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INTRODUCTION 

Direct l iquefac t ion  i s  one of the a1 te rna t ives  cur ren t ly  under developiment f o r  
I n  the more advanced l iquefac t ion  the production of clean burning f u e l s  from coal .  

Processes, such as those of Gulf Research a n d  Development, Hydrocarbon Research, I n c . ,  
and the Bureau of Mines ( s y n t h o i l ) ,  coal i s  l iquef ied  in  the  presence o f  a cobal t -  
molybdate c a t a l y s t  a t  moderate temperatures ( 40OoC) and h i g h  hydrogen pressures 
(2000-4000 p s i ) .  Extensive research i s  cur ren t ly  underway ( 1 )  to  improve the per- 
formance of these c a t a l y s t s .  Propert ies  of importance include a c t i v i t y  ( t o  reduce 
reactor  s ize  and pressure)  a c t i v i t y  maintenance ( t o  increase l i f e  a n d  regenerabi l i ty)  
and s e l e c t i v i t y  ( t o  minimize hydrogen consumption). 
of functions such as  cracking la rge  aromatic molecules present i n  coal l iqu ids  and 
hydrogenation of c e r t a i n  cracked mol.ecu1es with concommittant removed of heteroatoms 
such as  s u l f u r ,  nitrogen and oxygen. 

Because of the projected need f o r  clean-burning l i q u i d  fue ls  and the technolog- 
ica l  compl exi ty  of e x i s t i n g  1 iquefact ion technology, f i r s t  generation processes a r e  
l i k e l y  to  be based on e x i s t i n g  c a t a l y s t  technology. However, i t  i s  c l e a r  t h a t  there  
i s  room for  subs tan t ia l  improvements in  a l l  aspects of the process, improvements 
t h a t  will require new c a t a l y t i c  inaterials and concepts. I t  i s  therefore  timely to  
es tab l i sh  some of the ground rules  which wil l  guide the c a t a l y t i c  s c i e n t i s t  and 
engineer in the choice of new mater ia ls  t o  be tes ted  a s  c a t a l y s t s  for  coal l iquefac-  
t ion .  This was the objec t ive  of a study recent ly  conducted f o r  the Elec t r ic  Power 
Research I n s t i t u t e  ( 2 )  and summarized in  t h i s  repor t .  

In t h i s  summary, the general c r i t e r i a  f o r  the se lec t ion  of mater ia ls  f o r  coal 
l iquefact ion c a t a l y s i s  a r e  discussed f i r s t .  This serves  a s  a basis  f o r  a de ta i led  
analysis  of a number of compounds and a preliminary assessment of  the types o f  com- 
pounds t h a t  should be tes ted f o r  coal l iquefac t ion .  

The c a t a l y s t  performs a number 

CRITERIA FOR SELECTION OF MATERIALS 

A discussion of  new mater ia ls  requi res ,  i n  e f f e c t ,  a look a t  the eiiormous 
number of compounds t h a t  have been invest igated in  so l id  s t a t e  and inorganic chernis- 
t r y  over the years .  
i n  Table 1 .  They a r e  fornied by t ransi t . ion and a lka l ine  ear th  metals and a sniall 
group of nonmetals from the upper r i g h t  hand corner of the per iodic  tab le  of the 
elements: boron, carbon, s i l i c o n ,  ni t rogen,  phosphorous, oxygen, s u l f u r  and chlorine 

A number o f  the  most important c lasses  of compounds a re  shown 

Considering the wealth of compounds represented by these various groups, i t  i s  
in te res t ing  t o  note t h a t  r e l a t i v e l y  few h a v e  been tes ted  f o r  c a t a l y t i c  appl ica t ions .  
Furthermore, i t  i s  d i f f i c u l t  t o  choose a p r ior i  from t h i s  la rge  nuiiiber of inater ia ls  
those which would be appl icable  f o r  study a s  l iquefact ion c a t a l y s t s .  The challenge 
in  the se lec t ion  sequence f o r  new inlaterials i s  therefore  the  i d e n t i f i c a t i o n  of those 
constraints  t h a t  have to be met by a compound in addi t ion to i t s  c a t a l y t i c  a c t i v i t y .  
Among the imost important cons t ra in ts  f o r  coal l iquefac t ion  a re  thermal and  cheniical 
s tabi  1 i ty . 

VolatTijZ- t i i lg ,  s i n t c r i n g ,  and general iiicclidnical I'ai l u r c .  
Illust be corisidered a r e  both thosc f o r  ireaction and rcgcncrat ion.  
erat.uros for c a t a l y t i c  1 iquefnct lon proccsscs a re  cur ren t ly  o f  the order of  ,r300(!C. 
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The regeneration scheme which is  most l i k e l y  t o  be applied to  these process i s  con- 
t r o l l e d  oxidation of the carbonaceous residues which a r e  deposited on the surface of 
the c a t a l y s t .  Although this i s  carr ied o u t  with careful  control o f  temperature, 
sur face  temperatures can frequent ly  exceed DOOOC. Continucd use and regeneration 
brings about s t ruc tura l  deyradation of many mater ia ls  a t  these  condi t ions.  Chemical 
s t a b i l i t y  r e l a t e s  to  the chemical behavior of the mater ia l s  i n  the environment of 
coal l iquefac t ion  a n d  regenerat ion.  
b i l i t y  of the c a t a l y s t  i n  an HzS/H2 atmosphere. In coal l i q u e f a c t i o n ,  concentrations 
o f  HzS o f  1 - 5  percent o r  higher  a r e  normal. Other reac t ive  compounds t h a t  may a f f e c t  
s t a b i l i t y  are  hydrocarbons, NH3, H20, and 0 . Except f o r  oxygen used i n  regeneration, 
the  e f f e c t  of the o ther  r e a c t a n t s  i s  minimat compared t o  t h a t  of H2S. 

Of primary concern i n  t h i s  respect  i s  the s t a -  

In s p i t e  o f  the lack o f  c a t a l y t i c  information f o r  many o f  the compounds shown i n  
Table 1 ,  the focus of  a general survey such as the present  one will be those materials 
containing cat ions t h a t  have shown c a t a l y t i c  a c t i v i t y .  T h i s  i s  the reason f o r  the  
emphasis on t r a n s i t i o n  metals compounds. The thermal and chemical s t a b i l i t y  of these 
mater ia l s  will now be discussed.  

