e n  concen t ra t i on  i n  t he  

p roduc t  gas stream i s  about 2 mole X. 

The CSTR i s  heated by s t a i n l e s s  s tee l -sheathed res i s tance  heaters  wrapped 

around t he  body and heated. Temperature c o n t r o l  i s  based on r e a c t o r  w a l l  

temperature. S u f f i c i e n t  hea t i ng  capac i t y  i s  a v a i l a b l e  t o  p e r m i t  opera t ion  a t  

885OF w i t h  a s l u r r y  space v e l o c i t y  o f  5.0. Thermocouples p laced  a t  t h e  bottom, 

middle,  and near t h e  t o p  o f  t h e  thermowell i n d i c a t e  t h a t  v e r i t i c a l  temperature 

g rad ien ts  i n  t he  CSTR are  smal l .  

Gas-Liquid Separat ion - The p roduc t  s l u r r y  i s  quenched t o  325OF i n  a c o i l e d  

heat  exchanger, which i s  cooled w i t h  Mobi l therm on t h e  she l l - s i de .  L i k e  a l l  

o f  t he  t r a n s f e r  t u b i n g  and vessels  downstream o f  t h e  CSTR, t h i s  t u b i n g  i s  

t r aced  w i t h  e l e c t r i c a l  r es i s tance  heaters  and i n s l u a t e d  w i t h  f i b e r g l a s s  t o  

avo id  p roduc t  f r e e z i n g  i n  t h e  t u b i n g  d u r i n g  unplanned pump stoppages. The 

Mobi l therm heat  t r a n s f e r  f l u i d  i s  heated o r  cooled, as requ i red ,  t o  ma in ta i n  

t h e  325OF process f l u i d  temperature. 



The quenched p roduc t  s l u r r y  and gases en te r  t h e  g a d l i q u i d  separator  through a 

d i p  tube which d i r e c t s  t h e  f l o w  aga ins t  t h e  vessel w a l l ,  about an i n c h  from 

t h e  bottom. Th i s  316 SS vessel has an i n s i d e  diameter o f  4  inches and an 

i n s i d e  l e n g t h  o f  22 inches. A 3200 p s i g  r u p t u r e  d i s c  mounted a t  t h e  gas 

o u t l e t  from t h e  g a d 1  i q u i d  separator .  

A Masonei lan-Annin "Wee W i l l  i e "  va l ve  w i t h  s i z e  C tungsten carb ide  t r i m  serves 

as t h e  s l u r r y  dump va lve.  A manual bypass va l ve  can be used t o  d r a i n  t h e  

separator  i f  a p l u g  develops i n  t h e  Annin va lve.  The p roduc t  s l u r r y  i s  let-down 

t o  t h e  30 p s i g  pressure o f  t he  main rece i ve r .  

The main r e c e i v e r  i s  a  4  i n c h  I . D .  by 22 i n c h  I .L .  316 SS vessel .  It i s  equipped 

w i t h  a d i f f e r e n t i a l  pressure t r a n s m i t t e r  t h a t  measures t h e  weight  o f  p roduc t  

s l u r r y  he ld  i n  t h e  rece i ve r .  The r e c e i v e r  i s  t y p i c a l l y  d ra ined  every hour, 

e i t h e r  t o  a  sample r e c e i v e r  o r  a  55 g a l l o n  p roduc t  drum. The p roduc t  r a t e  i s  

c a l c u l a t e d  from t h e  change i n  t h e  d i f f e r e n t i a l  pressure t r a n s m i t t e r  reading. 

The p roduc t  drum i s  p laced  on an e l e c t r o n i c  sca le  t o  p rov ide  t h e  ac tua l  p roduc t  

l i q u i d  ra te .  

Product Gas T r a i n  - The p roduc t  gas i s  metered o u t  o f  t h e  gas l i u q i d  separa to r  

through t he  system pressure va lve  (a  Research Cont ro l  Valve). Th i s  pneumatic 

va lve  i s  c o n t r o l l e d  based upon t he  system pressure,  as measured by a pressure 

t r a n s m i t t e r  mounted between t h e  g a s / l i q u i d  separa to r  and t h i s  va lve.  Because 

t h e  system pressure valve-may be b locked by heavy l i q u i d  drops e l u t r i a t e d  from 

t h e  g a s / l i q u i d  separator ,  a redundant va lve  i s  provided. B lock va lves a re  

a l s o  p rov ided  t o  p e r m i t  one of t h e  system pressure va lves  t o  be i s o l a t e d  f o r  

maintenance. 

The d i s s o l v e r  gases and water which f l a s h  from t h e  p roduc t  s l u r r y  i n  t h e  main 

r e c e i v e r  a re  combined w i t h  t he  main p roduc t  gas stream immediately downstream 

o f  t he  system pressure valve. A 140 p s i g  r u p t u r e  d i s c  i s  i n s t a l l e d  a t  t h i s  

p o i n t .  The low-pressure p roduc t  gas t r a i n  i s  mainta ined a t  30 p s i g  by a 

C i r c l e  Seal back pressure r e g u l a t o r .  The combined p roduc t  gas stream i s  

r ou ted  t o  a  water-cooled condensor f o r  removal o f  t he  b u l k  o f  t h e  water  and 

t he  C5+ hydrocarbons. Two condensors, each w i t h  i t s  own condensate r e c e i v e r  



can be operated together  i n  ser ies  o r  s ing l y ,  w i t h  one he ld  i n  reserve. The 

gases leav ing  the  condensate receivers are f u r t h e r  cooled i n  a packed vessel 

placed i n  an i c e  bath. 

The product  gases are routed through a dryer  tube t o  the  Beckman process 

chromatograph. This chromatograph i s  capable of analyz ing 2 gas samples per  

hour f o r  a t o t a l  o f  15 components (Hz, N2, 02, CO, C02, NH3, H2S, C1-C4, i C 4 ,  

ethylene and propylene, and C5+). 

The product  gas pressure i s  reduced t o  l ess  than 1 p s i g  i n  the  back pressure 

regu la to r  before f l ow ing  t o  the  t e s t  meter. A pressure transducer and thermo- 

couple are  mounted i n  the  product  gas l i n e  immediately upstream o f  the  dry  

t e s t  meter t o  permi t  the  f l ow  r a t e  t o  be converted from actual  cubic  feed per  

hour t o  standard l i t e r s  per  hour. A- magnet i s  mounted on the  sweep arm o f  t he  

d ry  t e s t  meter t o  permi t  e l e c t r o n i c  data logg ing  o f  the  ra te .  The product  gas 

i s  passed through an ac t i va ted  carbon scrubber p r i o r  t o  vent ing..  

I n l e t  Gas T ra in  - Hydrogen from an A i r  Products tube t r a i l e r  i s  compressed t o  

4000 p s i g  i n  a Carb l i n  diaphragm compressor. B a l l a s t  tanks before and a f t e r  

the  compressor s t a b i l i z e  the compressor operat ion and the  hydrogen d e l i v e r y  

- pressure. Two forward pressure regu la tors  i n  ser ies  are used t o  mainta in a 

constant hydrogen pressure, t y p i c a l l y  3400 ps ig ,  i n  the  hydrogen metering 

loop. A Hoke micrometering needle valve i s  used t o  con t ro l  the hydrogen f low. 

A Thermal instrument mass flowmeter measures the  f low. 

The purge n i t rogen f o r  the  magnetic s t i r r e r  on the CSTR i s  suppl ied from 6000 

p s i g  A i r  Products cy l inders .  A forward pressure regu la to r  i s  used t o  s e t  the  

pressure on the s t i r r e r  a t  100-200 p s i g  above the  system pressure. Almost a l l  

o f  t h i s  pressure drop occurs across a needle valve i n  the  n i t rogen l i n e ,  which 

l i m i t s  the  f l ow  due t o  a few standard l i t e r s  per  hour. The n i t rogen  can a lso  

be used t o  purge the  CSTR and the  r e s t  o f  the CPDU. 

Operation 

A l l  o f  the  CPDU runs have been conducted w i t h  once-through solvent ,  i . e . ,  no 

e f f o r t  has. been made t o  achieve the  steady-state solvent  composit ion through 

so lvent  recycle.  This g r e a t l y  increased the number o f  reac t i on  cond i t ions  



t h a t  can be examined dur ing  the  course o f  a  s i n g l e  CPDU run. Although none o f  

the data p o i n t s  represent "equ i l ib r ium"  data po in t s  conclusions drawn from 

those data regarding the  e f f e c t  o f  c a t a l y s t  add i t i on  are expected t o  be v a l i d .  

The feed s l u r r i e s  are prepared a t  room temperature, t y p i c a l l y  i n  40-50 k i logram 

batches, immediately p r i o r  t o  use. The feed s l u r r y  i s  s to red  i n  a  charge tank  

equipped w i t h  a  t u r b i n e  a g i t a t o r  and a  recyc le  pump which mainta in a  uniform 

suspension o f  the so l i ds .  S l u r r y  handl ing was planned t o  minimize consumption 

of recyc le  solvent.  The experiments began by s l u r r y i n g  the  c a t a l y s t  i n  the 

solvent.  A f t e r  t he  c a t a l y s t  i s  dispersed i n  the  solvent ,  coal was added t o  

b r i n g  the  s l u r r y  composit ion t o  30 w t . %  coal.  Separate base- l ine experiments 

were conducted w i t h  the  coal s l u r r i e d  i n  so lvent ,  b u t  w i thou t  added ca ta l ys t .  

a 

The feed s l u r r y  i s  pumped t o  the  reac to r  Yrom a  feed tank which i s  maintained 

a t  ambient temperature. This  feed tank, which i s  equipped w i t h  a  recyc le  pump 

t o  mix the  s l u r r y ,  i s  r e f i l l e d  each hour from the  charge tank. Whenever the 

feed s l u r r y  composit ion i s  changed, t he  feed tank i s  dra ined and then f lushed 

several t imes w i t h  the  new feed s l u r r y .  When reac t i on  cond i t ions  are  a l te red ,  

a t  l e a s t  10 reac tor  volumes o f  s l u r r y  a re  processed through the  reac to r  a t  t h e  

new cond i t ions  p r i o r  t o  beginning t o  c o l l e c t  any product samples f o r  analys is .  

A cont inuously  s t i r r e d  tank reac to r  was selected from these experiments t o  

insure  t h a t  the  vapor compositon i n  the  reac tor ,  i n c l u d i n g  the  p a r t i a l  pressure 

o f  l i g h t  so lvent  components, matched t h a t  o f  an actual  S R C - I  d isso lver .  A 

s t i r red-auto-c lave  design was chosen f o r  t h i s  reac to r  t o  insure  t h a t  the  coal 

minera ls  were we l l  mixed and d i d  no t  accumulate i n  the  reactor .  Cold-f low 

experiments, conducted i n  a  P lex ig las  model, have confirmed t h a t  t he  f l a t - b l a d e d  

t u r b i n e  a g i t a t o r  keeps the  s o l i d s  we l l  d i s t r i b u t e d  throughout t he  reac to r  

volume, so t h a t  coal minerals w i l l  no t  accumulate. 

Although a  propensi ty  t o  coking on b a f f l e s  p r o h i b i t s  b a f f l i n g  o f  the  reac tor ,  

the  thermowell e f f e c t i v e l y  k i l l s  the  vor tex  and the  v o i d  f r a c t i o n  i s  on l y  

0.13. Because a l l  o f  the  sensib le heat t o  b r i n g  the  s l u r r y  t o  reac t i on  

temperature i s  prov ided by res is tance heat ing o f  the  reac tor ,  the reac to r  wa l l  

i s  about 2S°F h o t t e r  than the  b u l k  s l u r r y .  



The p roduc t  gas and s l u r r y  l e a v i n g  t h e  CSTR a re  quenched t o  325OF t o  f reeze  

t he  reac t ions ,  be fo re  f l o w i n g  t o  a  g a s / l i q u i d  separator ,  a t  r e a c t o r  pressure. 

The p roduc t  s l u r r y  i s  t h r o t t l e d  i n t o  t h e  p roduc t  r ece i ve r ,  a t  a  r a t e  which 

ma in ta ins  a constant ,  smal l  i nven to ry  i n  t h e  separator .  

Water, l i g h t  hydrocarbons and gases, which f l a s h  from t h e  p roduc t  s l u r r y  i n  

t h e  30 p s i g  rece i ve r ,  a r e  combined w i t h  t he  p roduc t  gas stream from t h e  separator .  

The combined gas stream i s  cooled t o  about 60°F t o  condense t he  water  and 

l i g h t  organics,  p r i o r  t o  e n t e r i n g  t h e  gas chromatograph and d r y  t e s t  meter f o r  

p roduc t  gas y i e l d s  and volume measurement. 
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ABSTRACT 

The e f f ec t s  of approximately 75 minerals and addit ives on the 

conversion of coal t o  l iquids  have been examined i n  tubing bomb lfquefaction 

experiments using an Elkhorn #3 coal i n  the presence of solvent  and hydrogen. 

The product d i  s t r i  bu.tion consi' s t i ng  of gas, oi 1 s ,  preasphal tenes ," asphal tenes. 

and insoluble organic material (IOM) on a maf coal basis  was obtained f o r  

each experiment. Both. posi t ive  and negative e f f ec t s  ( i f  any) of the various 

addi.tives on coal conversion t o  o i l  were noted. The e f f e c t s  were found t o  

range from v i r t ua l l y  ni l  t o  more than a 100. percent increase i n  o i l  f rac t ion  

production as compared t o  a base1 ine  experiment w i t h  no addi t ive .  Thus, 

CO-Mo-A1 203, ammoni um paramolybdate, molybdi c oxide, red mud, hemati t e  , 

ferrous s u l f a t e  and pyr i t e  gave 051 y i e ld s  of 66%, 58%, 56%, 49%, 46%, 42%, 

and 37-44% on a percentage of maf coal basis  as compared t o  an average o i l  
. O  

yield  of 21% in the baseline no-addi t i v e  case. Changes undergone by cer ta in  

of the addit ives d u r i n g  reaction a l so  were examined. 



INTRODUCTION 

The dissolution of coal t o  preasphal tenes and gases i s  generally 

considered a thermally produced step. The hydrocracking of preasphaltenes 
, . 

t o  asphal tenes , o i l  , and gases i s  faci 1 i tated by commerci a i  catalysts  or  

additives which act  ca ta ly t ica l ly  o r  enter into the reactions. A desired 

product i s  the oil. fraction s ince-the 'oil  fraction requires the l eas t  amount 

of further processing to  convert i t  o r  separate i t  into l iquid fuels w i t h  

desirable qual i t ies .  A study of the effects  on coal liquefaction of various 

additives including coal minerals and by-product metall ic wastes has been made. 

The variable of in te res t  h.as been the amount of lower molecular weight species, 

i'.e. , oi l  , produced as a resu l t  of added mineral s or  waste materials . Results 

are reported on a maf coal basis as a product dis t r ibut ion of gas, o i l  (pentane 

sol ubl e )  , asphal tenes (benzene sol ubl es , pentane insoluble) , preasphal tenes 

(methyl ene chloride - methanol sol ubl es , benzene and pentane i nsol ubl e )  , and 

insoluble organic material (,IOM), material which i s  insoluble i n  any of the 

sol vents used. 