THERMAL STABILITY 

The  only compounds i n  Table 1 t h a t  a r e  c l e a r l y  excluded from f u r t h e r  considera- 
t i o n  because of  poor thermal s t a b i l i t y  a r e  the organometallic complexes. 
C02 (CO)8 decompose t o  the metal a t  temperatures a s  low as  15OoC, unles the CO pres- 
sure  in  the system i s  g r e a t e r  than 600 psi ( 3 ) .  By c o n t r a s t ,  some o f  the compounds 
i n  Table 1 can withstand temperatures t h a t  a r e  among the highest of any mater ia l .  
For example, TaC melts a t  about 398OoC ( 4 )  and Ti82 melts a t  2980°C (5 ) .  
o f  t h i s  high thermal s t a b i l i t y ,  the chemistry of these compounds changes with temp- 
e r a t u r e  and the s t a b l e  s toichiometry a t  the synthesis  temperature may be q u i t e  
d i f f e r e n t  from t h a t  a t  the temperature o f  operat ion.  This i s  i l l u s t r a t e d  q u i t e  dra- 
mat ical ly  by a compound t h a t  has been considered f o r  hydrogenation and desulfur izat ion,  
VS4 (6) .  
above 300 t o  4OOOC VS4 decomposes t o  s u l f u r  and the next s t a b l e  s toichiometry,  V5S8 (7 )  
(although there  a r e  ind ica t ions  t h a t  V3S5 i?ay a l s o  be formed ( 8 ) ) .  
unl ikely tha t  a t  operat ing condi t ions VS4 i s  the actual  c a t a l y s t .  

For example, 

In s p i t e  

An examination o f  a s impl i f ied  phase diagram f o r  this material revea ls  t h a t  

I t  i s  therefore  

A diagram of  temperature vs.  composition is not  complete without a spec i f ica t ion  
o f  pressure. 
o f  s u l f u r  o r ,  equivalent ly ,  a s u l f u r  containing compound such as H2S. 
of compounds i n  the presence of  H2S depends on the chemical s t a b i l i t y  of the compound 
and i s  discussed i n  the next sec t ion .  

In the case o f  the  V-S system the per t inent  parameter i n  the  pressure 
The behavior 

CHEMICAL STABILITY 

.The two condi t ions t h a t  a r e  most c r i t i c a l  i n  coal l iquefac t ion  a r e  the h i g h  HpS 
concentration and the need (unless  a1 te rna te  methods a r e  discovered) to  use oxygen 
t o  regenerate  the spent  c a t a l y s t .  
o f  i n t e r e s t  to explore the behavior of compounds i n  the  presence of the "parent" non- 
m e t a l l i c  eleinent, namely t h e  f r e e  energy of formation. For convenience, a l l  the  
comparisons a r e  niade a t  700K (which i s  coinparable t o  cur ren t  coal l iquefac t ion  temp- 
e r a t u r e ) .  Thermodynamic calcuat ions a r e  based on the l a t e s t  publ islied data  and have 
been discussed i n  detai l  elsewhere ( 2 ) .  An extremely useful s implicat ion,  proposed 
by Searcy (91, allows d i r e c t  use of  heats of  formation i n  t h e  absence o f  values f o r  
the  entropy change. 
leads t o  soiiie i n t e r e s t i n g  conclusions concerning potent ia l  ncw tiiatcrials f o r  coal 
1 iquefact ion c a t a l y s i s .  

Before these  two condi t ions a r e  discussed,  i t  i s  

T h i s  pernii t s  considerable extcnsion o f  the publ ished data  and  
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Free Eneqy_ o f  Formation 

evaluation o f  the  r e l a t i v e  s t a b i l i t y  of various compounds. 
t o  predict  the behavior of  these conipounds i n  c e r t a i n  chemical environments. 

( 2 ) .  
observations a r e  of i n t e r e s t  f o r  the present  study: 

BY comparing f r e e  energies of formation i t  i s  possible  t o  make a q u a l i t a t i v e  
This in  turn can be used 

The f ree  energies  o f  formation of a number of compounds were examined i n  de ta i l  
Representative examples a r e  shown i n  Tables 2 a n d  3. The following general 

a. Oxides a r e  the most s t a b l e  compounds of the groups t h a t  were examined. 
I n  e f f e c t ,  the following s t a b i l i t y  t rends a r e  observed: 

oxides,, n i t r i d e s  > carbides 
oxides > s u l f i d e s  
oxides>, borides, s i l i c i d e s ,  phosphides 

One consequence o f  these trends i s  t h a t  most compounds a r e  expected t o  
be thermodynamically unstable i n  an oxidizing environment such as  
encountered i n  c a t a l y s t  regeneration. 

In general ,  the s t a b i l i t y  o f  a family of compounds decreases w i t h  in- 
creasing g r o u p  number in  the per iodic  tab le .  
example, a r e  the l e a s t  s t a b l e  o f  the t r a n s i t i o n  metal oxides. However, 
the ex ten t  of t h i s  decrease i s  no t  the same f o r  a l l  groups of  compounds. 
I t  i s  most severe f o r  n i t r i d e s  and carbides ,  l e a s t  severe f o r  s i l i c i d e s .  
In  general ,  the  following order of  s t a b i l i t y  change i s  observed: 

This difference i s  manifested in the var ia t ion in  s t a b i l i t y  of members 
o f  one group of compounds (such as  oxides)  i n  the  presence of the same 
environment. In HzS, f o r  example, t i tanium oxide (Group I V )  i s  s t a b l e .  
Cobalt oxide (Group V I I I ) ,  on the o ther  h a n d ,  i s  n o t .  

Thermodynamic information on borides i s  l imited to the Group IV elements 
T i ,  Zr and H f .  For these elements borides a r e  more s t a b l e  than s i l i c i d e s .  
From the s i m i l a r i t y  i n  many of the physicochemical proper t ies  of borides 
and s i l i c i d e s ,  i t  i s  expected t h a t  t h i s  behavior wil l  continue t h r o u g h -  
o u t  the per iodic  tab le .  The behavior of s i l i c i d e s  in H2S can therefore  
be used a s  a guide t o  the s t a b i l i t y  of  borides i n  t h i s  environment. 

b .  
Group VI11 oxides ,  f o r  

n i t r i d e s ,  carbides 22 oxides 7 su l f ides  7 s i l i c i d e s  

c .  

S t a b i l i t y  in the Presence of b S  

The high H2S concentrations present  d u r i n g  coal l iquefac t ion  imposes a most 
severe cons t ra in t  o n  the choice of c a t a l y t i c  mater ia ls .  
can be expected. 
mater ia ls  a re  unlike1 to survive i n  t h i s  environtnent ( 2 ) .  
process condi t ions,  n i t a l s ,  a l l o y s ,  organometallic complexes, carbides ,  a n d  inany 
oxides and n i t r i d e s  can forin the respect ive s u l f i d e .  
the behavior of individual t r a n s i t i o n  imetals depends on t h e i r  pos i t ion  in  the periodic 
tab le .  SOIW representa t ive  examples a r e  shown in Table 4 .  I n  general ,  the  following 
i s  observed: 

Levels as h i g h  as 1-57; H2S 
From the thermodynamics of  s u l f i d e  formation i t  i s  found t h a t  

T h u s ,  a t  any reasonable 

However, as ind ica ted  e a r l i e r ,  

a. While cxj-dez and n i t r i d e s  of Group IV are  s t a b l e  i n  HzS, those of 
higher groups can form the s u l f i d e .  

Conversely, while borides a n d  xi.1 ic ides  of Group IV are  thermodynJiiiica1 ly 
unstable i n  t12S, those of group V I 1 1  a r e  expected t o  survive even in  
severe IigS envi ronnients. 

b.  
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C. Many o f  the nictals t h a t  a r c  i n  the rcgion o f  interniediate s t a b i l i t y  
(Groups V ,  VI and V I ] )  arc! l i k e l y  to  form complex compounds, such 
as oxysulf ides ,  i n  the presence of 11?S. 
i s  a s e n s i t i v e  funct ion of  t h e  H2S pressure in  the systeni. 

Foriiistion of these compounds 

I t  s h o u l d  be emphasized t h a t  the above statements a r e  based on thermodynamic inforina- 
t i o n  only. 
t ransfornnt ions.  
the expected behavior o f  a system under the m o s t  adverse conditions. 

No conclusions can be drawn concerning the  k ine t ics  of the respect ive 
However, the thermodynamic ana lys i s  does provide a guide1 ine f o r  

CONCLUSIONS 

Before a new material i s  t es ted  f o r  c a t a l y t i c  coal l iquefac t ion ,  i t s  chances of 
survival  i n  the l iquefac t ion  environment should be examined. 
poses the  most severe problem. 
considered promising candidates  s u l f i d e  i n  t h i s  environment. I t  i s  therefore  f r u i t -  
l e s s  t o  spend considerable  e f f o r t  in  the tes t ing  of these mater ia l s .  Compounds t h a t  
a r e  expected t o  r e s i s t  s u l f i d a t i o n  include a number of oxides, n i t r i d e s ,  borides and  
s i l i c i d e s .  Among these there  a r e  a number o f  i n t e r e s t i n g  compositions t h a t  have n o t  
been t e s t e d  for  c a t a l y t i c  l iquefac t ion  to-date .  
c l u s t e r s  and has  been found to  exhib i t  hydrogenation a c t i v i t y  intermediate between 
metals and oxides ( l o ) ,  t h e  perovski te- l ike Idowotny n i t r i d e s  such as Ni3AlN, and the 
borides  of the group VI11 metals such as COB and N - i B .  
course, should a l s o  be given t o  the l a r g e  number of s u l f i d e s  t h a t  have been synthe- 
s ized and character ized over  the l a s t  few years ,  ( a n  example i s  A10 
a l s o  contains Mo3clusters ( 1 1 ) )  a n d  t o  sulfo-compounds such  as  oxyshTfides which are  
l i k e l y  t o  be formed by many of  the compounds of intermediate  s t a b i l i t y .  
a r e  being uncovered only recent ly ,  including Ta2SZC ( 1 2 )  which i s  capable of forming 
i n t e r c a l a t i o n  compounds and a1 so r e t a i n s  the layered s t r u c t u r e  t h a t  i s  charac te r i s t ic  
of a number of cur ren t ly  used hydrotreat i  ng c a t a l y s t .  

If a n  a l t e r n a t i v e  to  oxidat ive regeneration i s  not  found, even some of the sulfur. 
r e s i s t a n t  mater ia ls  mentioned above wil l  n o t  be viable  candidates f o r  c a t a l y t i c  coal 
l iquefac t ion  unless they e x h i b i t  unusual a c t i v i t y  maintenance and therefore  require  no 
o r  infrequent  regenerat ion.  
under consideration a r e  l i k e l y  t o  be thertnodynamically unstable  i n  an oxidizing 
environment. I t  i s  therefore  important t o  consider  how they wi l l  be resynthesized t o  
the  stoichiometry t h a t  i s  c a t a l y t i c a l l y  ac t ive .  Sul f ides ,  and oxysulf ides ,  of course, 
present  no problem. Carbides and even n i t r i d e s  may be f e a s i b l e .  The use of PH3 o r  
B2H6 t o  resynthesize borides  and phosphides is probably impract ical .  
r e s t r i c t s  the bes t  candidates  f o r  c a t a l y t i c  l iquefac t ion  unless nlore economical 
reagents  o r  means f o r  resynt.hesis a re  developed. 
among those c lasses  of mater ia l s  which niay endure oxida t ive  regenerat ion (e.g. car-  
bides ,  n i t r i d e s ,  oxides, s u l f i d e s ,  oxysulfides and mixed systems) numerotis compounds 
e x i s t  which a r e  of i n t e r e s t  f o r  explorat ion as fu ture  generation 1 iquefact ion 
c a t a l y s t s .  

The presence of H 2 S  
A la rge  number of compounds t h a t  may ord inar i ly  be 

Examples a r e  Mg2Mo308, which has 1403 

Serious considerat ion,  of  

MozS4, which 

Some of  these 

I t  was observed e a r l i e r  t h a t  a number of the compounds 

This fur ther  

I t  should be mentioned t h a t  even 
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Oxides 

Sulf ides  

Carbihes 

Nitr ides  

T A C L E  1 

REPRESENTATIVE CLASSES OF COMPOUNDS 

-__ 

Simple AI203. Moo3 
Complex Mg2Mo3O8 

Simple V5S8 
Complex A1 0.  5I1o2S4 

Simple WC 
Complex Pt3SnC 

Simple Co N2 
Complex V33n2N 

Borides MOB, CO21Hf2Bg 

Phosphides 

S i l i c i d e s  

C02P 

Mo3Si 

Alloys and In t e r -  
meta l l ic  Compounds N i - C u ,  ZrPt3 

Organometallic co2 (C0I8 

Molten S a l t s  Z n C l z  

Solid Acids Zeolites, Clays 

Solid Bases CaO, NaNH2 

TABLC 2 

STANDARI) F R C C  CNCRGICS O F  FORMATION (-AGbo) OF 
RCPRCSENTATIVC OXIDES, SULTIDCS, CARUIUIS, & NITRIDES 

( I n  k c a l / g - a t o j  Non-Metal A t  700 K) 

-_ Oxides Su l f ides  Ca r b  i des Ni t r ides  

Group IV Ti0 108 TiS 64 Tic 44 T i N  65 

Group V NbO 8 4  NbS2 47 NbC 34 NbN 42 

Ti02 97 Tis2 39 

Nb02 79 

Group VI Moo2 55 MoS2 33 MoC 3 M o ~ N  
M003 45 

Group VI11 COO 42 Co S8 25 co2c -4 Co3N 
CO$ 19 
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TADLE 3 

STANDARD FREE ENERGIES OF FORMATION (-AG,") OF 
REPRCSLNTATIVC BORIDES, SILICIDES, & PHOSPHIDES 

( In  kcal/g-atom Non-Metal A t  700 K )  

Borides Si1 i c i d e s  Phosphides 

Group IV TiB 39 TiSi 31 a 
Ti€$ 22 T i S i 2  16 

Group V a 

Group VI a 

Group VI11 a 

NbSi2 16 a 

MoSi 14 a 

CoSi 19 COP 29 

a.  Data unavai lable  

TABLE 4 

EXAMPLES OF STABILITY IN THE PRESENCE OF H$- 

Oxides: 

Group IVB 
Group VIB 

Nitr ides:  

Group IVB 
Group V B  
Group VIB 

S i l i c ides :  

Group IVB 
Group VIIB 
Group VIIIB 

Reaction 

Ti02 -Tis 
Moo3 -MoS2 

AG0700 Ka 

+22 
-33 

TiN-Tis +2 2 

Unstable Ni t r ides  << 0 
TaN-TaS2 - 7  

TiSi -Tis 
MnSi -MnS 
Nisi -NiS 

a .  Free energy o f  s u l f i d e  formation a t  
700 K i n  kcal/g-atom non-metal. 
Negative f r e e  energy ind ica t e s  a 
favored react ion.  