In terms of the minerals associ,ated naturally w i t h  coal deposits a 

number o f  questions a r i se .  Should the. coal minerals be removed before lique- 

facti.on reactions i:f possible or should only certain minerals be removed? Do 

certain minerals inhibi t  the desired reactions in coal liquefaction processing? 

Which, i.f any, of the minerals are ca ta ly t ic  i n  nature, and would it be 

advantageous t o  include extra quantities of these in a liquefaction reactor? 

Are there synerget i :~ effects  on liquefaction reactions among mineral species? 

An experimental.screening program was performed by adding minerals t o  coal 



1 iquefaction processing and observing the resul ts  on a macroscopic scale.  

EXPERIMENTAL 

Reaction . ~ Equipment. A batch reactor (tubing bomb reactor) agitated 

whi 1 e$..mmersed i n  a heated fluidized sand bath compri ses the reacti  on sys tem 
1 -- 

used. Figure 1 is a schematic of the equipment. A reactor volume, 46.3 cc, 

was chosen so tha t  the supply of hydrogen gas i s  suf f ic ien t  even i n  the case 

, .of a good hydrogenation catalyst .  

The tubing bomb was constructed of 316 seamless s ta in less  s t e e l ,  3/4 inch 

O . D . ,  with a 0.065 inch wall thickness. The reactor was sealed a t  one end by 

d Swagelok cap, and the other end was connected to  a Nupro f ine metering valve 

through Swagelok f i t t i n g s .  The tubing bomb i s  agitated a t  860 cycles per 

minute w i t h  a vertical  stroke of 1-1/2 inches. Two 3/16" diameter s teel  ba l l s  

are placed in the tubing bomb t o  aid mixing of the coal , gas, sol vent, and 

additive. The sand bath in which the tubing bomb i s  immersed i s  a Techne Inc. 

SBL-2D equipped with a Techne TC4D temperature controller.  

Reactants. . Reactants used are  hydrogen, coal , sol vent, and the additive 

of in te res t .  A description and the sources of the additives used are  l i s t ed  

in Table I .  The hydrogen used was Commercial 2000 psig grade. The coal used 

was ground bituminous Elkhorn No. 3 from Floyd County, Kentucky. The solvent 

used was the 550°~+ fraction of an SRC-I1 fuel oi l  blend produced using 

Powhatan No. 5 mine coal. An analysis of the coals and solvent used in t h i s  

study i s  given i n    able I I .  Coal and sol vent were suppl ied by Air Products 

and Chemicals, Inc. 

~ e a c t i o n  Conditions. Reaction conditions were sought which would 

maximi ze. the d i  fference in oi 1 s production between experiments where an 

active ca ta lys t  was used and experiments where no additive was used. For 



the particular coal and sol vent used, i t  was determined experimentally 

tha t  a t  450'~ and one hour reaction time an actively catalyzed reaction 

would resul t  i n  approximately 66% of the charged coal being converted t o  o i l s .  

A noncatalyzed reaction, tha t  i s ,  one w i t h  no added minerals, would resu l t  i n  

an o i l  make of approximately 21%. Any mineral additives which had a posit ive 

e f fec t  on o i l  production would be expected to  be between these extremes. 

Reaction Procedures and Product Analysis. Before use, the coal and 

additive a re  dried overnight i n  a vacuum oven a t  1 0 0 ~ ~  i n  order t o  remolve. 

moisture. The coal, additive,  and solvent are  charged to  the reactor in a 

layered configurati;on. The sealed tubing bomb reactor i s  attached t o  the 

agitation equipment and the reaction i s  begun. After the reac t ion , ' the  tubing 

bomb i s  quickly quenched by immersing i:n water a t  room temperature. After 

quenching, the gas i s  collected i n  a gas sampling bag. The volume of the gas 

i s  determined by volume displacement. A sample of the gas i s  analyzed by gas 

chromatography for  H Z ,  O2 and N 2  ( a i r )  , CH4,  C02, C2H4, C2H6,  H2S, C3H6, C3H8, 

i-C4H10, n-C4HI0, and C5H12. The l iquid and sol id  materials in the tubing 

bomb are collected and the product distribution which i s  expressed as % o i l s ,  

% asphaltenes, % preasphal tenes,  and % insoluble organic matter (IOM) i s  

determined. To obtain the product dis t r ibut ion,  the en t i r e  l iquid and sol i d  

contents from the bomb are used. 

The solvent separation procedure i s  summarized below and i s  given in 

schenatlc form in Figure 2 .  Pentane i s  poured over the sample and a Branson 

350 soni.fi.er i s  used to  extract the oi.1 s fraction by agitating the pentane 

and sample. The 1 i q u i d  material i:s then centrifuged, and the supernatant 

1 iquid i s  pressure f i l t e red  and collected in a f lask,  A three to  f ive  micron 

fi.1te.r paper i s  used i n  the f i l t e r .  The solid material i s  carefully washed 



back into the original beaker with pentane to  be fur ther  sonicated w i t h  more 

pentane. Four such extractions w i t h  pentane are  routinely used t o  extract  

the o i l s  fraction. On the few occasions where sticky material o r  large 

particles remain a f t e r  the four pentane extractions,  l iquid nitrogen i s  

carefully poured over the material and the material i s  crushed w i t h .  a glass rod 

to  f ine  part ic les .  Jus t  before the 1 iquid nitrogen evaporates completely, 

pentane i s  poured over the sample and s 0 n i c a t e d . a ~  before. 
. . In order to  ex t r ac t  t h e  asphal tknes, benzene i s  used and one sonication . ' 

i s  performed. The sonication i s  followed by several manually s t i r r ed  washings 

with benzene. Before the l iquid material i s  pressure f i l t e r e d ,  centrifugation 

is  used to  avoid coati'ng the f i l t e r  paper w i t h  suspended preasphaltene par t ic les .  

After extraction with benzene, the preasphal tenes are. coll ected by sonicating 

and washing the remaining material with a solution of 90% methylene chloride - 
10% methanol by volume. The remaining material i s  washed w i t h  the methylene 

chloride - methanol solution into the pressure f i l t e r ,  fur ther  washed and 

dried. Nitrogen 4;s the gas used i n  the pressure f i l t e r  apparatus. The residue 

on the f i l t e r  paper i s  a i r  dried and contains insoluble organic matter (IOM), 

coal minerals, and the mineral additive i f  any. I t  i s  assumed tha t  1 i t t l e  o r  

none of the additives,  coal minerals, o r  IOM have passed t h r o u g h  the f i l t e r  

paper. 

The pentane and methylene chloride - methanol solvents are  evaporated 

from the i r  respective fractions of 6 0 ' ~  under nitrogen. The oi l  S are  a reddish 

1 iquid and the preasphal tenes are  dry black sol id par t ic les .  The benzene i s  

evaporated a t  8 0 ' ~  from the asphaltenes fraction until about 10 to  20 mil l i -  

l i t e r s  remain. The benzene solution i s  then freeze-dried, leaving the 

asphaltenes as a dry, flaky crust .  



In th i s  paper, the product dis t r ibut ion i s  reported i n  terms of gas, 

oi l  , asphal tenes , preasphal tenes and insol ubl e matter. Previous disclosures 

of th i s  work included only the l iquid portion of the product dis t r ibut ion,  

excluding the gases produced during the reaction. In reporting the product 

analyses, the i n i t i a l  product dis t r ibut ion of the sol vent i s  subtracted from 

the product distribution of the 1 iquid reaction product, putting the resu l t s  

on a solvent f ree  basis. An average value for  the gas produced from the 

sol vent i s  subtracted .from the amount o f  gas produced. during reactions w i t h  

coal and solvent. The amount of minerals i n  the coal,  determined from high 

temperature ashing, and the amount of additive,  i f  any, are  subtracted from 

the residue obtained a f t e r  the solvent extractions putting the resu l t s  on an 

additive free,  ash f ree  basis. Since the coal i s  dried before use, the resu l t s  

are reported on an addi:tive f ree ,  moisture f r ee ,  ash f ree ,  solvent f ree basis.  

I t  has been observed tha t  some water i s  present a f t e r  the reactions,  presumably 

due to ttie oxygen i:n the ori'ginal coal 'and sol vent. Experimental resul ts  have 

shown tha t  the water i s  about 2.5 to  3.5% of the coal. Due to  the nature of 

the separation procedure and the calculations,  the water i s  reported as part  

of the o i l  f ract ion.  

Ashinq Procedures. The h i g h  temperature ashing procedure consists of 

heating th.e sample of in te res t  a t  80Q°C fo r  two hours In a i r .  Medium 

temperature ashing i s  done a t  510°C fo r  two hours in a i r .  Low temperature 

ashing was accomplished w i t h  a L . F . E .  Corporation L . T . A .  504. Approximately 

50 watts were used with 1.5 to  2.0 gram sampl es per chamber. The oxygen flow 

ra te  was 0.05 cc /min; the oxygen pressure was 1 mm Hg. The ashing i s  stopped 

when a constant weight i s  obtained. 



X-ray ~i f f r a c t i o n  Analysis .  Several  r eac t ed  and unreacted d i sposab le  

c a t a l y s t s  were analyzed using x-ray. powder d i f f r a c t i o n  methods conducted on 

a P h i l l i p s  x-ray d i f f r ac tome te r .  The samples were ground t o  -.200 mesh and 

mounted a s  an ace tone  s l u r r y  on g l a s s .  s l i d e s .  100 mg o f  sample was used f o r  

both t h e  unreacted and r eac t ed  samples and then the p a t t e r n  o f  the r eac t ed  

sample was co r r ec t ed  f o r  d i l u t i o n  by o rgan ic  r e s idue  and res idua1  coal ash .  

Reaction products  were i d e n t i f i e d  us ing  the ASTM powder d i f f r a c t i o n  index f o r  

i no rgan ic  subs tances .  Some r e a c t i o n  products  could no t  be i d e n t i f i e d  by this 

method and were c l a s s i f i e d  a s  unknowns. 

RESULTS A N D  DISCUSSION 

'Temperature Dependency o f  Product D i s t r i b u t i o n .  In  determining t h e  

c o n d i t i o n s  t o  use f o r  the r e a c t i o n s  the temperature  o f  r e a c t i o n  was one o f  

t h e  v a r i a b l e s  consfdered.  Figure 3 shows the tempera ture .  dependency o f  the 

1 i q u i d  product  d i s t r i b u t i o n  i n  a 1 t que fac t ion  r e a c t i o n  ca t a lyzed  by Co-Mo-A1 . 
A maximum appears  i n  o i l  product ion around 4.75'~ f o r  t h e  p a r t i c u l a r  coal and 

s o l v e n t  used i n  this s tudy .  A t  5 0 0 ' ~  coking was observed on the w a l l s  of the 

r e a c t o r  and t h e  i n s o l u b l e  o rgan ic  ma te r i a l  (IOM) is seen on Figure 3 t o  be 

s i g n i f i c a n t l y  h ighe r  than a t  lower tempera tures .  The IOM appears  t o  be 

i nc reas ing  even a t  4 7 5 ' ~  which i n d i c a t e s  t h a t  coking. i s  pos s ib ly  occu r r ing .  

In the temperature  range examined the o i l s  pass through a maximum a t  475'~.  

In c o n t r a s t ,  t h e  aspha l tenes  e x h i b i t  a minimum a t  475 '~.  The i n s o l u b l e  

o rgan ic  m a t t e r  passes  through a minimum a t  about 460 '~.  Likewise,  the pre- 

asphal t enes  reach a minimum a t  4 7 5 ' ~  and remain a t  t h a t  l eve l  . I f  gases 

produced dur ing  t h e  r e a c t i o n  had been inc l  uded i n  this product d i s t r i b u t i o n ,  

t h e  apparen t  maxima and minima observed f o r  each f r a c t i o n  would s t i l l  be p re sen t  

b u t  would probably be s h i f t e d  s l i g h t l y .  The temperature  4 5 0 ' ~  was chosen a s  



the  reaction temperature fo r  the  study of%various addi t ives  because i t  was 

noted a t  450 '~  there was a large  di f ference i n  o i l  prbduction between a 

strongly catalyzed l iquefact ion reaction and a l iquefact ion reaction w i t h  no 

added ca t a ly s t .  A s imilar ly  l a rge  difference was noted a t  475't, b u t  there  

was no apparent advantage i n  using a reaction temperature of 475 '~  i n  order 

t o  compare the  e f f ec t s  of ' t h e  various mineral and by-product addi t ives .  

The e f f e c t  of reaction parameters on the  product d i s t r i bu t i on  in the  

presence of .  a pyr i te  addi t ive  was examined. , Pyr i te ,  s ized t o  +40, 40x80, 

80x140, and 140x200 mesh, were used. The reaction conditions a r e  given i n  

the  experimental sect ion.  The product d i s t r ibu t ions  fo r  the  d i f f e r en t  sized 

pyr i tes  along with t h a t  of -325 mesh Robena Mine pyr i t e  a r e  given i n  Table 111. 

In the reaction system used, i t  i s  apparent from each f rac t ion  of  the  product 

distr i 'bution t ha t  each sized pyr i te  f ract ion has an equivalent e f f e c t  on t he  

reaction system. 

An examination of reaction temperature on product d i s t r ibu t ion  and 

conversion u.s i n.g 140x200 mesh pyr i t e  was a1 so undertaken. The temperatures 

studied ranged 'born 400 '~  t o  500 '~  a t  2 5 ' ~  in te rva l s .  The d i s t r ibu t ion  of 

the  products obtained a t  each reaction temperature i s  shown i n  Figure 4. 

A maximum i.n o i l  production i,s observed near 450'~. Both the asphaltenes 

and preasphal tenes decreased w i t h  increasing' temperature. The IOM fract ion 

passes through a minimum a t  about 440°C and appears t o  increase subs tan t ia l ly  

a t  500°C. The most drarnati'c change due t o  temperature in  the product d i s t r ibu-  

t ion i s  seen i n  the gas f rac t ion  produced fron the coal which increases from 5% 

a t  the lower temperature" range, 40Q and 425"C, t o  55% a t  500°C. Concurrentl'y, 

the oi,l f rac t ion  a t  5000C declined t o  -11% from a high of 38% a t  450'~. A t  

S O O . ~ C ,  the  l iquefaction system does, not make a su f f i c i en t  quant i ty  of o i l  



from the coal t o  maintain solvent balance; therefore, no net production of 

oi l  from coal i s  observed a t  500°C. Coal conversion a t  500°C i s  a lso lower 

than that  a t  lower reaction temperatures. Since coal conversion i s  defined 

as 1-IOM, the dec.rease in conversion may be due to  coke formation which i s  
I 

insoluble in methyl ene chlori'de and methyl a1 coho1 . 
C 

To determine the e f fec t  of agitation r a t e  on the product distribution 

using 140x200 mesh pyrite,  reactions were performed a t  agitation rates  

ranging from 0 to  1000 RPM. The ef fec t  of agitation ra te  on product d i s t r i -  

bution i s  shown i n  Figure 5. When s tee l  bal ls  are  used as agi ta tors  i n  the 

t u b i n g  bombs, the oi l  produced from coal increases from -39% a t  0 and -26% 

a t  200 RPM t o  %39% a t  400 RPM and above. Both the asphaltene and preasphal- 

tene levels decrease s l ight ly  w i t h  increasing agitation rates  when s teel  ba l l s  

are used. Coal conversion increases radically from less  than 35% a t  200 RPM 

to greater than 85% a t  300 RPM and above. One experiment was performed a t  

400 RPM without the s teel  ball agi ta tors .  Comparison of the product d i s t r i  - 
bution a t  400 RPM with and without s teel  ba l l s  shows a substantial decrease 

in s i l  production and coal conversion and an increase i n  IOM, preasphal tenes 

and asphaltenes w i t h o u t  the s teel  ba l l s .  Considering the resu l t s  of the 

above experiments, i t  i s  apparent that  agitation r a t e  has a strong influence 

on product dis t r ibut ion and tha t  the agitation ra te  must be maintained 

a t  a suffi.ciently high level so that  ,mass t ransfer  i s  not l imiting. 