7 
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REFORMATION OF INORGANIC PARTICULATES SUSPENDED I N  COAL- 
DERIVED LIQUIDS AND IMPROVED SEPARATION* 

S. Katz and B.  R. Rodgers 

Oak Ridge, Tennessee 37830 
Oak Ridge Nat ional  Laboratory** 

For c o a l  l i q u e f a c t i o n  proC?sses, t h e  s e p a r a t i o n  of f i n e  inorganic  
p a r t i c u l a t e s  from t h e  o r g a n i c  product  m a t r i x  r e p r e s e n t s  a n  important  tech-  
n i c a l  problem. T h i s  problem is  d i f f i c u l t  because t h e  mat r ix  i s  v i s c o u s  and 
many of t h e  p a r t i c l e s  are i n  t h e  micron and submicron s i z e  range,  Separa t ion  
methods and devices  t r i e d  w i t h  some success  i n  s e p a r a t i n g  t h e  p a r t i c l e s  have 
been: hydroclones,  c e n t r i f u g a t i o n ,  magnetic s e p a r a t i o n ,  s o l v e n t  e x t r a c t i o n ,  
so lvent  f r a c t i o n a t i o n ,  and f i l t r a t i o n .  These techniques  s u f f e r ,  however, i n  
varying degrees  from u n s a t i s f a c t o r y  o p e r a t i o n ,  maintenance,  throughput ,  and 
c o s t .  To h e l p  c o r r e c t  t h e s e  shortcomings,  we have undertaken a s tudy  of 
techniques by which t h e  f i n e  p a r t i c u l a t e s  might be en larged  o r  b e t t e r  
co l lec ted .  Some p r o g r e s s  toward t h a t  end has  been descr ibed  i n  t h e  open 
and patent  l i t e r a t u r e  f o r  s o l v e n t  a d d i t i o n .  I n  t h e s e  works, two mechanisms 
by which s o l v e n t  improves s e p a r a t i o n  have been suggested:  (1) t h e  s o l v e n t  
may s o f t e n  o r  d i s s o l v e  a c o a t i n g  from t h e  p a r t i c l e s ,  permi t t ing  p h y s i c a l  
a t t r a c t i v e  f o r c e s  t o  c a u s e  agglomerat ion;  o r  ( 2 )  t h e  so lvent  may cause  
phase separat ion-- the h e a v i e r  phase a c t i n g  as a c o l l e c t i o n  f l o c c u l a n t .  

This paper  c o n s i s t s  of f i v e  p a r t s .  F i r s t ,  I w i l l  d e s c r i b e  t h e  labora-  
t o r y  sedimentat ion test  used i n  t h i s  s tudy.  Second, I w i l l  d i s c u s s  t h e  
e f f e c t s  of s o l v e n t  d i l u t i o n  on s e t t l i n g .  Our main t h r u s t  w i l l  come i n  
p a r t s  t h r e e  and f o u r ,  where s e t t l i n g  wi th  h e a t i n g  and wi th  t h e  a d d i t i o n  of 
chemical promoters w i l l  be presented .  
knowledge) been s t u d i e d  previous ly .  I n  p a r t  f i v e ,  I w i l l  d e s c r i b e  t h e  
poss ib le  mechanisms and t h e  r o l e s  t h a t  each may p lay .  

These a r e a s  have n o t  ( t o  our  

The l a b o r a t o r y  sed imenta t ion  tests w e r e  conducted i n  a v e r t i c a l  18- 
i n c h - t a l l  by 1-inch-diameter m e t a l  tube  us ing  u n f i l t e r e d  o i l  from t h e  
Solvent Refined Coal process .  Normally,l75 grams of  t h i s  o i l  conta in ing  
suspended p a r t i c l e s  w a s  placed i n  t h e  tube.  The s e a l e d  tube  was quick ly  
heated t o  tes t  tempera ture  and then  cooled r a p i d l y  a t  t h e  end of t h e  tes t .  
The c o n t e n t s ,  as shown i n  s l i d e  1, were then  separa ted  i n t o  10 o r  11 
f r a c t i o n s  f o r  examinat ion by f i l t r a t i o n ,  microscopy, o r  chemical a n a l y s i s .  
The f i l t r a t i o n  was achieved by t h e  use  of a l a b o r a t o r y  technique t h a t  I 
have descr ibed  i n  t h e  J u l y  1976 i s s u e  of I&EC Process  Design and Development. 

The sed imenta t ion  t e s t s  wi th  s o l v e n t  d i l u t i o n ,  us ing  to luene  o r  SRC 
r e c y c l e  s o l v e n t  as t h e  d i l u e n t ,  gave comparable r e s u l t s  wi th  a p p r e c i a b l e  

*Research sponsored by t h e  Energy Research and Development Adminis t ra t ion  
under c o n t r a c t  w i t h  t h e  Union Carbide Corporat ion.  

**Operated by t h e  Union Carbide Corporat ion f o r  t h e  Energy Research and 
Development Adminis t ra t ion .  

BY acceptance of th is  a r t ic le ,  t h e  p u b l i s h e r  o r  r e c i p i e n t  acknowledges t h e  
t h e  U.S.  Government's r i g h t  t o  r e t a i n  a nonexclus ive ,  r o y a l a t y - f r e e  l i c e n s e  

in and t o  any c o p y r i g h t  cover ing  t h e  a r t i c l e .  
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improvement i n  s e t t l i n g  a t  20% d i l u t i o n .  In s l i d e  2 ,  d a t a  a r e  shown f o r  
s e t t l i n g  a t  310°C f o r  1 hour w i t h  5 ,  10, and 20% d i l u t i o n  wi th  r e c y c l e  
so lvent ;  t h e  a s h  f o r  t h e  20% d i l u t i o n  i s  approaching t h e  EPA requirement  
of 0.15% i n  t h e  top  70% of t h e  sed imenta t ion  tube .  The r o l e  of p a r t i c l e  
agglomeration appears  wel l - subs tan t ia ted  here  s i n c e  t h e  agglomerates  
formed can be observed by o p t i c a l  microscopy t o  c o n t a i n  as many as 100 
of t h e  p a r t i c l e s .  Calcu la t ions  of e f f e c t i v e  p a r t i c l e  s i z e  from t h e  
s e t t l i n g  rates i n d i c a t e  t h a t  t h e  s e t t l i n g  p a r t i c l e s  a r e  a minimum of 
53 microns i n  diameter  whereas 90% of t h e  p a r t i c l e s  i n  the  s t a r t i n g  
t e s t  are less than  1 micron i n  diameter .  

Keeping i n  mind t h a t  with 20% s o l v e n t  d i l u t i o n ,  adequate  c l a r i t y  
can be approached by s e t t l i n g  f o r  1 hour a t  310°C, l e t  us  t u r n  t o  p a r t  
two. What can be done wi th  h e a t  a lone?  In s l i d e  3 ,  d a t a  are p l o t t e d  
tha t  r e p r e s e n t  t h e  r e s u l t s  of a series of sed imenta t ion  tests conducted 
a t  temperatures  of 100 t o  35OoC and f o r  t imes of 1 t o  2 1  hours .  The 
f i l t r a t i o n  improvement f a c t o r  i s  a t e r m  d e s c r i b i n g  t h e  r e l a t i v e  f i l t e r -  
a b i l i t y  of t h e  t h i r d  f r a c t i o n  from t h e  top ;  a f a c t o r  of  1 i s  no  
improvement, whereas a f a c t o r  of 20 o r  more i n d i c a t e s  c l a r i t y  meeting 
EPA s tandards .  L i t t l e  s e t t l i n g  was found a f t e r  18 hours  a t  100 and 
150°C. A t  200 and 250°C, s e t t l i n g  was more r a p i d  and c l a r i t y  was 
reached before  18 hours .  A t  310'C i n  3 hours  and a t  350'C i n  1 hour ,  
the  r e s u l t s  were good. A t  h igher  tempera tures ,  s e t t l i n g  was poor be- 
cause of decomposition. Therefore ,  300 t o  35OoC appears  t o  b e  t h e  b e s t  
working range. 
solvent  d i l u t i o n  at 310°C. 
considerably d i f f e r e n t  s i n c e  both  t h e  s i z e  and d i s t r i b u t i o n  of p a r t i c l e s  
apparent ly  change upon thermal  t rea tment .  S l i d e  4 shows p a r t i c l e s  i n  
the  s t a r t i n g  o i l  a t  2 4 , 0 0 0  magnif ica t ion .  Some of t h e  p a r t i c l e s  a r e  
only 0.01 micron i n  diameter ;  t h e  l a r g e r  p a r t i c l e s  are rough on  t h e  
edges, which sugges ts  t h a t  they may be composed of smaller p a r t i c l e s .  
S l ide  5 r e v e a l s  a similar magni f ica t ion  of t h e  p a r t i c l e s  a f t e r  t rea tment  
a t  300'C f o r  1 hour;  few p a r t i c l e s  less than 1 micron i n  s i z e  remain 
and t h e  s u r f a c e  edges appear  t o  be smooth. 

With evidence t h a t  s i g n i f i c a n t  changes i n  p a r t i c l e  s i z e  and form occur  

S e t t l i n g  a t  350OC seems a t  least a s  good a s  w i t h  20% 
The e f f e c t s  upon t h e  p a r t i c l e s  may be  

during a 1-hour thermal  t rea tment ,  i t  fo l lows  t h a t ,  dur ing  t h a t  t rea tment ,  
the rate of t r a n s p o r t  of p a r t i c l e s  o r  t h e i r  components must b e  appre- 
c i a b l e  and t h a t  t h e  t r a n s p o r t  r a t e  might u s e f u l l y  be increased  by changing 
the system p r o p e r t i e s .  W e  l i m i t  c o n s i d e r a t i o n s  h e r e  t o  a d d i t i o n s  of 
promoters i n  such smal l  q u a n t i t i e s  t h a t  t h e i r  economic recovery may n o t  
be requi red .  Such candida te  promoters were s e l e c t e d  from two d i f f e r e n t  
groups: (1) organic  m a t e r i a l s  which had previous ly  been used t o  change 
p r o p e r t i e s  of c o l l o i d s  and suspensions and ( 2 )  inorganic  m a t e r i a l s  
( p a r t i c u l a r l y  inexpens ive  ones) which could change t h e  charge OK chemical 
form of t h e  p a r t i c l e  s u r f a c e .  I n i t i a l  scout ing  tests were made wi th  
4,000 ppm of t h e  a d d i t i v e  f o r  70 minutes  o r  less a t  280°C. 
t e s t i n g  a t  o t h e r  condi t ions  followed i n  cases where p o s i t i v e  improvement 
was found. 

Addi t iona l  

Of t h e  34 organic  and 25 inorganic  candida te  materials t e s t e d ,  four  
organic  and n i n e  inorganic  appear  t o  g i v e  some improvement. The b e s t  
organic  a d d i t i v e  t e s t e d  was T r e t o l i t e  sample 771-119; a t  concent ra t ions  
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of 4,000, 2,000, o r  500 ppm, t h e  ash  found i n  t h e  top  f r a c t i o n  was less 
than 0.05%, which represented  r e s u l t s  t h a t  were 5 t i m e s  b e t t e r  than  
c o n t r o l  tests. Three o t h e r  organic  a d d i t i v e s  suppl ied  by T r e t o l i t e  
Divis ion of t h e  P e t r o l i t e  Corporat ion of  S t .  Louis ,  Missour i ,  appeared 
t o  cause lesser improvement. The next  s l i d e  shows t h e  r e s u l t s  of t h r e e  
p a i r s  of sed imenta t ion  tests us ing  t h e  771-119 a d d i t i v e  a t  4 ,000 ppm. 
The c o n t r o l  was run b e f o r e  each a d d i t i v e  t es t ,  wi th  t h e  s i x  tests being 
made i n  a s i n g l e  sequence t o  minimize experimental  v a r i a t i o n s .  Signi-  
f i c a n t l y  lower a s h  c o n t e n t s  are noted f o r  f r a c t i o n s  1 through 7 f o r  t h e  
a d d i t i v e  tests;  l a r g e r  ash  c o n t e n t s  are shown f o r  t h e  bottom f r a c t i o n  
( a s  expected) .  

For t h e  t h r e e  a d d i t i v e  tests, t h e  ash conten t  i n  the  f i r s t  3 
f r a c t i o n s  w a s  low, g r a d u a l l y  i n c r e a s i n g  up t o  t h e  7 t h  f r a c t i o n  and then  
sharp ly  r i s i n g  t h e r e a f t e r .  Two of t h e s e  runs  were f o r  48 minutes ,  and 
1 run  was f o r  30 minutes .  These f i g u r e s  i n c l u d e  t h e  time r e q u i r e d  f o r  
br inging t h e  sample t o  test c o n d i t i o n s ;  t h e r e f o r e ,  t h e  a c t u a l  o p e r a t i n g  
time was less than  t h e  times shown. Each f r a c t i o n  r e p r e s e n t s  about  
3.5 cm i n  depth ;  t h u s ,  t h e  s e t t l i n g  ra te  f o r  t h e  s m a l l e s t  p a r t i c l e  
appears  t o  be  about 20 cm ( o r  n e a r l y  8 inches per  hour) .  