Minerals. The objective of t h i s  work i s  to  determine the e f fec t  of 

coal minerals i n  a liquefaction reaction, how the minerals change during 

reaction, and i f  synergetic e f fec ts  occur. The minerals examined in th i s  

study are  those which commonly occur in United States coal. 



The Elkhorn 53 coal used in the experiments has a high temperature 

ash content of 14.6 weight percent, and a mineral content of 17.8 weight 

percent as determined by low temperature ashing. Table IV gives the mineral 

composition of the El khorn #3 coal . The only minerals present in E l  khorn #3 

coal which change during reaction as indicated by x-ray diffract ion are  

pyrite (FeS2) and gypsum (C~SO~*ZH~O)  which become pyrrhotite (Fel-xS) and 

calcium sul fa te  (CaS04), respectively. A1 though i t  might be ideal t o  use a 

compietely demineralized coal in a study of t h i s  type, by adding a re la t ive ly  

large quantity of a mineral to a reaction with a coal of as low an ac t iv i ty  

as Elkhorn 83, any s ignif icant  e f fec t  of the mineral additive should be 

observable. Table V presents the product dis t r ibut ion and conversion 

obtained when the minerals used were added in a proportion of 33% of the coal. 

The original reaction mixture consisted of 60% solvent, 30% El khorn #3 coal,  

and 10% mineral additive by weight. The resu l t s  are  presented i n  order of .' 

increasing o i l s  product. The commercial Co-Mo-A1 catalyst  is used fo r  

comparison. The Co-Mo-A1 was presul f i  ded before ,use. 

Among the minerals tes ted ,  the most effect ive are  molybdic oxide and 

compounds high in iron, such as f e r r i c  oxide and red mud. These compounds 

p.roduce approxi'mately 35% o r  more o i l s  on a solvent f ree basis. Most O f  the 

other minerals added have minor b u t  varying degrees of positive e f fec ts  on 

oi 1 s production. 

By-product Metal1 i c  Wastes and Other Additives. --- Table VI shows the 

effect  of  various chemical additives and industrial  waste materials on product 

di.stri,buti.on and conversion. The most noticeable effects  were produced by 

Fe203 and red mud which consists of approximately 50% goethi.te, FeOOH, an 

iron oxide hydrate. Red mud i s  Bayer process waste from Kaiser Aluminum 



Company. Using sulfur  and red mud together produced the sa-me ef fec t  as 

red mud alone. As with the minerals in Table VI , the chemicals o r  waste 

products high in iron gave the highest conversions and highest o i l  values. 

Table VII shows the effects  on product dis t r ibut ion and conversion of 

SRC residues ashed a t  three conditions : 800°c, 510°c, and low temperature 

ashing. The SRC residues used i n  t h i s  study were obtained by f i l t r a t i o n  or  

by Kerr McGee's Critical Solvent Deashing Process a t  the Wilsonville SRC P i lo t  

Plant. In order t b  determine the @.ffect of .a diatomaceous earth f i l t e r  aid ' .  

normally present in SRC f i l t r a t i o n  residue, diatomaceo,us earth f i l t e r  aid was 

a l so  treated a t  the three ashing conditions and used 6s an additive.  The, 

diatomaceous earth f i l t e r  aid produces identical product dis t r ibut ions a t  a l l  

three ashing conditions and essent ial ly  the same resul ts  as the SRC f i l t r a t i o n  

residue ashed a t  800 '~ and 510'~. F i l t e r  aid does not appear to  a f fec t  the 

o i l s  production a t  the ashing temperatures used. 

Tab1 e VI I  I  presents the effects  on product di str+bution and conversion 

when pyrite which 'has been reduced a t  several different  conditions i s  used as 

an additive. X-ray analysis of the ground samples indicate that  a l l  the reduced 

pyrite used are essentially Fe, - xS. The f i r s t  column of Table VIII i s  the 

product distribution and conversion obtained withthe untreated pyrite.  As 

seen i n  Table VIII, a l l  samples of reduced pyrite gave essent ial ly  identical 

results within experimental e r ror .  The reduced pyrite and the untreated 

pyrite dis t r ibut ions are a1 so nearly identical within experimental error .  

Table IX shows the effect  of impregnating coal with.compounds containing 

Co, Ni, and Mo. The weizlit of the impregnated species per gram of coal a re :  

0.01g Ni, 0.01g Co and 0.0269 Mo. The liquefaction reaction, with an impregnated 

molybdenum compound, ammonium paramolybdate, showed one of the higher oi l  conver- 

sion, 58I ,  observed in the study. T& coal impregnated with cobalt n i t r a t e  



hexahydrate and nickel n i t r a t e  hexahydrate and both show ac t iv i ty  levels 

similar to  tha t  of coals reacted in the presence of pyrite.  

Table X presents the product dis t r ibut ion resul ts  for  several reactions 

using different  f l y  ashes and bottom ashes as additives. A difference greater 

than experimental e r ror  i s  observed in the o i l  production u s i n g  the various 

ashes. However, neither the composition nor whether the ash i s  a f l y  ash o r  

a bottom ash appears to be a pertinent factor for  the differences observed. 

Table XI presents the e f fec t  of several' coal preparation plant was'te ' . 

materials on product distribution and conversion of El khorn #3 coal.  All 

of the materials show some enhancement of o i l s  production. 

Table XI1 shows the e f fec t  of varying proportions of Fe203 i n  the 

presence of e i ther  f l y  ash or  s i l i c a  on the product dis t r ibut ion and conver- 

sion of Elkhorn #3 coal. The product dis t r ibut ions and specif ical ly  the 

o i l s  productions does n o t  change within experimental e r ror  w i t h  the d i f fe rent  

proportions of the additives. 

Table XI11 shows that  there were no substantial e f fec ts  on product d i s t r i -  

bution o r  conversion produced when using four different  mesh s izes  of quartz. 

I t  i s  notable that  these part icular  quartz samples seem ineffective compared 

with the quartz additive from a different  source used i n  prevjsus experiments 

shown in Table V. The quartz of Table V used in producing 30% o i l s  was a 

naturally occurring crys ta l l ine  Si02 ground to -325 mesh. In contrast  to  

the c rys ta l l ine  quartz,  the quartz used in producing the resul ts  in Tab12 XIII, 

showing an average of 14% o i l s ,  was a precipitated s i l icon oxide which has a 

crystal 1 ine (quartz) core b u t  an amorphous s i  1 icon oxide surface. 

Table XIV presents the product dis t r ibut ion of experiments performed 

with Kentucky X9 coal. The coal without an additi,ve converts more easily 



to  o i l  than does the  El k h o r n  #3 coal. The product distribution w i t h  Robena 

mine pyri te  and Kentucky #9 coal i s  w i t h i n  experimental e r ror  of tha t  of 

El khornc'itu3 coal and Robena mine pyrite.  

Minerals Plus Pyrite. Since pyrite i s  present i n  most coals,  and since 

pyrite generally has a positive e f fec t  on o i l s  production i n  1 iquefaction 

processes, the enhancement o r  inhibition of o i l s  production due to  the presence 

of other minerals i n  addition to  pyrite i s  of interest .  Table XV presents the 

resul ts  of several 1 iquefaction experiments w i t h  minerals plus pyrite.  A 

modified solvent separation scheme using no sonication was used i n  obtaining 

the data of Table X V  which resulted i n  s l i gh t ly  lower conversion data,  lower 

oi 1 s fractions data, and higher asphal tenes fractions compared to  data 

obtained using the sonif ier  in the separation scheme. Therefore, the data i n  

Table X V  are not direct ly  comparable to  data i'n other tables.  In general, 

those mineral s or addi ti:ves whi ch are  benefi cia1 i n  producing oi 1 s without - 

pyri:te are  a1 so b.enefi.ci:al i.n the presence of pyri:te. 

Mineral A1 teration i n  Disposable Catalysts. Selected disposable 

catalysts  were analyzed by x-ray powder diffract ion methods to  determine 

what i f  any changes occurred in the catalysts  during a coal liquefaction 

reaction. The disposable catalysts  used were: 

( 1  ) Robena pyrite (FeS2) 

(2)  reduced Robena pyrite (Fel -,S) 

(3)  red mud from an alumina plant waste se t t l i ng  tank tha t  i s  a 

mixture of goethi t e  ( FeO(0H) ) and boehmi t e  (A1  OH) ) pl us amorphous 

iron and a1 uminum oxides 

(41 hematite (.Fep03) 

( 5 )  Elkhorn Y3 coal LTA 

( 6 )  c a l c i t e  (CaC03) 



(7)  quartz (Si02) 

(8)  borni t e  (Cu5FeS4) 

(-9) montmori 11 oni t e  

The mineral a1 teration should be of three types : (1 ) recrystal 1 izat ion,  

(2)  decrystall ization, and (-31 dehydration. 

Recrystallization i s  a rearrangement of the internal s t ructure of the 

mineral usual ly  caused by e i the r  heat or pressure .or both.. Recrystal 1 ization 

may involve loss of an ion as i n  the case of pyrite going to  pyrrhotite,  o r  
. . 

i t  may be only a rearrangement as i n  hematite to  maghemite. Amorphous 

material may also c rys ta l l ize  to form a material that  can be detected by 

XRD,  b u t  normal ly th i s  requires conditions not found in the 1 iquefaction 

reaction. Recrystallization i s  an easi ly  detectable reaction and can be 

expected in many sulfi'de and easi ly  reducible oxide minerals. 

Decrystallization i s  the disruption of a s t ructure to  produce an x-ray 

amorphous s ta te .  An example of t h i s  i s  goethite which decomposes below 440°C 

into an amorphous iron oxide. Decrystall ization i s  d i f f i c u l t  to  detect by ' .  
. 

XRD since the reaction product i s  amorphous and can be identified only as . c  

a reduced intensi ty  of the diffract ion peaks a f t e r  the liquefaction reaction. 

Dehydration i s  the loss of water without a disruption of the crystal  

structure.  The ef fec t  i s  most often observed i n  clay minerals and zeol i tes .  

The amount of water contributed to  the system may be negligible compared to  

tha t  produced by the liquefaction reaction. Mlnerals tha t  are eas i ly  re- 

hydrated, for  example the iron su l fa tes ,  may be affected by th i s  water, i .e.  

dissolved. 

Within the 1 imits of X R D ,  t h i s  -investigation determined ( 1 )  the mineral. 

composition of the original additive,  ( 2 )  the type. and amount of recrystal 1 i -  

zation, and (:3)  the amount of decrystall ization of the disposable catalysts  

studi ed . 
. . 



Alterat ion of Minerals D u r i n g  Coal Liquefa'ction. The Elkhorn f 3  coal 

- used i n  this study has an ash composition shown i n  Table IV and a. t o t a l  low 

temperature ash content  of 17.8%. A t  a  r a t i o  of 3 grams coal t o  1 gram 

ca t a ly s t  this  gives a d i lu t ion  of 1 pa r t  c a t a ly s t  residue t o  0.534 par t s  

coal ash resi.due. Because of this d i l u t i on ,  the  c a l c i t e ,  gypsum, smect i te ,  

ch lo r i t e ,  and mica-smectite peaks were obscured and could not be detected 

a f t e r  react ion;  however, kaol i n i  t e ,  mica, and 'quartz had qu i t e  in tense  peaks 

and the reaction product of  the  pyri. t e ,  pyrrhotj  t e  , was a1 so detectable .  

The reacti.on products of the  disposable  c a t a ly s t s  studied represent  actual  

coal l iquefact ion runs in which the  c a t a l y s t  was added t o  the  Elkhorn coal 

and then reacted.  Before determining the  amount and type of a l t e r a t i on  the  

pat terns  were corrected fo r  t h i s  ash d i l u t i on .  

Major mineral a l t e r a t i ons  observed a s  being caused by the  l iquefact ion 

process were: 

(1  ) pyr i t e  (FeS2) recrystal  1 i z e d  t o  pyrrhoti t e  (Fel-,S) ( t h e  FeS2 i n  

the  El khorn #3 coal i s  a l so  recrys ta l  1 ized t o  Fel -,S). 

( 2 )  hematite (a  Fe203) recrys ta l  1 ized i n  maghemi t e  ( y  Fe203) . 
( 3 )  goethi t e  (a  F ~ O ( O H )  ) and boehmi t e  (A1 O(0H) ) decrysta l l  ized i n to  an 

amorphous product. 

(4 )  gypsum (CaS04'2H20) dehydrated t o  anhydrite (CaS04) i n  Elkhorn #3 

coal m i  neral s . 
In the reaction system used i n  these experiments, the amount of su l fu r  

readi ly  ava i l ab le  f o r  sul f id ing the  a F ~ ~ o ~  addi t ive  i s  l e s s  than 10% of t he  

amount needed t o  form iron su l f i de ,  FeS, from a Fe203. Consequently, a f t e r  

the react ion,  the Fe203 present i s  a  high temperature form of y FeZOg The 

amount of  iron su l f i de  s to ichiometr ica l ly  possible i s  below the l i m i t s  of 

detection by x-ray d i f f rac t ion  analys is .  The r e su l t s  a r e  tabulated i n  Table 

XVI . 



Minerals unaffected by the l iquefaction reaction were: montmorillonite, 

c a l c i t e ,  quartz and reduced Robena pyri t e .  The montmori 1 loni t e  was dehydrated 

s l i g h t l y ,  b u t  does not begin t o  1 oose s t ruc tura l  water u n t i  1 above 4 0 0 ° C .  

Montmorillonite will absorb u p  to  5% water t ha t  i s  l o s t  below 2 0 0 ° C  on i t s  
, , 

cation exchange i&,o,mplex. The c a l c i t e  and quartz used i n  t h i s  study were 
.is 

simply unreactive in the 1 iquefaction reaction condit ions.  The reduced Robena 

pyr i t e  was already converted t o  pyrrhot i te  so t ha t  i t  was n o t  changed by the  

1 iquefaction reaction.  , . 
. . 

A t  t h i s  time, 1 i . t t l e  i:s known of the  synergis t ic  o r  antagonis t ic  e f f e c t s  
. . 

coal ash may have on these types of c a t a ly s t s  nor i s  anything known about 

mixtures of catalysts 'and t h e i r  in te rac t ions .  A knowledge of the  thermal 

s tabi  1 i t y  of c a t a l y t i c  mineral s  would be an a id  i n  .predicting reaction 

products. While much i s  known about the  endotherms and exotherms o f  minerals 

determined from DTA, DSC, and TGA l i t t l e  i s  known about what corresponding 

a l t e r a t i ons  have taken place i n  the  minerals. 

The information avai lable  from t h i s  study indicates  t h a t  disposable 

ca t a ly s t s  show a wide response t o  l iquefact ion reactions ranging from no 

e f f e c t  a t  a l l  on the  ca t a ly s t  t o  complete conversion t o  another mineral. 

Easily reducible and thermally unstable minerals wil l  r e c ry s t a l l i z e  o r  de- 

crys ta l l i .ze  depending on conditions. Hydrated minerals wil l  dehydrate and 

add some water t o  the  system. 
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I I& MICROREACTOR (TUBING BOMB) . 

FIGURE 1 :  REACTOR SYSTEM USED IN LIQUEFACTION EXPERIMENTS 
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React ion Condi t i  ons : 69 Sol ven t  ( A i r  Product ,  CPDU 121 ) ; 
39 E lkhorn  #3 coal  ; 1 g p resu l  f i d e d  Co-Mo-A1 ; 
1250 p s i g  i n i t i a l  Hz p ressure  a t  ambient 
temperature;  30 mins r e a c t i o n  t ime;  860 RPM; 
46.3 cc r e a c t o r  volume. 
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O I.O.M. 

Temperature, O C  

F igu re  3. Temperature Dependency o f  O i l s ,  Asphal tenes, 
Preasphal tenes , and I n s o l u b l e  Organi c Ma t te r  
( I  .O.M. ) i n  Coal L i q u e f a c t i o n  Experi'ments 
Catalyzed by Co-Mo-A1 ( 'Modif ied sepa ra t i on  
technique used t o  determine f rac t i ' ons )  . 



Reaction condit ions:  69 solvent  
(Air Products, CPDU 121 ) ; 39 E l  khorn #3 
coal ; 1 g (140. x 200 Mesh) py r i t e ;  
1250 psig i n i t i a l  Hz pressure a t  
25O~;  1 hour react ion time; 860 RPM: 
46.3c.c. reactor  volume ' 
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Figure 4. Effect  of Rea,cti.on Temperature 
on Coal Liquefaction 
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Tab1 e I : Description and Source of Additives 

1. All mineral s a r e  ground t o  -150 t o  -325 mesh as- indicated below unless 
a1 ready in powder form. After grinding i f  necessary the minerals a r e  
dried a t  100°C f o r  12 hours and a1lowed.to cool in a des iccator  before 
use unless otherwi se indicated.  

2. A1 banian Chrome Ore Concentrates (Chromic oxide - 49%, Fe203-15%, 
Magnesia 19%) Inter lake ,  Inc. ,  Beverly, OH.  

3 .  Apati te,  Ca5(PO ) (,F,OH) 3 .  Source : Stauf fe r  Chemical Company; 
Westport, CT. 42d3) 222-3000. Received i n  powder form. 

4. Bornite,  CugFeSq (copper ore)  ; -1 15 mesh. Source: Mr. Rich Ramseier, 
Chief Geologist, The Anaconda Company, Geo1ogica.i Dept. , 520 Hennessy 
Bldg., P.O. Box 6.21, Butte, MT 59701. (406) 723-431 1 . 

5. Brown Fly and Bottom Ashes*, (Si02 - Fly 52%, Bottom 47%, A1203 - 
r ly  29%, Bottom 23%, Fp2f13 - F1 y 12"/, Bottom - 2 2 % ) .  Kentucky Uti 1 i t i e s .  

6. Ca lc i t e ,  CaC03, Gi rd  Creek, Ravalli , MT, -115 mesh. Source: David 
New Mi neral s , Providence, UT. 

7. Chabazi t e ,  CaA12Si4012.6H20. W .  R.  Grace and Company, Upper Darby, 
Pennsylvania. 

8. Co-Mo-A1 , CoMox 451, presul f ided a t  .Auburn t o  2.76% su l fu r .  Source: 
Laporte Indust r ies  , Inc. 

9. Me1 an te r i  t e  (:FeSO4-7H20) . Texti 1 e Chemical Company, Reading , PA. 

10. Diatomaceous Earth F i l t e r  Aid, F i l t e r  Cel , 5/20/80,, sample number 56678. 
Source: Cata lyt ic ,  Inc., W i  1 sonvi 11 e ,  AL.  

1 1 . Do1 omi. t e  , CaMg (:C03 12.  Source : David New Mineral s , Providence , UT. 
Sample from Snarum, Norway. Ground t o  -1 15 mesh. 

12, Feldspar, KA1 Si3O8, Type NC-4, received i n  powder form. Source: 
Fe1dspa.r Corporation, Box 99, Spruce Pine, NC 28777. (704) 765-9051 . 

13. Fe2O3, Type I' - 116, cer t i : f ied ,  received in  powder form. Source: 
Fisher Sc i en t i f i c  Co., Fairlawn, NJ 07410. 

14! Green River Fly and Bottom Ashes*. Kentucky U t i l i t i e s  (SiO2 - High 
Fly 41%, Blend Fly 48%, Bottom 50%, A1203 - High Fly 17%, Blend Fly 
IS%, Bottom 20%, Fe2O.3 - High Fly 32%, Blend ,Fly 32%, Bottom 24%). 

15. Gypsum, CaS04.2H20 - $105 Terra Alba received in powder form. Source: 
C. A .  Wagner, Philadelphia, PA.  (i215) 457-0600. 

16. I1 1 i t e ,  KA1 (.A1 ,Si)3010(OH)2. Source: Source Clay Minerals Repository 
(W.D. Johns f , Dept. o f  Geology, University of Missouri, Columbia, MO 
6521 1 , (.314) 822-3785. Screened t o  -1 15 mesh. 



Kaol i n i  t e ,  A1 2 S i ~ 0 5 ( 0 H ) ~ .  Burgess # lo ,  received i n  powder form.. Source: 
Burgess Pigment Co. (Dan Adrian), P .O.  Box 349, Sandersvi l le ,  GA (912) 
552-2544. 

Kerr McGee Residue, KM-ME 103/V107 Ash Conc., Run 150-247, 10/19/78, 
S.N. 40478 #2. Source: Ca ta ly t i c ,  Inc.,  Wilsonvil le ,  A L .  

K2C03. Source: Fisher S c i e n t i f i c  Co. , Number P-208 A .  C.S . grade. 
In powder form. 

Magnetite, FeFe204, Source: Rece.ived from Air Products and Chemical s ,  
Inc.,  Box 538, A1 lentown, PA 181 05. Sample Number CPDU-175 (o r ig ina l  l y  
from U.S. S t e e l ) .  

Mlca, KA1 2(A1Si3)0lo(OH)2. Source: 0 n t a r i o  Canada. 

Molybdi c Oxide, (MO-58.7%) . Cl imax Molybdenum Company, Greenwich, CT. 

Montmori 1 loni  t e ,  (.Na ,Ca) 33(.Al ,Mg)2Si4010(OH) .nH2O, type -; Hydri t e  P X ,  
Source: Georgia Kaolin pi., 433 N .  Broad S t . ,  Elizabeth,  NJ (201) 
352-9800. 

Mordeni t e ,  (Ca ,Na2K2)A1 2Si10024.7H20. W .  R.  Grace and Company, Upper 
Darby, PA. 

Sodi um Carbonate Na2C03. Source: Fisher Sc i en t i f i c  Co., Number S-263. 

Oil Shale, Source: John Ward Smith, D i v .  Manager, Div. of Resource 
Characterizat ion,  U.S. Department of Energy, Laramie Energy-Technology 
Center, P . O .  Box 3395, University S ta t ion ,  Laramie., Wyoming 82071 . 
Preparation. The o i l  shale  was received i n  a s i ng l e  piece. The o i l  
shale  was broken i n to  118 i,nch o r  smaller pieces,  heated i n  a i r  a t  
400°C f o r  s i x  hours t o  re lease  the o i l .  The remaining so l id  residue 
was ground t o  -1 15 mesh. 

Paradise Fly and Bottom Ashes*, (-Si02 - 43%, A1 203 - 18.5%, Fe203 - 
30%) , TVA. 

Pyr i t e ,  FeS2 from Robena Mine, -325 mesh. Prepared by Air Products and 
Chemical s ,  Co., Box 538, A1 lentown, PA 181 05 (21 5) 398-491 1 . Original 
source, U.S. Steel  Corporation, Robena Mine, Angelica, P A .  

Quartz, Si02, U.S.A. type natural c r y s t a l ,  ground t o  -115 mesh. Source: 
Gary Johnson, Sawyer Research Products, 35400 Lakeland Blvd., East Lake 
OH (121 6)  951 -8770. Typi cal anal ys i  s i s 99.5% Si 02. Impurities i ncl ude 
A1 10 t o  15 ppm, Fe<lO ppm, Mgt5ppm, TicSppm, CatSppm. 

Quar tz ,  5p, lop,  15v, 30p. Min-u-sil precipi ta ted  Si02. Received from 
Air Products and Chemicals , Inc. , A1 1 entown, PA 18105. 

Red Mud, Bayer Process red mud waste from Kaiser Aluminum Co., -150 mesh. 
Source: Mr. I .  L .  Feld, Assistant  t o  the Research Director,  U.S. Dept. 
of I n t e r i o r ,  Bureau of Mines, Tuscaloosa ~ h a r c h  Center, P .O.  Box L, 
University, AL 35486. (205) 758-0491 . 



32. Red Oxide, Ferro, Ottawa Chemical D i v i s i o n ,  Toledo, ,OH. 

33. Reduced Robena P y r i t e ,  Suppl ied by D r .  Diwakar Garg, A i r  Products and 
Chemical s, I nc .  , Box 538, A1 1 entown, PA 18105. Sample No. 5429-76-7. 
Note: This  sample was n o t  d r i e d  a t  100°C, b u t  used as received.  

34. S i l  i ca ,  -240 mesh, rece ived from A i r  Products. 

35. Specul i t e  (.Fe203 - 94%, Si02 - 5%). Chemal l o y  Company Inc., Bryn 
Mawr, PA. 

36. SRC Residue, Dl02 Minera l  Residue, 140-B-m, 7/9/78, S.N. - 39198. 
Source: . C a t a l y t i c ,  Inc., W i l  s o n v i l l  e, AL. 

37 .. . '  X-Type Mol ecul a r  Sieve, GI,. R..  Grace and Company, Upper?. Darby, PA. 

*Samples were supp l ied  by D r .  Alan E. Bland o f  the  I n s t i t u t e  o f  
Min ing and Mlnera l  s, U n i v e r s i t y  o f  Kentucky, Lexington, KY 



Table I1 

Analysis of Elkhorn #3 and Kentucky #9 Coal 
and 550°F+ Fract ion of SRCII Fuel Oil Blend 

Coal s Sol vent  

Elkhorn #3 Kentucky #9 SRCII Blend 

Proximate Analysis (wt%) 

Moisture 1.81+0.03 1.. 6 
. . 

.' ' V o l a t i l e  .Matter 37.6+0.1 ' 36.1 ' ' 

Fixed Carbon 46.0- 48.9 
Dry Ash 14.60+0.02 - 13.1 

I..ll t i m a t e  Analysi s ( w t % )  

Carbon 69 - 4  70.4 88.8 
Hydrogen 4.88 4.76 7.40 
Nitrogen 1 .OO 1.50 1 .96 
S u l f u r  1.94 3.30 1.20 
Oxygen (.by d i f f e rence )  . 8.18 6.07 0.48 

Su l fu r  (,wt%) 

Total Su l fu r  
S u l f a t e  Su l fu r  
P y r i t e  Su l fu r  
Organic Sul fur 

Product D i  s t r i b u t i o n  

O i  1 
Asphal Lenes 
Preasphal tenes  
I.O.M. 



Table I 1 1  

Effect of Pyri te Pa r t i c l e  Size on 
Product D i  s t r i  buti on and Conversion 

Robena 
py r i t e  

Par t i c le  Size +40 Mesh 40 x 80 Mesh 80 x 140 Mesh . 140 x 200 Mesh -325 Mesh 

Gases ( g )  

Oils ( g )  

Asphal tenes (g  ) 

Preasphaltenes ( g )  

Residues ( g )  

Total ( g )  

Normal i zed 

Gases ( g )  

Oils ( g )  

Asphal tenes ( g )  

Preasphal tenes ( g  ) 

Residues ( g )  

Total ( g )  
- 

0.23 

5.87 

0.89 

0.29 

1.36 

8.64 

- 
0.23 

6.63 

1 .OO 

0.33 

1.54 

9.73 

0.23 

5.97 

0.91 

0.28 

1.37 

8.76 

- 
0.23 

6.65 

1.01 

0.31 

1.53 

9.73 
--- 

% Gases 9 

% Oils 

% Asphal tenes 

% Preasphal tenes 

'/o 1.0.14. 

% Conversion 

10  

39 

3 8 

7 

6 -- 
94 

9 

3 8 

28 

13 

12 

8 8 

0.25 

5.74 

1.06 

0.17 

1.16 

8.38 

- 
0.25 

6.69 

1.24 

0.20 

1.35 

9.73 

10 

3 8 

28 

12 

12 

88 

0.24 

5.94 

0.87 

0.30 

1.34 

8.69 

- 
0.24 

6.67 

0.98 

0.34 

1.50 

9.73 

3 6 

29 

12 

14 

8 6 

0.25 

5.90 

0.87 

0.29 

1.33 

8.64 

- 
0.25 

6.67 

0.98 

0.33 

1,50 

9.73 

3 7 

3 0 

11 

13 

87 



Table I 1 1  c o n ' t  
. . 

Reaction Conditions: 69 Solvent  (Air Products ,  CPDU 121) ;  39 Elkhorn #3 c o a l ;  
l g  Addit ive;  1250 p s i g  i n i t i a l  H p r e s su re  a t  25OC; 1 hour r e a c t i o n  6 t ime;  46.3 c c  r e a c t o r  volume; 86 RPM; 450°C. 

1. For the purpose o f  c a l c u l a t i o n s ,  a1 1 p y r i t e s  a r e  assumed t o  form 
FeS during r e a c t i o n .  

2. P y r i t e  samples were obta ined  from Air Products and Chemicals, Inc.  
X-ray d i f f r a c t i o n  showed t h a t  t h e  +40 mesh sample was 95% pure  
p y r i t e  and 40x80 mesh, 80x140 mesh, and 140x200 mesh were 97% , 
pure pyri ' te.  



Table IV 

Elkhorn Ky #3 Coal Minerals 

. . 
Ash - 14.6% 

:\ . 
.c-.: . - 

Low Temperature Ash - 17.8% TOriginal Minerals) 

Minerals : X- Ray Diffraction Resul t s  of Low Temperature Ash Material 

Kaol i n i  t e  . .. . 35%. . . 