Of t h e  inorganic  a d d i t i v e s  s e l e c t e d ,  aluminum s u l f a t e ,  ammonium 
s u l f a t e ,  and ammonium hydrogen s u l f a t e  appeared a s  e f f e c t i v e  as any 
organic  a d d i t i v e  t e s t e d .  Aluminum phosphate appeared t o  perform b e t t e r  
a t  temperatures  near  34OoC, whi le  ammonium monohydrogen phosphate seemed 
t o  be l e s s  e f f e c t i v e .  Phosphoric a c i d ,  phosphoric anhydride,  and s u l -  
f u r i c  acid appeared t o  be  most e f f e c t i v e  a t  h igher  concent ra t ions  such 
a s  10,000 ppm b u t  a l s o  seemed t o  be  e f f e c t i v e  a t  temperatures  a s  low a s  
2OO'C--phase s e p a r a t i o n  i n  t h e  mat r ix  m a t e r i a l  and poss ib ly  f l o c c u l a t i o n  
were noted even a t  t h i s  low temperature .  

These l a b o r a t o r y  d a t a  i n d i c a t e  t h a t ,  through h e a t  t rea tment  i n  t h e  
presence of a small amount of a promoter, s e t t l i n g  t a k e s  p l a c e  i n  less 
than 1 hour and,  t h e r e f o r e ,  does meet c l a r i t y  s tandards .  Other  arrange-  
ments, such as t o  couple  s e t t l i n g  w i t h  a p o l i s h i n g  s t e p ,  may b e  u s e f u l .  
The e f f e c t  of h e a t  upon s e t t l i n g  has  been confirmed i n  a l a r g e r - s c a l e  
system, and t h e  e f f e c t  of a d d i t i v e s  is s t i l l  being s tudied .  These 
r e s u l t s  w i l l  b e  r e p o r t e d  a t  a la ter  d a t e .  

Turning now t o  another  c o n s i d e r a t i o n ,  t h e  next  s l i d e  t a b u l a t e s  
some poss ib le  mechanisms which may promote s e t t l i n g .  
of p a r t i c l e  types  and compositions e x i s t  i n  a suspension i n  a v a r i a b l e  
mat r ix ,  s e v e r a l  s e t t l i n g  mechanisms may be opera t ing  s imultaneously.  
Agglomeration i s  known t o  occur  both a f t e r  so lvent  d i l u t i o n  and upon t h e  
a p p l i c a t i o n  of hea t .  The e x t e n t  t o  which charge ,  mel t ing ,  o r  chemical 
conversion occurs  t o  promote agglomeration has  not  y e t  been e s t a b l i s h e d .  
Electron-microscope s t u d i e s  of  b e f o r e  and a f t e r  h e a t  t rea tment  i n d i c a t e  
t h a t  p a r t i c l e  re format ion  does occur .  
t h e  organic  s p e c i e s  i n  t h e  mat r ix  organic  m a t e r j a l s  a t  the  test condi- 
t i o n s ,  which is n o t  p a r t i c u l a r l y  s u r p r i s i n g  i n  view of the  p o l a r  
components o f  t h e  o r g a n i c  mat r ix .  None of t h e  promoters, when used 
a lone ,  appear  t o  f l o c c u l a t e  and g a t h e r  up p a r t i c l e s  as we  would expec t  
t o  observe i n  aqueous systems; however, some of t h e  a d d i t i v e  tests, 

Since a wide range 

I 

I It i m p l i e s  some s o l u b i l i t y  of 
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particularly those with phosphoric acid, phosphoric anhydride, and 
sulfuric acid seem to cause a small amount of a matrix phase to separate 
out and collect particulates. 
are induced by temperature or by dilution with solvent are significant 
but do not account for the measured settling rates. 
as a result of treatment, can affect viscosity and, subsequently, the 
settling rates. 

The normal changes i n  viscosity that 

Phase separations, 
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Generally: 1 .  Clari f ied zone contains particles less than 5 )1 and has a 
total solids concentration much less than the UFO. 

Transition zone contains a few particles up to I5p and varies 
from a l o w  concentration to that of the UFO. 

Settled zone contains nearly a11 large dark particles and 
has a concentration much greater than UFO. 

2. 

3. 

Fig. 1 S e t t l i n g  zone i d e n t i f i c a t i o n .  
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ANmYTICAL RXSULTS FOR S E T T L I N G  O F  PROCESS RECYCLE DILUTED, 
UNFILTERED O I L  FROM THE SRC PROCESS 

FRACTION ASH SULFUR 
NO. (m %) (m %) 

CONDITION 

1 IIR W 31OoC, 
5% D I L U T I O N  

1 HR AT 3i0°c, 
1% DILUTION 

1 HR AT 310"C, 
2W$ D I L U T I O N  

1 
4 
7 
11 

1 
4 
7 
10 

1 
4 
7 

1.67 
1.52 
1.44 
3.32 

1.12 
0.72 
1.22 
3.49 

0.33 
0.24 
0.03 

0.63 
0.70 
0.67 
0.70 

0.59 
0.60 
0.67 
0.75 

0.50 
0.54 
0.54 
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ORNL DWG 75-8400 
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* FILTRATION IMPROVEMENT FACTOR IS CAL 

’ 7 9  F I L T R A T E  I N  A STANDARD FILTRATION 
AS RATIO OF T H E  T I M E  REQUIRED TO OBTAIN 

T E S T  FOR T H E  U N F I L T E R E D  S O L V E N T  
R E F I N E D  PRODUCT O I L ,  A N D  F O R  A THIRD 
F R A C T I O N  F R O M  THE TOP OF T H E  

. S E T T L E D  S A M P L E  OF T H E  S A M E  O I L .  

0 3 6 9 12 15 18 21 
SETTLING T I M E  ( h r )  

Fig. 3.  Improvement i n  f i l t e r a b i l i t y  as a func t ion  o f  s e t t l i n g  
time and tempera ture .  
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24,000 X UNFILTERED S R C  OIL 
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24,000 X HEAT TREATED UNFILTERED S R C  OIL 
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THE ROLE OF SOLVENT I N  THE SOLVENT REFINED COAL PROCESS 

2 Cecilia C. Kang,' Govanon Nongbri' and Norman Stewar t  

INTRODUCTION 

The coal-der ived l i q u i d  used t o  produce a pumpable l i q u i d  s l u r r y  feed  t o  hydro- 
genera t ion  systems i s  commonly r e f e r r e d  t o  as s l u r r y  o i l  o r  p a s t i n g  o i l .  
r o l e  Of t h i s  material, o t h e r  than  a s  a t r a n s p o r t  medium, has  been neglec ted  
u n t i l  t h e  last  few years .  
t i o n  cons is ted  of f r a c t i o n s  c o l l e c t e d  a t  v a r i o u s  p o i n t s  i n  t h e  downstream 
Process .  
c a t a l y t i c a l l y  hydrogenated b e f o r e  being used.  
which provided informat ion  about  a chemical b a s i s  f o r  understanding hydrogen 
donor c a p a b i l i t y .  Necessary so lvent  q u a l i t i e s  t h a t  c o n t r i b u t e  t o  o r  enhance 
Coal conversion, hydrogenat ion o r  d e s u l f u r i z a t i o n  were n o t  q u a n t i f i e d .  P o t t -  
Broche used a hydroaromatic middle  o i l  genera ted  from coal  o r  tar  hydrogenat ion 
as t h e i r  p a s t i n g  o i l  and w e r e  a b l e  t o  achieve  conversions of about 80% a t  
p r e s s u r e s  i n  t h e  1500-3000 p s i g  range.  