Pyri te  

Q~ra rtz 

M i  ca 

Calcite 

Gypsllrn 

Smec t i t e  

Chlori te 

M i  ca-Smecti t e  



Table V 

Effect  of Minerals on Product Distr ibution and Conversion 

1 % % % Asphal-' % Preasphal- % 
% 

Additives Gas Oi ls  tenes tenes I .O..M. Conversion 
pp 

Dolomite 12 15 35 

Borni t e  11 15 40 

Mordeni t e  13 19 2 9 

None 11+1 - 21+5 - 36+5 - 
Si 1 i ca  14 2 2 32 

I l l i t e  11 22 37 

Cal c i t e  11 22 38 

Apatite 12 2 3 3 4 

Feldspar 10 24 34 

Mi ca 10 2 5 28 

Chabazi t e  11 25 31 

Z i  rcon 9 25 35 

Montmori 1 loni  t e  9 2 7 31 

Kaol i ni t e  13 27 29 

A1 banian Chrome Ore 11 29 3 0 

Gypsum 14 29 3 1 

Quartz 7 30 3 2 

Magnetite 11 32 3 2 

Red Oxide  11 35 32 

Robena Mine Pyr i te  9 35 4 0 

Specul i t e  12 3 5 31 . 
FeS04-7H20 8 42 35 

Molybdic Oxide 3 56 2 8 

CO-MO-A1 5 66 15 

Reaction Conditions: 69 Solvent (Air  Products CPDU 121) ; 39 Elkhorn #3 Coal ; 
1 g addi t ive;  1250 psig Hz i n i t i a l  H z  pressure;  450°C; 
1 hour reaction time; 46.3 cc reactor  volume; 860 RP,P: 

1 .  For the purpose of ca lcula t ions  a l l  addi t ives  a r e  assumed t o  remain 
unchanqed except FeSUqa7H2(3 which i s  assumed t o  lose  the w a t e r  s f  
hydration, and pyr i t e  (FeS2) which i s  assumed t o  form FeS. 



Table V I  

E f f e c t s  o f  Chemicals and Waste ~ate"Fia.1 s .,: . 
on Product D i s t r i b u t i o n  and Conversion 

X-Type 
Molecular  O i  1 Reduced Red 

Lime Sieve N ~ ~ C O ~  Shale P y r i t e  K ~ C 0 3  Fe203 Mud 
-- - 

% Gas 

% O i l s  

7; Asphal tenes 2 2 2 .B 3 7 34 3 6 19 38 , 31 

% Preasphaltenes 11 

% I . O . M .  86 

% Conversion 14 

a (  ) i ,nd ica tes  a nega t i ve  va lue 



Table V I I  

E f f e c t  o f  Ashing Temperature o f  Residues and 
F i  1 t e r  A i d  on Product D i s t r i b u t i o n  and Conversion 

SRC-I Ash SRC-I Ash (Ker r -  Diatomaceous 
( F i  1 t e r  Separated) McGee C r i t i c a l  Ea r th  F i  1 t e r  

So lvent  Deashing A i d  
Process 

Ashing Temp- 
e r a t u r e  ( O C )  ' 800 . 51 0 LTA 800 .510 LTA 800 520 LTA : . 

% Gas 12 11 10 10 8 9 10 8 10 

% O i l s  3 I 34 42 37 39 45 32 33 34 

% Asphal tenes 30 32 26 32 31 28 28 29 27 

% Preasphal tenes 11 9 7 9 9 7 11 10 9 

% I .O.M.  16 14 15 12 13 11 19 20 20 

% Conversion ' 8 4  86 85 88 87 89 81 80 80 



Table VIII 

Effect of Pyr i te  Reduced a t  Different  Conditions 
on Product Distr ibution and Conversion 

Additive 1 2 .  3 4 5 6 7 
- -- 

% Gas 

% Oils  44 .3.8 38. 3 7 38 37 .3 7 
. . 

.'. %' Asphal tenes . 30 . , .32 31 29 ' 2 9 32 . 31 
I 

1 % Preasphal tenes 8 9 10 10 9 9 9 

% I.O.M. 13 13 1 . 3 .  15 14 15 12 

% Conversion 87 . 77 87 8 5 8 6 85 88 

Reaction Conditions: 69 solvent  (Air Products CPDU 121) ; 39 El khorn 
#3 Coal; lg  addi t ive;  1250 psig H z  i n i t f a1  H2 
pressure; 450°C; 1 hour reaction time; 46.3 cc 
reactor  volume; 860 RPM 

1 .  Additive Type Reaction Conditions* 

1 -200 Mesh Pyr i te  
2 Reduced Pyr i te  T = @,OO°C, P .= ..I000 psig H z ,  t = 10 m i n .  
3 Reduced Pyr i te  T = 450°C, P = 1000 psig H 2 ,  t = 10 m i n .  
4 ReducedPyrite T = 5 0 0 ° C ,  P = 1 0 0 0 p s i g H 2 ,  t = 1 0 m i n .  
5 Reduced Pyr i te  T = 600°C, P = 1000 psig H z ,  t = 10 m i n .  
6 Reduced Pyr i t e  T = 450°C, P = 1500 psig Hz, t = 10 min. 
7 Reduced Pyr i te  T = 450°C, P = 500 psig Hz., t = 10 m i n .  

. . 

2. For the purpose of ca lcula t ion the pyr i t e  (FeS2) i s  assumed t o  form FeS 
during react ion.  The Reduced Pyr i te  samples, 2through 7 a r e  assumed t o  
remain unchanged. 



. . 
Table IX 

Effec t  of ~mpregnati 'ng Coal w i t h  Coy Ni , and 
Mo Compounds on Product Dis t r ibut ion  and Conversion 

Coal Impregnated 
with Additive Co(N03) 2*6H20 N i  ( NO3) 2.6H20 ( NH4)6M~7024*4H20 

% Gas 13 -. 11 9 

% Oils  35 37 . . 5 8 

, % Asphaltene 3 2 . . 3.2 21 

% Preasphaltenes 8 

% I.O.M. 12 

% Conversion 88 

Reaction Conditions: 69 so lven t ;  1250 psig H z ;  450°C, 1 hour r e a c t i o n .  
time, plus (1 ) 3.1399 Elkhorn #3 coal impregnated 
w i t h  4.57% C O ( N O ~ ) ~ . ~ H ~ O ,  ( coba l t  I1  n i t r a t e )  , 
( 2 )  3.1409 El khorn #3 Coal impregnated w i t h  4.57% 
Ni (NO3) 2.6H20 (nickel  n i t r a t e ,  hexahydrate) ; ( 3 )  
3.1499 Elkhorn #3 Coal impregnated w i t h  4.98% 
( NH4) 6M~7024.4H20y (ammoni urn paramol ybdate)  . 

1 .  For the  purpose of c a l c u l a t i o y  . . t h e  following assumptions a r e  made: 

( a )  C O ( . N O ~ ) ~  .6H20 y i e l d s  Cogs8 during reac t ion .  

( b )  N i  (N03)2 .6~20  y i e l d s  Ni2S3 during reac t ion .  

(,c) (,NH4),6M07024-4H20 y i e l d s  MoS2 during reac t ion .  
- .  



Table X 

E f f e c t  o f  Several F l y  Ashes and Bottom Ashes 
on Product D i s t r i b u t i o n  and Conversion 

Green R iver  Green R i  ve r  Brown Green R i ve r  
Brown Para,di se (B lend)  (High)  Paradise Bottom Bottom 

Addi t i  ve F l y  Ash Bottom Ash F l y  Ash F l y  Ash F l y  Ash Ash Ash 

% Gas 

% O i l s  

% Asphal tenes 27 27 31 27 3 1 2 9 2 9 

% ~ r e a s ~ h a l  tenes 2 0 13 12 12 12 11 12 

% I.O.M. 2 8 28 24 26 19 21 13 

% Conversion 7 2 7 2 7 6 7 4 8 1 7 9 8 7 



Table XI 

Ef fec t  of Coal Preparat ion P lan t  Waste Materials  
on Product D i s t r ibu t ion  and Conversion 

Additives 1 4 6 8 2 5 7 3 
- - 

% Gas 17 13  11 14 16 10 15 13  

% Oi l s  18  23 28 30 30 31 32 33 

% Asphaltenes . ,. . 27 . 28 

% Preasphal tenes  24 13 13 14 11 13  11 13 

% I.O.M. 14 2 3 18 14 16 17 15 14 

% Conversion 8 6 77 8 2 86 ' 84 93 8 5 86 

1. Addit ive No. Sampl e 

100% El khorn #3 
100% El khorn 83 
100% El khorn #3 

55% Hazard #4 
33% E l  khorn 82 
12% El khorn bl 
51% KY #11 
28% KY #13 
22% KY #12 

100% KY #11 
1 00% KY #9 

53% KY #14 
47% KY iY17 

Hendri x/Beth-El khorn 
GundIIsland Creek 
Gund/Island Creek 
Spurlock/Is land Creek 

F i e s / I s l  and Creek 
Hami 1 ton #1/ Is1 and creek 
Colonial /P&M 

2.  Additives were heated a t  500°C f o r  2 hours i n  a i r  before use.  



Table XI1 

Effect  of Fe203 w i t h  Fly Ash o r  S i l i c a  

on Product Distributi'on and Conversion 

Additive ( 2 )  Non (1) Non ( 3 )  Non 
Iden t i f i ca t ion  (1 )  (2 )  Calcined Calcined (3) Calcined (5 )  (4 )  (6 )  

~ - 

% Gas 13 15 9 12 9 10 13 12 13 

' % Oils  25 . 26 30, 3 0. 31 -. . 33 . 34 35. 35 . . 

% Asphal tenes 29 27 3 0 2 6 2 9 2 7 27 26 27 
I 

% Pressphal tenes 17 12 11 15 12 12 14 i i12 10 

% I.O.M. 16 2 Q 20 17 19 18 12 .15 15 

X Conversion 84 80 80 83 8 1 8 2 
. . 

88 85 85 

1.  Mineral Contents of Additives 

Non ~ a l  ci:ned(:2 
(. 3 

Non Cal c i  ned('1 
Non Ca1ci:ned 3 

14 
(5  
(.6 

75% rron oxide; 
25% Iron Oxide,,. 
25% Iron Oxideb 
25% Iron Oxide, 
75% Iron Oxideb 
25% Iron Oxide, 
25% Iron Oxi'deb 
50% Iron Oxide,,. 
50% Iron Oxide 

2. Additi:ves were ground t o  -200 mesh before use. 

25% Fly Ash 
75% Fly Ash 
75% Fly Ash 
75% S i l i c a  
25% Fly Ash 
75% Si'l i ca 
75% Fly Ash 
50% Fly A s h  
50% S i l i c a  

a ~ e a g e n t  grade Fe203 

b ~ e 2 0 3  from U.S. Steel  



Table XI11 

Effec t  of  Quartz S ize  on Product 
Dis tri bution and Conversion 

Quartz S ize  511 1 011 1511 3011 

% Gas 2 1 15 16 21 

% Oils 14 16. 13  13 

% Asph:al tenes' 25 26 2 6 : 25 

% Preasphal tenes  11 14 13 13  

X I.Q.M. 29 29 3 2 28 

% Conversion 71 71 6 8 7 2 



Table XIV 

Liquefaction Experiments w i t h  Kentucky No. 9 Coal 

Additive None Robena Mine Pyr i te  

X Gas 13 11 ' 

% Oils 2 7 39 

% Asphalltenes 31 3 1 

% Preasphal tenes "' 13 1.1 . 

. %  I.O.M. 

% Conversion 84 9 2 

Reaction Conditions: 69 Solvent (Air  Products, CPDU 121),; 39 Ky #9 coal ; 
1g addi t ive;  1250 psig in i . t ia l  H z  pressure; 450°C; 860 RPM; 

'7 hour reqcti-on tfme; 46.3 cc reactor  volume 

1. For the  purpose of calcula t ions  FeS2 i s  assumed t o  form 
FeS, and the KY Ji9 coal contains 13.1% ash.. 



Table XV 

E f f e c t  o f  M inera ls  and FeS2 on Product D i s t r i b u t i o n  

and Conversion (Mod i f i ed  Separat ion Procedure) , 

Mor t -  
Reduced m o r i l -  FeS2 "Red 

.L ime  & B o r n i t e  C a l c i t e  Robena l o n i t e  Base- Qua r t z  Mud" CO-Mo- 
Addi t i  vel None F2S2 & FeS2 & FeS2 P y r i t e  & FeS2 l i n e  II  FeS2 B FeS2 Fep03 A 1 

- - - - - - -- pp - 

% Gas 11 9 18 18 10 10 9 18 6 11 10 

% O i l s  7 12 19 2 1 25 2 5 28 3 5 36 36 7 1 

% Asphal tenes 45 42 42 3 7 4 1 4 5 43 27 40 34 11 

% Preasphal tenes 12 4 5 7 10 5 5 6 5 8 2 

% I .O .M.  25 33 16 17 14 15 15 14 13 11 6 

% Conversion 75 67 84 33 86 85 8 5 86 87 8 9 94 

1.  FeS2 i s  assumed t o  form FeS. 



Table XVI 

A1 te ra t ion  of Minerals After Coal Liquefa.ction 

Disposable Catalyst " Original Minerals Present Recction Products % Change 

Robena Pyvi t e  Pyri te FeSZ, 75% plus 5% quartz,  Pyrrhoti te  Fel - ,S 100% of FeS2 
20% carbonates, su l f a t e s ,  and clays 

Reduced Robens Pyr i te  Pyrrhoti t e  Fel-,S Unchanged 0 

Fe203 Hematite aFeZ03 Maghemi t e  yFe203 

Red Mud Goethi t e  FeO(0H) , Boehmi t e  AlO(0H) Amorphous 

Quartz Quartz Si02 Unchanged 

Calci te Calci te CaC03 Unchanged 

Borni t e  Borni t e  ( C a g ~ e S ~ ) ,  Pyri te ~ e S 2 ) ,  Chalcopyrite, Quartz 
Chal copyri t e  (CuFeS2) and Quartz 

I 

Montmorillonite Montmori 1 loni t e  Unzhanged 

El khorn t 3  Coal LTA . Kaal i  ni t e ,  Mica, .Pyr i te  , Gypsum Pyri te t o  Pyrrhoti t e ,  
Quartz, Cal c i t e ,  <lo% others Gypsum t o  Anhydri t e ,  

others unchanged. 
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Pyrite Catalysis in Coal Liquefaction 

Mwakar Garg* and Edwln N. Glvens 

Capwate Reseafd, and Development D e p e m t ,  A& Roducts and Chemicals, Inc., Allentown, Pennsyfvanh 18105 

Signlflcant liquefaction catalysis by pyrite was observed for both Eikhorn No. 3 and Kentucky No. 9 coals. For 
both coals conversion and OH yield increased on addition of 10% pyrite to the feed slurry. 011 ylelds increased 
from 27.3 to 41.0% for Elkhorn No. 3 and from 15.3 to 34.9% for Kentucky No. 9. Gas yields increased slightly 
for Elkhorn No. 3 and were essentially unchanged for Kentucky No. 9. Hydrogen consumption, after correction 
for the increased hydrogen sulfide make, was likewise favorable. Sulfur contents In the residual SRC material 
increased In both cases. Solvent hydrogen content remained constant in the presence of pyrite, whereas it 
decreased significantly in the absence of pyrite. Solvent in the presence of pyrite without any coal present showed 
little change at process conditions. 

Intiuduction The conversion of the coal to liquid products has been 
Coal is a complex mixture of organic and inorganic found to increase as the mineral matter cuiitent and the 

constituents each of which has a unique response during concentration of the iron and titanium in the coal increase 
liquefaction. Indigeneous coal minerals are not inert in- (Mukhurjee and Choudhury, 1976). 
gredients, but they undergo chemical and physical changes The catalysis by iron compounds in the coal liquefaction 
as well as catalyze the transformation of the organic phase. reaction has been known for a long time. The Germaris 
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found that adding iron to the feed slurry improved the 
liquefaction of coal (Wu and Storch, 1968). In certain casea 
the addition of sulfur to the aptem also improved the 
effect of the iron (Wu and Storch, 1968). Their stoi- 
chiometries suggested that they knew iron sulfide (FeS) 
was the ultimate form of the iron in the liquefaction res- 
idue. With the advent of X-ray diffraction technique this 
FeS was found to be in the form of pyrrhotite (Given et 
al., 1974). 