More r e c e n t l y  processes  t h a t  depend upon t h e  hydrogen donor c a p a c i t y  of t h e  
process  so lvent  have been developed. Among t h e s e  a r e  t h e  Consol Synthe t ic  Fuel  
Process  (CSF), Pamco Solvent  Refined Coal Process  (SRC), and Exxon Donor Solvent  
(EDS) Process. 

The CSF and EDS processes  depend upon s p e c i a l  s o l v e n t  product ion  through f r a c -  
t i o n a t i o n  and subsequent hydrogenat ion.  The SRC process  does n o t  employ s o l v e n t  
prepara t ion  o t h e r  than f r a c t i o n a t i o n .  

I n t e r e s t  has  grown i n  t h e  r o l e  of so lvent  i n  t h e s e  three processes  as bench 
scale and s m a l l  p i l o t  p l a n t  i n v e s t i g a t i o n s  have i n t e n s i f i e d .  The a p p l i c a t i o n  
of a n a l y t i c a l  techniques toward i d e n t i f y i n g  donatab le  hydrogen w a s  descr ibed  by 
R. P. Anderson (IJ. More r e c e n t l y  donor r e a c t i o n s  f o r  d e s u l f u r i z a t i o n  w e r e  
descr ibed by G.  Doyle (2). 
The Exxon (EDS) process  i n  o p e r a t i o n  s i n c e  1975 a t  t h e  one-ton-a-day s c a l e  
depends heavi ly  upon knowledge of so lvent  q u a l i t y  and t h e  a b i l i t y  t o  c o n t r o l  
i t  (A). A p r o p r i e t a r y  so lvent  q u a l i t y  index w a s  repor ted  by Exxon. A minimum 
q u a l i t y  index repor ted  t o  be  a f u n c t i o n  of l i q u e f a c t i o n  condi t ions  w a s  r e l a t e d  
t o  conversion and claimed t o  improve handl ing  q u a l i t i e s  of t h e  products .  

This  work r e p o r t s  some r a t h e r  dramatic  bench s c a l e  c o a l  process ing  d a t a .  Major 
e f f e c t s  a r e  a t t r i b u t e d  t o  i d e n t i f i a b l e  s l u r r y  s o l v e n t  p r o p e r t i e s .  

The 

The p a s t i n g  o i l  used i n  Bergius  C a t a l y t i c  Hydrogena- 

Some of  t h e s e  products  of c a r b o n i z a t i o n  and/or  d i s t i l l a t i o n ,  were 
No s p e c i f i c  ana lyses  were made 

THE ROLE OF SOLVENT 

In conjunct ion w i t h  a process  s tudy  undertaken a t  HRI under E l e c t r i c  Power 
Research I n s t i t u t e  Research P r o j e c t  389 t o  i n v e s t i g a t e  SRC process  o p e r a b i l i t y  
and product y i e l d  s t r u c t u r e s  f o r  s e v e r a l  c o a l s  of commercial i n t e r e s t ,  a 
prel iminary a n a l y s i s  of t h e  r o l e  of s o l v e n t  upon c o a l  conversion was c a r r i e d  
Out. The purpose of t h i s  p r o j e c t  was t o  s c r e e n  c o a l s  p r i o r  t o  t h e i r  t e s t i n g  a t  
t h e  6 T/D SRC p i l o t  p l a n t  a t  Wilsonvi l le ,  Alabama. The o p e r a t i o n  of t h i s  p l a n t  
h a s  been j o i n t l y  funded by EPRI and Southern Serv ices ,  Inc .  C a t a l y t i c ,  I n c .  is 

Hydrocarbon Research, Inc .  Trenton, New J e r s e y  

E l e c t r i c  Power Research I n s t i t u t e ,  Pa lo  Al to ,  C a l i f o r n i a  
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t h e  p l a n t  o p e r a t o r .  
Wyodak c o a l  and Black Mesa c o a l ,  and one bi tuminous c o a l ,  I l l i n o i s  No. 6 c o a l  
from t h e  Monterey Mine. 
c o a l s  a r e  summarized i n  Table  1. A l l  of t h e  work descr ibed  h e r e  was done i n  a 
cont inuous bench-scale n o n c a t a l y t i c  u n i t  w i t h  a r e a c t o r  having a volume of 
1000 cc .  T h i s  u n i t  h a s  been descr ibed  previous ly  i n  EPRI r e p o r t s  123-1-0, 
123-2, and 389-1 (5, 2, 5, L) .  
The so lvent  was c h a r a c t e r i z e d  by i t s  t e t r a l i n  t o  naphthalene r a t i o  a s  d e t e r -  
mined by gas  chromatographic  a n a l y s i s ,  and t h e  HB v a l u e  by NMR measurement. 
r e p r e s e n t s  hydrogen on carbon atom a t  8-pos i t ion  of t h e  a romat ic  r i n g  (excluding 
methyls ) .  

E f f e c t  of T e t r a l i n  Content of Solvent  Upon Coal Conversion - Wyodak Coal Study 

During the SRC p r o c e s s i n g  of Wyodak c o a l  i t  was observed t h a t  under s t e a d y  
opera t ing  c o n d i t i o n s ,  t h e r e  was a gradual  b u t  p e r s i s t e n t  change i n  c o a l  conver- 
s i o n  with t h e  o p e r a t i n g  t i m e .  A p l o t  i s  presented  below t o  show process  condi- 
t i o n s  and c o a l  convers ion  VS. days of opera t ion .  This  experimental  program w a s  
c a r r i e d  out  under f o u r  c o n d i t i o n s  a s  shown. 
s o l v e n t  were c h a r a c t e r i z e d  by t e t r a l i n  conten t  and t e t r a l i n  t o  naphthalene r a t i o .  

The s tudy  was undertaken w i t h  two sub-bituminous c o a l s ,  

The proximate and u l t i m a t e  ana lyses  of t h e s e  t h r e e  

HB 

The s t a r t u p  s o l v e n t  and r e c y c l e  

CONDITION A 8 C D 

870 
Contactor Temperature ( O F )  825*-850-=- b--850-4 

Coal Feed Rate (lb/hr/ft3) 1-32 -4 25 1- 32+ 

Inlet pressure (prig) I - 2050 = l -  2500* 

I 

60 

3 I 4 See Notes Below 

40 
0 2 4 6 8 10 12 14 16 18 20 22 

Days of Operation 

NOTES 
1. S t a r t u p  s o l v e n t  conta ined  2.8% t e t r a l i n ,  and 0.24 t e t r a l i n  t o  naptha lene  

r a t i o .  
2. About 3000 t o  5000 grams of t h e  s t a r t u p  s o l v e n t  were added dur ing  t h e  

per iod of i n t e r r u p t  ion .  
3. Wyodak c o a l  o p e r a t i o n s  s o l v e n t  genera ted  dur ing  preceding per iods ,  con- 