Wright and Severson reported that the addition of iron 
as contained in the residuea from coal liquefaction in- 
creased the hydrogen transfer capacity of anthracene oil 
(Wright and Seveison, 1972). Seitzer (1978) magnetically 
separated the iron sulfur compounds in coal liquefaction 
residues and used them as catalyeta in subsequent lique- 
faction reactions. He found that the magnetically sepa- 
rated material had, per weight of iron, about the same 
catalytic effect as ferrous sulfate. Furthermore, he found 
that the magnetically separated material catalyzed the 
addition of hydrogen to the dissolved coal. 

Moroni and Fiecher (1980), who reviewed many papers 
in the area of coal mineral catalysis, concluded that pyrite 
was by far the major if not the only mineral constituent 
in coal to effectively catalyze coal conversion. Neither the 
addition of tha cwl liquefnd,ition residue nor the magnet- 
ically separated residue delineated whether pyrrhotite had 
better catalytic activity than pyrite. A significant amount 
of work hae been done more recently to determine the true 
catalytic activity of pyrite and pyrrhotite. Although pyrite 
and pyrrhotite have been found a t  times not to have a 
significant effect on coal conversion (Given et  al., 1979), 
substantial increases in coal conversion with the addition 
of pyrite and pyrrhotite have been reported (Given, 1979). 
Furthermore, Given and co-workers reported that pyr- 
rhotite prepared from the pyrite in coal had even greater 
activity than the sample prepared from macrocrystalline 
mineral pyrite. 

The addition of pyrite to the reaction mixture was found 
to affect the coal liquefaction product distribution. Small 
improvements in recycle solvent yield were observed with 
the addition of 3% hand-ground pyrite (Solvent Refined 
Coal, 1979). However, no further improvement was re- 
ported on addition of pyrite up to a 7.5% level. Granoff 
and Baca observed increased yield of pentane soluble oil 
and decreased yield of asphaltene and preasphaltene with 
the addition of pyrite (Granoff and Baca, 1979). They 
found that conversion to benzene solubles increased from 
61% to 78% with the addition of either pyrite or pyr- 
rhotite. Likewise, they found that pentane soluble oil 
increased from 14% to 31% on addition of pyrrhotite, and 
went to 36% when -325 mesh pyrite was used. 

Apparently the particle size of the pyrite plays an im- 
portant role in catalyzing the coal liquefaction reaction. 
The catalytic activity of pyrite was shown to improve with 
the reduction of particle size (Guin et al., 1979). Signifi- 
cantly more oil production was reported with the use of 
finely divided pyrite (Anderson, 1979) than with hand- 
ground pyrite (Solvent Refined Coal, 1979). 

Hydrogen addition to both the recycle solvent and SRC 
increased on addition of a low level of pyrite (Solvent 
Refined Coal, 1979). Hydrogenation activity increased by 
increasing the concentration of pyrite in the reaction 
mixture. Jn this study no eignificant change occurred in 
the sulfur content of either the recycle solvent or SRC, 
which is consistent with another study in which mineral 
pyrite was shown to catalyze hydrogenation of creosote oil 
but not hydrodesdfuization (Taner et d., 1977; Guin et 
al., 1978). The desulfurization activity of reduced pyrite 

Table I. Chemical Analysis of Coal Samples 

Elkhorn Kentucky 
No. 3 No. 9 

Ultimate Analysis (as received) 
carbon 69.40 70.42 
hydrogen 4.88 4.76 
oxygen 8.18 6.07 
sulfur 1.94 3.30 
nitrogen 1.00 1.50 

Proximate Analysis (as received) 
volatile matter 37.56 36.13 
fixed carbon 46.03 48.90 
ash 14.60 13.10 
moisture 1.81 1.60 

Table 11. Analysis of 550-850 "F Fraction of 
SRC-I1 Fuel Oil Blend 

- - 

element wt % 

carbon 88.79 
by drogen 7.40 
oxygen 1.96 
nitrogen 1.20 
sulfur 0.4 8 

moleoula~ weight 73 0 

was found to be insignificant whereas pyrite itself pro- 
moted the desulfurization of benzothiophene (Guin et d., 
1979). The same authors reported insignificant hydro- 
genation of dibenzothiophene in the presence of pyrite as 
well as reduced pyrite. In another study, reduced pyrite 
was shown to give higher conversion of thiophene com- 
pared to pyrite (Hamrin, 1976). 

The effect of pyrite and reduced pyrite on hydrogenation 
of model compounds has been investigated by several 
workers. Pyrite was shown to have no activity in dehy- 
drogenation of tetralin, whereas reduced pyrite showed 
significant activity in the dehydrogenation of tetralin (Lee 
et J., 1978; Guin et al., 1979). Similarly, reduced pyrite 
was shown to have higher naphthalene hydrogenation 
activity than pyrite itself (Guin et al., 1978). In another 
study, pyrite was shown to have hydrogenation activity in 
the tetralinlnaphthalene system (Gangwar and Prasad, 
1979). 

In the present paper data are presented which show the 
catalytic activity of pyrite for solvent hydrogenation as well 
as coal liquefaction. The catalytic activity of pyrite for 
hydrogenation of the solvent was measured for solvent 
alone as well as in the presence of coal. The catalytic 
activity for the coal conversion reactions is related to the 
product distribution including hydrocarbon gas make, oil 
yield, asphaltene and preasphaltene yields, and degree of 
coal conversion. All of the data reported in this paper refer 
to resuJts in a continuous 100 pounds per day coal process 
unit. 

Experimental Section 
Materials. Elkhorn No. 3 was a run-of-mine sample 

taken from a mine in Floyd County. The Kentucky No. 
9 coal was a sample taken from a preparation plant after 
washing. The coal samples were ground to 95% -200 mesh 
particles and dried in air. The coals were screened through 
a 150 mesh sieve prior to use. The detailed analysis of the 
screened coals is reported in Table I. 

The 550-850 OF cut of SRC-I1 Fuel Oil Blend supplied 
by The Pittshurg and Midway Coal Mining Co. was used 
as a process solvent. The chemical analysis of the process 
solvent is shown in Table II. The solvent contained 90.8% 
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Table 111. Analysis of  Pyrite 

wt% 

carbon 4.48 
hydrogen 0.34 
nitrogen 0.61 
sulfur 41.34 
oxygen 5.97 
iron 42.30 
other impurities (by difference) 4.96 

total 100.0 

surface area = 1.0 ma/g 

pentane-soluble oils, 8.9% asphaltenes, and 0.3% preas- 
phaltenes. 

Pyrite sample was received from an operating mine in 
eouthwestern Pennsylvania The aample was dried at 110 
O C  in nitrogen and then ground to 99.9% minus 325 U.S. 
mesh size in the presence of liquid nitrogen. The chemical 
analysis of the pyrite is given in Table 111. The sample 
was comprised of 75% pyrite, 5% carbonaceous organic 
material, and 20% magnetite, quartz, and other inorganic 
materials. The BET surface area of the pyrite was 1.0 
m2/g and it was relatively nonporous. 

Equipment. Pmcma studies were done in a continuous 
100 pound/day coal liquefaction unit equipped with a 
continuous sitrred autoclave. The use of a stirred tank 
reactor ensured that solvent vaporization matched that of 
'an actual SRC-I dissolver and that coal minerals did not 
accumulate. Since there was no slurry preheater, all of the 
sensible heat had to be provided by resistance heaters on 
the reactor. Because of thia high heat flux, the reactor wall 
was about 27 O F  hotter than the bulk slurry. Multiple 
thermocouples revealed that the slurry temperature inside. 
the reactor varied by only 9 O F  from top to bottom. A 
detailed description of the reactor is presented elsewhere 
(Skinner and Givens, 1980). 

The products were quenched to 320 O F  before flowing 
to a gas/liquid separator that was operated at  system 
pressure. The slurry was throttled into the product re- 
ceiver while the product gases were cooled to recover the 
product water and organic condensate. The product gases 
were then analyzed by an on-line gas chromatograph. 

Procedure. Coal liquefaction runs were performed at  
850 O F  temperature, 2000 psig hydrogen pressure, 2000 
rpm stirrer speed, hydrogen feed rate equivalent to 5.5 wt. 
% of the coal, and a superficial slurry space velocity of 1.5 
inverse hours. The coal concentration in the feed was 30 
wt %. The concentration of pyrite used was 10 wt % of 
feed slurry. 

At least 10 reactor volumes of the product were dis- 
carded prior to collecting a product sample. A complete 
sample consisted of one 8-02 product slurry, one 1-L 
product slurry as back-up eample, a light condensate 
sample, and a product gas sample. 

The product slurry from the continuous reactor was 
solvent separated into four fractions: (1) pentane-soluble 
material (oil), (2) penhe-insoluble and benzene-soluble 
material (asphaltene), (3) benzene-insoluble and pyri- 
dine-soluble material (preasphaltene), and (4) pyridine- 
insoluble material. The latter contains insoluble organic 
material (IOM) and mineral residue. A detailed procedure 
for performing this separation will be reported elsewhere. 
The overall coal conversion is calculated as the fraction 
of organic material (Moisture-ash-free coal) soluble in 
pyridine. 

Results and Discussions 
Solvent Hydrogenation. Process solvent was treated 

with hydrogen both in the presence and absence of pyrite. 

Table IV. Solvent Hydrogenation in the Presence and 
Absence of Pyritea 

feed compn 

90% solv 
orig 100% + 100% 
solv. solv pyrite 

temperature, OF 850 850 
pressure, psig - 2000 2000 
hydrogen treat rate, w t  % - 2.21 2.03 

solvent 
reaction time, min 61 60 
product distribution, wt % 

HC 0.9 1.8 
CO, CO, 0.3 0.2 
H*S 0.2 0.2 
N H 3 0.01 0.4 
oil 90.8 87.3 92.9 
asphaltene 8.9 7.6 3.2 
preasphaltene 0.4 3.3 0.7 
insoluble organic mater- 0.0 0.2 0.0 

ial 
water 0.1 0.8 
hydrogen consumption, - -0.20 0.36 

wt % solvent 

a Oil: pentane solubles; asphaltene: pentane insolubles, 
benzene solubles; preasphaltene: benzene insolubles, py- 
ridine solubles; insoluble organic material: pyridine insol- 
uble~.  Hydrogen consumption does not include the hy- 
drogen required for reducing pyrite (FeS,) to reduced py- 
rite (FeS). 

Table V. Elemental Analysis of Oil Fraction in Solvent 
Hydrogenation Reaction 

-- - 

feed compn 

100% 90% solv + 
orig solv solv 10% pyrite 

temperature, O F  850 850 
oil fraction ' 

carbon 89.57 89.64 89.25 
hydrogen 7.72 7.40 7.74 
oxygen (direct) 1.32 1.30 1.39 
nitrogen 0.88 1.1 7 1.19 
sulfur 0.51 0.50 0.44 

In the absence of pyrite lower molecular weight oils and 
asphaltenes shifted slightly to higher moledar  weight 
~reas~haltenes. The concentration of Dreas~hdtenes in- 
creased from 0.4 to 3.3% (Table IV). - 

An elemental hydrogen balance showed that hydrogen 
in the solvent oil fraction decreased from 7.7 to 7.4% 
(Table V). The loss in hydrogen can be accounted for by 
the production of light hydrocarbon gases. Although no 
changes were noted in carbon, oxygen, and sulfur content 
of the oil, the nitrogen content increased from 0.9 to 1.2%. 

In the presence of pyrite, process solvent underwent net 
solvent hydrogenation, the product distribution shifted to 
lower molecular weight material (Table IV), and the as- 
phaltene fraction decreased from 8.9 to 3.2%. Also the 
hydrogen content of the oil fraction remained at its original 
7.7%, which corresponds to a net consumption of hydro- 
gen. Slight changes in carbon and oxygen content of the 
oil fraction were noted. The increase in nitrogen content 
of the oil from 0.9 to 1.2% was similar to that of the oil 
fraction obtained from reaction in the absence of pyrite. 
Surprisingly, the sulfur content of the oil fraction was 
found to decrease slightly. The yields of hydrocarbon 
gases, ammonia, water, and oil were higher in the presence 
of pyrite. The hydrogen content of the oil fraction re- 
mained constant in the presence of pyrite, whereas the oil 
fraction lost hydrogen in the absence of pyrite. This 
corresponds to a higher hydrogen consumption in the 
presence of pyrite. The hydrogen necessary to reduce the 
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Table VI. Liquefaction of Elkhorn No. 3 Coal in the 

4 
Resence and Absence of Pyrite 

feed compn 

60% solv 
+ 30% 

70% solv cod + 
+ 30% 10% 

coal pyrite 

temperature, OF 850 850 
pressure, psig 2000 2000 
residence time, min 38 41 
hydrogen treat rate, MSCFIT 19.9 21.9 
product distribution, wt % 

MAF Coal 
HC 4.2 5.3 
CO, co, 1.0 1.2 
H,S 1.3 2.8 
NH3 0.0 0.2 
oil 27.3 41.0 
asphaltene 14.8 11.3 
preasghaltene 30.1 24.3 
I.O.M. 18.1 10.4 
water 3.2 3.5 

conversion, % MAF 81.9 89.6 
hydrogen c o n ~ u m p t i o n , ~  1.4 2.0 

wt % MAF 
oil hydrogen content, wt 7% 

st art 7.7 7.7 
finish 7.5 7.7 

SRC sulfur, % 0.6 0.7 

a Hydrogen consumption does not include the hydrogen 
required for reducing FeS, t o  FeS. 

pyrite was 0.14% by weight of solvent. Even eliminating 
this added hydrogen consumption by pyrite, hydrogen was 
still consumed in the reaction. Again, hydrogen con- 
sumption was due to hydrocarbon gases, hydrogen sulfide, 
ammonia, solvent hydrogenation, and water production. 

The solid residue from the solvent hydrogenation run 
was separated by filtration and analyzed by X-ray dif- 
fraction. No unreacted pyrite was detected. The sample 
pattern matched the pattern for pyrrhotite 1lC which is 
FeSl.- Therefore, pyrite was completely reduced. 

Coal Liquefaction 
Liquefaction of Elkhorn No. 3 Coal. The conversion 

of Elkhorn No. 3 coal was reported earlier by Granoff and 
Thomas (1977) as having low conversion on liquefaction 
(62%), apparently due to the use of acetone as a wash 
solvent. In the studies reported here we also observed a 
low conversion (Table VI). In the presence of pyrite, coal 
conversion increased to 90%. The addition of pyrite in- 
creased not only coal conversion but also the yields of 
hydrocarbon gases, carbon monoxide, carbon dioxide, hy- 
drogen sulfide, and ammonia The oil yield increased from 
27 in 41 %, aephaltenes decreased from 15 to 11%, and 
preasphaltenes decreased from 30 to 24%. Pyrite also 
increased hydrogen consumption from 1.4 to 2.0% based 
on element& hydroger~ L h ~ c e .  An additional amount of 
0.5 wt % hydrogen was consumed in reducing the added 
pyrite. The increased hydrogen consumption went to in- 
creasing the yields of gases and benzene soluble~. In the 
absence of pyrite the hydrogen content of the oil fraction 
decreased while in the presence of pyrite the hydrogen 
content remained constant (Table VI). 

The addition of pyrite resulted in an increase in sulfur 
contents of the oil and the SRC fractions. In the oil 
fractions the sulfur increased from 0.3 to 0.5% and in the 
SRC the sulfur increased from 0.6 to 0.7%. Also, pyrite 
caused a reduction in the nitrogen content of the oil 
fraction from 1.3 to 1.0% percent (Table VII). The in- 

Table VII. Distribution of Elements in Various 
Liquefaction Reaction Fractions (Elkhorn No. 3 Coal) in 
the Presence and Absence of  Pyrite 

Reaction without Pyrite 

wt % 

C H 0 N S 

oil 89.05 7.49 1.79 1.33 0.34 
asphaltene 89.10 6.48 4.53 2.24 0.66 
preasphaltene 84.06 5.50 5.44 3.30 0.58 

Reaction with Pyrite 
- 

p~ - -- -- p- -- - 

w t %  

C H 0 N .  S 

oil 89.12 7.70 1.76 0.96 0.49 
asphaltene 85.12 6.24 5.65 2.37 0.62 
preasphaltene 83.17 5.65 - 3.28 0.71 

Table VIII. Liquefaction of  Kentucky No. 9 Coal in the 
Resence and Absence of  Pyrite 

feed compn 

60% solv 
+ 30% 

70% solv coal + 
+ 30% 10% 

coal pyrite 

temperature, OF . 8 50 8 50 
pressure, psig 2000 2000 
residence time, min 3 7 3 5 
hydrogen treat rate, MSCFI'C 20.6 21.8 
product distribution, wt % 

MAF coal 
HC 5.1 4.9 
CO, CO, 0.6 0.8 
Has 1.7 0.4 
NH, 0.0 0.3 
oil 15.3 34.9 
asphaltene 30.0 19.8 
preasphaltene 28.2 25.6 
I.O.M. 12.8 7.4 
water 6.5 5.9 

conversion. % MAF 87.2 92.6 

oil H, content, wt  W 
start 7.7 7.7 
finish 7.3 7.7 

SRC sulfur, % 1.0 1.2 

a H, consumption does not include the hydrogen re- 
quired for reducing FeS, to  FeS. 

creased nitrogen removal was reflected in an increased 
yield of ammonia in the off-gas stream. These results 
showed that for Elkhorn No. 3 coal pyrite catalyzed the 
oil and gas production, increased coal conversion, increased 
hydrogenation of process solvent, and catalyzed nitrogen 
removal from the oil fraction. 

Liquefaction of Kentucky No. 9 Coal. Addition of 
pyrite incren.~ed the conversion of Kentucky No. 9 from 
87 to 93%. Also, carbon monoxide, carbon dioxide, and 
ammonia production marginally increased. The oil yield 
increased from 15 to 35%, the asphaltene yield decreased 
from 30 to 20%, and the preasphaltene yield decreased 
from 28 to 26% (Table VIII). The additional converted 
coal ended up in the oil and gas product. The addition 
of pyrite increased hydrogen consumption from 1.5 to 
2.4%. Also, an additional amount of 0.5% hyrlrugeii was 
consumed in reducing the added pyrite. The oil hydrogen 
content decreased in the absence of pyrite but remained 
the same in its presence. The elemental compositions of 
the various fractions (Table IX) showed no significant 
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Table IX. Distribution of Elements in Various 
Liquefaction Reaction Fractions (Kentucky No. 9 Coal) 
in the Resence and Absence of Pyrite 

Reaction without Pyrite 

C H O N S  

oil 89.53 7.30 1.65 0.96 0.56 
asphaltene 89.19 6.41 4.35 2.20 0.86 
preasphaltene 83.94 5.39 6.03 2.42 1.17 

Reaction with Pyrite 

C H O N  S 

oil 89.05 7.71 1.74 1.03 0.47 
asphaltene 85.39 6.83 4.41 2.42 0.95 
preasphaltene 83.52 5.69 5.76 2.63 1.68 

differences except for an increase in asphaltene and 
preaaphaltene sulfur content when pyrite was added. No 
reduction in nitrogen content of the varioua fractions was 
noted, but the total nitrogen content of the liquid product 
(oil + aephaltene + preasphaltene) decreased slightly from 
2.0 to 1.9 wt % on addition of pyrite. This information 
showed that pyrite wae active as a denitrogenation catalyst. 
Addition of pyrite to Kentucky No. 9 coal improved con- 
version and oil production and promoted rehydrogenation 
of the process solvent. 
'Conclusion 

The addition of pyrite affect. the process solvent hy- 
drogenation reaction. Under the reaction conditions em- 
ployed here, process solvent is found to dehydrogenate in 
the absence of pyrite. The product distribution also is 
shifted toward higher molecular weight product. The 
pyrite addition causes the hydrogenation of the process 
solvent as well as shifts the product distribution toward 
low molecular weight product. The pyrite addition also 
catalyzes the coal liquefaction reaction. I t  improves the 
coal conversion, increases the oil and gases production, 
increases hydrogen consumption, and rehydrogenates the 
process solvent. Pyrite addition also helps in denitro- 
genation of the total liquid product obtained with Elkhorn 
No. 3 and Kentucky No. 9 coals. 
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Appendix K 

EFFECT OF CATALYST DISTRIBUTION IN COAL LIQUEFACTION 

Diwakar Garg and Edwin N. Givens 
Corporate Research and Development Department 

Air Products and Chemicals, Inc. 
P.O. Box 538, Allentown, PA 18105 

Effect of the mode of catalyst addition was studied for the liquefaction of 
Eastern Kentucky Elkhorn #2 coal in a continuously stirred tank reactor. 
Particulate addition of iron as pyrite significantly catalyzed the coal lfque- 
faction reaction. Both coal conversion and oil yield increased on addition of 
pyrite to the deed slurry; oil production increased b more than a factor of 
two both at 825O and 850°F. Pyrite Concentration ha a' negligible effect on 
product distribution, but the mode of catalyst addition had a big impact on 
coal 'liquefaction.' Impregnation of coal with one weight percent iron gave a 
similar product distribution as obtained with addition of 3.5 weight percent 
iron in the form of particulate pyrite. Significantly lower hydrocarbon gas 
make and hydrogen consumption were noted with impregnation ov.er particulate 
addition. SRC' sulfur content was marginally higher with impregnation. Solvent 
hydrogen content increased with particulate addition whereas it decreased with 
impregnation. 

Introduction 

The basic non-catalytic process for liquefaction of coal was developed by 
Bergiusl in Germany circa 1912. In 1925 Brown-coal tar was catalytically 
hydrogenated for the first time with molybdenum oxide. This advance led to 
the development of the catalytic hydrogenation of coal. 

A number of catalysts were studied and reported to give improved yield and 
product qua1 ity2. Adding two percent molybdenum on coal as ammoniam molybdate 
subst.antially increased the liquefaction performance. Subsequent experiments 
showed that 0.05 percent molybdenum gave a yield equal to that obtained with 
two percent when the alkalinity of coal was reduced. Because molybdenum was 
expensive and in short supply in Germany, it was replaced by iron catalyst. 
The Germans found that adding iron as iron sulfate to the feed slurry improved 
the 1 iquefaction of coal2. Bayermasse, an iron oxide-containing material 
obtained as by-product from aluminum manufacture was also shown to be active 
in coal liquefaction. In terms of iron content, twice as much Bayermasse as 
sulfate was needed to produce the same results in hydrogenation of coal. In 
certain cases the addition of sulfur to the system also improved the catalytic 
liquefaction effect of the iron2. The iron to sulfur ratio in the 1 iquefaction 
residue suggested that iron sulfide (FeS) was the ultimate form of the iron. 
With the advent of x-ray diffraction technique the FeS was found to be in the 
form of pyrrhotite3, Fel-,S. 

Wright and Severson reported that the addition of iron as contained in the 
residues from coal liquefaction increased the hydrogen transfer capacity of 
anthracene oi 1. Sei tzer5 magnetical ly separated the iron sulfur compound 
from coal liquefaction residues and used it as a catalyst in subsequent lique- 
faction reactions. He found that the magnetically separated material had, per 
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weight o f  i r o n ,  about t h e  same c a t a l y t i c  e f f e c t  as fe r rous  su l fa te .  Fur ther-  
more, he found t h a t  t h e  magnet ica l ly  separated mate r ia l  ca ta l yzed  t h e  a d d i t i o n  
of hydrogen t o  t h e  d isso lved coal .  

Moroni and Fischer6,  who reviewed many papers i n  t h e  area o f  c o a l .  mineral  
c a t a l y s i s ,  concluded t h a t  p y r i t e  was a c t i v e  i n  coal  conversion. Ne i the r  t h e  
a d d i t i o n  o f  t h e  coal  l i q u e f a c t i o n  res idue nor  t h e  magnet ica l ly  separated 
res idue de l ineated whether p y r r h o t i t e  had b e t t e r  c a t a l y t i c  a c t i v i t y  than 
p y r i t e .  A s i g n i f i c a n t  amount of work has been done more r e c e n t l y  t o  determine 
the  t r u e  c a t a l y t i c  a c t i v i t y  of p y r i t e  and p y r r h o t i t e .  A d e t a i l e d  summary o f  
l i t e r a t u r e  on p y r i t e  and p y r r h o t i t e  c a t a l y s i s  has been made by Garg and Givens.' 

i 

The d i s t r i b u t i o n  o f  c a t a l y s t  i n  t h e  coal  appears t o  be a  c r i t i c a l  f a c t o r  i n  
coal conversion. The method o f  app ly ing  t h e  c a t a l y s t  t o  t h e  coa l  a f f e c t s  t h e  
c a t a l y s t  d i s t r i b u t i o n .  For example, i r o n  s u l f a t e  was shown t o  be much more 
e f f e c t i v e  when impregnated than when mixed mechanical ly. A1 though pro longed 
mix ing  improved t h e  e f fec t i veness  o f  t h e  c a t a l y s t ,  t h e  improvement was less  
than gained by impregnation. The method o f  impregnation i s  a l s o  q u i t e  impor tant  
as was shown i n  one case i n  which an at tempt t o  impregnate coa l  i n - s i t u  d u r i n g  
hydrogenat.ion gave poor r e s u l t s e a  

A reduct ion  i n  p a r t i c l e  s i z e  o f  t h e  p y r i t e ,  repor ted  t o  p l a y  an impor tant  r o l e  
i n  c a t a l y z i n g  t h e  coa l  l i q u e f a c t i o n  reac t ion ,  improved t h e  c a t a l y t i c  a c t i v i t y  
o f  t he  p y r i t e .  ' S i g n i f i c a n t l y  more o i  1  product ion  was repor ted  w i t h  t h e  use 
o f  f i n e l y  d i v i d e d  p y r i  te1° than w i t h  hand ground p y r i t e .  l1 

The contac t  between c a t a l y s t  and coa l  can be increased e i t h e r  by adding f i n e l y  
d i v ided  c a t a l y s t  (two t o  th ree  micron s ize)  o r  impregnating i t  on coal  us ing  a  
water soluble compound l i k e  i r o n  s u l f a t e  o r  d i spe rs ing  i t  a t  t h e  molecular  
l e v e l  i n  the  r e a c t i o n  m ix tu re  by us ing  the rma l l y  unstable organ ic  compounds 
l i k e  i r o n  naphthenate. I n  t h e  present  paper data are presented which show t h e  
c a t a l y t i c  a c t i v i t y  o f  p y r i t e  and impregnated i r o n  s u l f a t e  i n  coa l  l i q u e f a c t i o n .  
The e f f e c t  o f  s imple p a r t i c u l a t e  a d d i t i o n  o f  p y r i t e  i s  compared t o  c a t a l y s t  
impregnation. The c a t a l y t i c  a c t i v i t y  f o r  t h e  coal  convers ion reac t i ons  are 
r e l a t e d  t o  the  p roduc t  d i s t r i b u t i o n  i n c l u d i n g  hydrocarbon gas make, o i l ,  
asphaltene and preasphaltene y i e l d s ,  and degree o f  coal  conversion. A l l  o f  

. t he  data repor ted  i n  t h i s  paper r e f e r  t o  r e s u l t s  i n  a  cont inuous 100 pounds 
per day coal process u n ' i t .  

Experimental 

Mater ia ls :  E lkhorn  #2 was a  washed sample taken from a p repara t i on  p l a n t  i n  
Floyd County, Kentucky. The coal  sample was ground t o  95% minus 200 mesh 
p a r t i c l e s  and d r i e d  i n  a i r .  The coal  was screened through a  150 mesh s ieve 
p r i o r  t o  use. The d e t a i l e d  ana lys i s  o f  t h e  screened coal  i s  repo r ted  i 'n  Table 1. 

A 550-850°F c u t  o f  SRC-I1 heavy d i s t i l l a t e  suppl ied by The P i t t s b u r g  and 
Midway Coal Min ing  Company was used as a  process solvent .  The chemical ana lys i s  
o f  t he  process so l ven t  i s  shown i n  Table 2. The so lvent  conta ined 93.8% 
pentane-soluble o i l s ,  5.0% asphaltenes and 0.4% preasphaltenes. 

The p y r i t e  sample was received from an opera t ing  mine i n  southwestern 
Pennsylvania. The sample was d r i e d  a t  1  10°C i n  n i t rogen  and then ground t o  
99.9% minus 325 U.S. mesh s i ze  i n  the  presence o f  l i q u i d  n i t rogen.  The chemical 
ana lys is  o f  t he  p y r i t e  i s  g iven i n  Table 3. The sample was comprised o f  75% 



pyri te ,  5% carbonaceous organic material and 20% magnetite, quartz2and other 
inorganic materials. The BET surface area of the pyri te  was 1.0 m /g and the 
material was relat ively non-porous. 

Iron su l fa te  (FeS04 7H 0) was received from Textile Chemical Company, Reading, 
Pennsylvania. The chemizal analysis of the iron su l fa te  i s  given i n  Table 4. 
The sample contained approximately 97% iron su l fa te  crystals .  

Equipment: Process studies were'done in a continuous 100 pound/day coal 
liquefaction u n i t  equipped with a continuous s t i r r ed  autoclave. The use of a 
s t i r r ed  tank reactor insured tha t  solvent vaporization matched tha t  of an 
actual SRC-I dissolver and tha t  coal minerals did not accumulate. Since t h e r e  
was no slurry preheater, a l l  of the sensible heat had to  be provided by resistance 
heaters on the reactor. Because of t h i s  high heat f lux,  the reactor wall was 
about 2 7 O F  hotter  than the bul k slurry.  Mu1 t i p l e  thermocouples revealed tha t  
the s lurry temperature inside the reactor varied by only 9 O F  from top to  
bottom. A detai 1 ed description of the reactor i s  presented el  sewhere. l2 

The. products were quenched t o  320°F before flowing to  a gad l iqu id  separator 
tha t  was operated a t  system pressure. The s lurry was thro t t led  into the 
product receiver while the product gases were cooled to  recover the product 
water and organic condensate. The product gases were then analyzed by an 
on-line gas chromatograph. 

Procedure: Coal liquefaction runs were performed a t  825 and 850°F, 2000 psig 
hydrogen pressure, 1000 rpm s t i r r e r  speed, hydrogen feed ra te  equivalent to  
5.5 w t . %  of the coal. and a superficial  s lurry space velocity of 1.5 inverse . 

hours. The coal concentration in the feed was 30 wt.%. Iron su l fa te  was 
impregnated on the coal by dissolving i t  in water and mixing i t  w i t h  coal. 
Impregnated coal sample was dried in nitrogen and ground to  minus 200 mesh 
prior to  use. The concentration of impregnated iron was 1.0 wt.% on the basis 
of coal. The concentration of pyri te  was varied from 2.5 to  10 wt,% of feed 
slurry.  

A t  l e a s t  10 reactor volumes of the product were discarded pr ior  t o  col lect ing 
a product sample. A complete sample consisted of one 8-oz. sample of product 
s lur ry ,  one 1-1 i t e r  sample of product s lur ry  as back-up sample, a l i gh t  conden- 
sate  sample and a product gas sample. 

The product slurry from the continuous reactor was solvent separated into four 
fractions: (1) pentane-soluble material ( o i l ) ,  (2) pentane-insoluble and 
benzene-soluble material (asphaltenes), ( 3 )  benzene-insoluble and pyridine- 
sol ubl e material (preasphal tenes) , and (4)  pyridi ne-i nsol ubl e material. The 
l a t t e r  contains insoluble organic material (IOM) and mineral residue. A 
detailed procedure fo r  performing t h i s  separation will be reported elsewhere. 
The overall chal conversion i s  calculated as the fraction of organic material 
(moisture-ash-free coal) soluble in pyridine. 

Results and Discussions 

Effect of Pyrite on Coal Liquefaction - A t  825 and 850°F, addition of pyri te  
3ncreased the coal conversion from -85 t o  -92% (Table 5). The production of  
hydrocarbon gases, CO + CO and water, marginally increased with pyrite.  Oi 1 
production increased by moze than a factor of two; 12  t o  28% and from 8 t o  27% 



on addition of pyri te  a t  825 and 850°F, respectively. Production of preasphal- 
tenes decreased and asphaltenes remained apparently unchanged. The additional 
converted coal and preasphaltenes with pyri te  ended up in the o i l  fraction. 
Hydrogen consumption increased from 0.64 to  1.68% and from 0.53 to  2.41% on 
addition of pyri te  a t  825 and 850°F, respectively. Also, an additional amount 
of 0.5% hydrogen was consumed in reducing the added pyrite.  X-ray d i f f rac t ion  
analysis of coal liquefaction residue showed a complete conversion of pyri te  
t o  pyrrhotite. SRC sul fur  content remained the same. Oil hydrogen content 
unchanged in the absence of pyri te  b u t  increased in i t s  presence. 

In summary, the addition of pyri te  t o  coal during liquefaction improved con- 
version o f  coal and preasphal tenes , increased production of oi 1 and hydrotarbon 
gases, promoted rehydrogenation of the process solvent and increased consumption 
of hydrogen. Increasing reaction temperature in the presence of pyri te  increased 
conversion of preasphaltenes and increased production of hydrocarbon gases and 
hydrogen consumption. The conversion of coal and production of o i l  .and asphal- 
tenes marginally decreased w i t h  increasing temperature. 

Effect of Pyrite Concentration on Coal Liquefaction - Conversion of coal and 
production of hydrocarbon gases remained the same upon increasing the .pyr i t e  
concentration from 2.5 t o  10 w t .  percent. (Table 6,  Figures 1 and 2). The 
production of CO + C02, water and- oi 1 shown  in   able 6 and Figures 2- and 3 
increased s l  ightly as pyr i te  concentration increased. Asphal tenes remained the 
same and preasphaltenes decreased with increasing concentration of pyr i te  
(Figure 4). Hydrogen consumption increased s ignif icant ly as the pyri te  concen- 
t ra t ion  increased as shown in Table 6 and Figure 5. SRC sulfur  content plotted 
in Figure 6 also marginally increased. Finally, increasing the concentration 
of pyrite from 2.5 to  10 w t . %  of feed s lurry had no s ignif icant  e f f ec t  on 
1 iquefaction of El khorn #2 coal. 

Effect of Iron Impregnation on coal Liquefaction - Conversion of coal was not 
significantly affected by impregnation a t  both 825 and 850°F. The production 
of hydrocarbon gases decreased considerably with iron impregnation while o i l  
production increased by over a factor  of two a t  both temperatures (Table 7). 
~ s p h a l  tene yield was unchanged b u t  preasphal tene yield decreased considerably 
with iron impregnation. X-ray diffract ion analysis of coal liquefaction 
residue showed a complete conversion of iron su l fa te  to  pyrrhotite. Hydrogen 
consumption and SRC su l fur  content were n o t  s ignif icant ly affected by iron 
impregnation. Oil hydrogen content was maintained without any additive b u t  
decreased with iron impregnation a t  both 825' and 850°F. Finally,  iron impreg- 
nation signi-ficantly reduced the hydrocarbon gases and preasphaltenes production 
and increased the o i l  production, 

Comparison of Iron Impregnated Versus Part.iculate Addition - The liquefaction 
of coal imoreanated with one w t . %  iron based on coal i s  com~ared with addition 
of 3.5 wt%' p a k i c u l  a t e  iron in  the form of pyri te  t o  coal-o\ 1 slurry.  Conversion 
of coal was s l ight ly  lower with iron impregnation compared t o  pyri te  addition. 
Iron impregnation gave s ignficant ly lower hydrocarbon gases production and 
hydrogen consumption (Table 8 ,  Figures 7 and 8).  Oil ,  asphaltenes and preas- 
phaltenes production with iron impregnation were comparable t o  t ha t  obtained 
by pyrite addition. SRC sul fur  content was marginally higher with iron 
impregnation. Oil hydrogen content was improved with pyr i te ,  whereas i t  
decreased with i r o n  impregnat9on. 

! 



The above data  emphasize t h e  importance o f  t he  method o f  c a t a l y s t  d i s t r i b u t i o n  
i n  coal  l i q u e f a c t i o n .  The e f fec t i veness  o f  a metal c a t a l y s t  can be enhanced 
s i g n i f i c a n t l y  by  i nc reas ing  t h e  i n t i m a t e  con tac t  between c a t a l y s t  and coa l .  
The mode o f  c a t a l y s t  d i s t r i b u t i o n  t h e r e f o r e  determines t h e  amount o f  , c a t a l y s t  
requ i red  f o r  t h e  reac t i on .  t 

). 

Conclusion . i t  

A d d i t i o n  o f  p y r i t e  s i g n i f i c a n t l y  ca ta lyzes  t h e  coal  l i q u e f a c t i o n  reac t i on .  It 
improves coal  conversion, increases o i l  and gases product ion ,  increases hydrogen 
consumption and rehydrogenates t h e  process solvent .  Changing t h e  concen t ra t i on  
o f  p y r i t e  does n o t  s i g n i f i c a n t l y  a l t e r  t h e  coal  l i q u e f a c t i o n  reac t i on .  Mode 
o f  c a t a l y s t  a d d i t i o n  i s  very  impor tan t  i n  coal  l i q u e f a c t i o n .  The a c t i v i t y  o f  
a c a t a l y s t  depends on t h e  l e v e l  o f  i n t i m a t e  con tac t  o f  c a t a l y s t  wi ' th  coal .  
Therefore, t h e  concen t ra t i on  o f  t h e  metal c a t a l y s t  can be great lx i f reduced 
w i t h o u t  a f f e c t i n g  p roduc t  d i s t r i b u t i o n  by i n s u r i n g  e f f i c i e n t  con'tact between 
c a t a l y s t  and coa l .  The reduc t i on  i n  c a t a l y s t  l oad ing  w i l l  e v e n t u a l l y  inc rease 
the  o v e r a l l  throughput  o f  t he  p l a n t ,  d r a s t i c a l l y  reduce t h e  l o a d  i n  t h e  s o l i d -  
l i q u i d  separa t ion  u n i t ,  and improve t h e  o v e r a l l  process economics l t  

I' 
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TABLE 5 
LIQUEFACTION OF COAL I N  THE PRESENCE AND ABSENCE OF PYRITE 

70% SOLVENT 60% SOLVENT 
+ 30% COAL + 30% COAL 

FEED COMPOSITION + 10% PYRITE 

Fe CONCENTRATION, WT. %COAL 0.0 0.0 14.1 14.1 
TEMP., OF 825 850 825 850 
PRESSURE, PSIG 2000 2000 2000 2000 
RESIDENCE TIME, MIN. 35 39 37 39 
tlYDROGEN TREAT RATE. MSCF/T 18.9 23.0 19.9 22.5 

PRODUCT DISrRlBUTION, WT. Oi; MAF CQAL 
HC 5.2 7.0 5.7 10.6 
CO. C 0 2  0.7 0.6 0.9 1.2 

H2S 0 3  0.3 0.0 0.0 
OIL 12.2 8.3 28.2 27.0 
ASPk ALTENES 21.2 21.6 24.3 22.3 
PREASPtiALTENES 44.2 43.4 29.6 25.6 
I.O.M. 14.7 15.7 8.1 9.3 
WATER 1.5 3.1 3.2 4.0 
CONVERSION. % MAF 85.3 84.3 91.9 90.7 
HYDROGEN CONSUMPTION,' WT. % MAF 0.64 0.53 1.68 2.41 
OIL HYDROGEN CONTENT, WT. % 
STAFT 7.2 7.2 7.2 7.2 
FINISH 7.2 7.2 7.5 7.5 
SRC SULFUR, X 0.61 0.55 0.60 0.57 

'I iYDROGEN CONSUMPTION DCES NOT INCLUDE THE HYDROGEN REQUIRED FOR 
RECUCING FcS2 TO FeS 

TABLE 6 
EFFECT OF PYRITE CONCENTRATION ON COAL LIQUEFACTION 

TEMP., OF 850 850 850 
PYRITE CONCENTRATION, WT. % FEED SLURRY 2.5 5.0 10.0 
lROh CONCENTRATION, WT. %COAL 3.5 7.1 14.1 
PRESSURE. PSlG 2000 2000 2000 
RESIDENCE TIME, MIN. 38 38 39 
I-IYDROGEN TREAT RATE, MSCFlT 24.2 22.2 22.5 

PRODUCT DISTRIBUTION, WT. % MAF COAL 
HC 10.2 9.9 10.6 
CO, C 0 2  0.9 1 .O 1.2 
OIL 25.6 24.3 27.0 
ASPHALTENES 22.3 18.6 22.3 
PREPSPHALTENES 28.2 ' 32.3 25.6 
I.O.Ml 9.3 10.4 9.3 
WATER 3.2 3.5 4.0 
CONVERSION, X MAF 90.7 89.6 90.7 
I-IYDROGEN CONSUMPTION,' WT. % MAF 1.75 1.81 2.41 
OIL HYDROGEN CONTENT, WT. X 
START 7.2 7.2 7.2 
FINISH 7.3 7.5 7.5 
SRC SULFUR, X 0.49 0.51 0.57 

'I iYEROGEN CONSUMPTION DOES NOT INCLUDE THE HYDROGEN REQUIRED 
F l l l l  REl!lJClNG FcS7  TO FcS 

TABLE 7 
EFFECT OF IRON IMPREGNATION ON COAL LIQUEFACTION 

IRON IMPREGNF.TION 
Fe CONC., WT. % COAL 
FEED COMPOSITION 
TEMPERATURE. OF 
PRESSURE, PSIG 
RESIDEFJCE TIME, MIN. 
HYDROGEN TREAT RATE, MSCF/T 

PRODUCT DISTRIBUTION, WT. % MAF COAL 
HC 

co, co2 
H2S ' 

01 L 
ASPHALTENES 
PREASPHALTENES 
I.O.M. 

NO NO YES YES 
0.0 0.0 1 .o 1 .o 

70% SOLVENT + 30 COAL 
825 850 825 850 
2000 2000 2000 2000 
35 37 33 4 1 
18.9 19.9 20.6 27.3 

WATER 1.5 3.1 2.3 3.2 
CONVERSION 85.3 84.3 86.5 86.9 - - - -  - 

HYDROGEN COkSUMPTION, WT. % MAF 0.64 0 . 5 3  0.40 0.60 
OIL HYDROGEN CONTENT. WT. % 
START 
FINISH 
SRC SULFUR, % 

TABLE 8 
IRON IMPREGNATION VERSUS PARTICULAR ADDITION 

IRON ADDITION PYRITE IMPREGNATION 
Fe CONCENTRATION, WT. %COAL 3.5 1 .O 
TEMPERATURE. 'F 850 850 
PRESSURE. PSIG 2000 2000 
RESIDENCE TIME, MIN. 38 4 1 
HYDROGEN TREAT RATE, MSCF/T 24.2 27.3 
PRODUCT DlSTRi BUTION. WT. % MAF COAL 
HC 10.2 4.4 

CO. C02 0.9 0.5 

H2S 0.3 0.2 
01 L 25.6 30.3 
ASPHALTENES 22.3 20.8 
PREASPHALTENES 28.2 27.5 
I.0.NI. 9.3 13.1 
WATER 3.2 3.2 
CONVERSION. % MAF 90.7 86.9 
HYDROGEN, COKSUMPTIObf,* WT. % MAF 1.75 0.60 
OIL HYDROGEN CONTENT, WT. % 
START ' 7.2 7.2 
FINISH 7.3 7 .O 
SRC SULFUR, % 0.49 , 0.57 

'HYDROGEN CONSUMPTION DOES NOT INCLUDE THE HYDROGEN REQUIRED 
FOR REDUCING FeS2 TO FeS 



TABLE 1 
CHEMICAL ANALYSIS OF COAL SAMPLE 

ELKHORN #2 
'WEIGHT % CARBON 

ULTIMATE ANALYSIS (AS RECEIVED) 

CARBON 
HYDROGEN 
OXYGEN 
SULFUR 
NlTFiOGEN 

PROXIMATE ANALYSIS (AS RECEIVED) 

ASH 
MOISTURE 

DISTRIBUTION OF SULFUR 

TOTAL SULFUR 
SULFATE SULFUR 
PYRITE SULFUR 
ORGANIC SULFUR 

TABLE 2 

TABLE 3 

ANALYSIS OF PYRITE 

WEIGHT % 

HYDROGEN 0.34 
NITROGEN 0.6 1 
SULFUR 41.34 
OXYGEN 5.97 
l RON 42.30 
OTHER IMPURITIES (BY DIFFERENCE) 4.96 

TOTAL 100.00 

TABLE 4 

ANALYSIS OF IRON SULFATE 

WEIGHT % 

ANALYSIS OF HEAVY DISTILLATE FERROUS SULFATE, FeS04 53.78 

ELEMENT 

CARBON 
HYDROGEN 
OXYGEN 
NITROGEN 

WEIGHT % 
IRON, Fe203 

TITANIUM. Ti09 
L 

89.44 
7 91 

MAGNESIUM SULFATE, MgSOd 1.80 
1.L  I 

1.70 COPPER 
1.10 LEAD 

SULFUR 0.55 WATER OF CRYSTALLIZATION * 42.28 
NUMBER AVERAGE MOLECULAR WEIGHT 222 TOTAL 99.25 



0 

L'O 

NOIlWNO3YdRI 
t'o 

= x 
8.0 ;$ 
: 2, '0 gp 
2 I, NOll100W 31Vl~31LYWd 

rt 38 