t a i n i n g  about  1% t e t r a l i n ,  was used f o r  s t a r t u p .  
4 .  S t a r t u p  s o l v e n t  w a s  hydrogenated an thracene  o i l ,  conta in ing  1.3% t e t r a l i n  

and 0.76 t e t r a l i n  t o  naphthalene r a t i o .  
5 .  Unconverted c o a l  i s  def ined  a s  t h e  benzene i n s o l u b l e  organic  component of 

dry  f i l t e r  cake.  This  v a l u e  i s  obta ined  by f i l t e r i n g  t h e  s l u r r y  product  
i n  t h e  bench-scale  f i l t e r  a t  300°F, and e x t r a c t i n g  t h e  cake wi th  benzene 
t o  q u a n t i f y  t h e  benzene i n s o l u b l e  c o n t e n t .  The dry f i l t e r  cake v a l u e  i s  
cor rec ted  by s u b t r a c t i n g  t h e  benzene i n s o l u b l e s  present  i n  t h e  975'F-t o i l .  
Coal conversion i n  t h i s  paper  is der ived from unconverted c o a l  by us ing  a 
forced  ash b a l a n c e  f o r  bituminous c o a l  o r  a SO3 f r e e  a s h  ba lance  f o r  
subbituminous c o a l .  

- 
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An examination of t h e  opera t ing  d a t a  revea led  t h a t  wi th  t h e  s t a r t u p  s o l v e n t  
containing 2.8% t e t r a l i n  (Condition A), Per iod  1 gave 79% c o a l  convers ion  which 
dropped to 68% dur ing  Period 2 as t e t r a l i n  conten t  decreased t o  1.1%. These 
changes i n d i c a t e  t h a t  t e t r a l i n  c o n t e n t ,  l i k e  c o a l  conversion,  is d i c t a t e d  by 
Process  Conditions. 
good c o a l  conversion under unfavorable  process  condi t ions .  

The e f f e c t  of t h e  t e t r a l i n  conten t  of t h e  s t a r t u p  so lvent  was more f u l l y  demon- 
s t r a t e d  under Condit ion B, Per iods  5 and 6 which y ie lded  h igher  conversion,  
82x9 than Period 8 d i d .  
t i o n s ,  but  were i n t e r r u p t e d  by a shutdown caused by u n i t  plugging. 
was s t a r t e d  wi th  t h e  vacuum d i s t i l l a t e  which comprised t h e  i n t e r n a l l y  genera ted  
s l u r r y i n g  o i l  conta in ing  only about  1% t e t r a l i n ,  and Per iod  5 was preceded wi th  
an addi t ion  of 3,000 t o  5,000 grams of t h e  s t a r t u p  s o l v e n t  conta in ing  2.8% 
t e t r a l i n  t o  t h e  u n i t  loop  wi th  a t o t a l  holdup of 11,000 grams, r e s u l t i n g  i n  an 
increase  i n  t h e  t e t r a l i n  conten t  which, i n  t u r n ,  r a i s e d  t h e  coa l  conversion.  

The gradual ,  b u t  p e r s i s t e n t ,  i n c r e a s e  i n  c o a l  conversion observed dur ing  Per iods  
8 through 13 w a s  r a t h e r  unique in t h a t  i t  had not  been observed before .  
was probably caused by t h e  use of a poor s t a r t u p  s o l v e n t  produced from preceding 
per iods  a t  lower r e a c t o r  temperatures ,  which d i d  not  conta in  any t e t r a l i n .  The 
s o l v e n t  from Per iod  1 3  had a t e t r a l i n  conten t  of 1 .3%.  The bench u n i t  has  a 
r a t h e r  l a r g e  holdup capac i ty ;  a t  15% s o l v e n t  product ion,  i t  takes  about s i x  
days t o  d i s p l a c e  70% of t h e  s t a r t u p  s o l v e n t .  These observa t ions  f u r t h e r  i n d i -  
c a t e  t h a t  t h e  hydrogen donor conten t  of t h e  s o l v e n t  as w e l l  a s  c o a l  conversion 
i s  cont ro l led  by t h e  process  c o n d i t i o n s .  

Condition D used hydrogenated an thracene  o i l  as t h e  s t a r t u p  so lvent .  
anthracene o i l ,  a c o a l  tar product ,  was hydrogenated t o  increase  i t s  hydrogen 
content  from 5.5 t o  7.2% i n  a s e p a r a t e  o p e r a t i o n  p r i o r  t o  i t s  use i n  t h i s  work. 
The hydrogenated an thracene  o i l  has  a h igher  i n i t i a l  b o i l i n g  p o i n t  (426OF) than  
a l l  t h e  o ther  s o l v e n t s  used dur ing  t h i s  s tudy.  Hence, i t s  t e t r a l i n  ( b o i l i n g  
p o i n t  - 405°F) conten t  is only 1.3%. However, i t s  exceedingly high t e t r a l i n  t o  
naphthalene r a t i o ,  0.76, i n d i c a t e s  t h a t  i t  would be  a good donor s o l v e n t  i f  it 
contained o t h e r  high b o i l i n g  hydroaromatics  w i t h  donor c a p a b i l i t y .  Condi t ion D 
was a t  higher p r e s s u r e  than Condit ion B, 2500 p s i g  v s .  2050 ps ig .  Hence, 
Condition D was expected t o  y i e l d  h igher  c o a l  conversion than  Condit ion B. The 
use  of hydrogenated an thracene  oil as s t a r t u p  s o l v e n t  d i d  r e s u l t  in a h igh  
i n i t i a l  conversion of 86%. The c o a l  conversion only  increased  s l i g h t l y  t o  88% 
i n  c o n t r a s t  t o  t h e  s teady  i n c r e a s e  from 70% t o  85% under Condit ion B which used 
a poor s t a r t u p  s o l v e n t  possess ing  a t e t r a l i n  t o  naphthalene r a t i o  of about 
0.16. The h igh  i n i t i a l  conversion and s l i g h t  i n c r e a s e  i n  conversion observed 
under Condition B l e a d s  t o  a conclus ion  t h a t  t h e  hydrogenated an thracene  o i l  i s  
a b e t t e r  donor s o l v e n t  than  t h e  o t h e r  s t a r t u p  s o l v e n t  and r e c y c l e  s o l v e n t  
because it c o n t a i n s  h igh  concent ra t ions  of hydrogen donors o ther  t h a n  t e t r a l i n .  

The Effec t  of Other Hydrogen Donors - Black Mesa Coal Operat ion 

Solvent  ana lyses  f o r  t h e  Black Mesa and Monterey c o a l  opera t ions  are summarized 
in Table 2. A p l o t  is presented  below t o  show process  condi t ions  and c o a l  
conversion. 

The Black Mesa c o a l  o p e r a t i o n s  l e d  t o  a r a t h e r  s i g n i f i c a n t  deduct ion.  The 
s t a r t u p  so lvent  obtained from t h e  W i l s o n v i l l e  SRC u n i t  on another  c o a l  con- 
ta ined  4.2% t e t r a l i n  and a t e t r a l i n  t o  naphthalene r a t i o  of 0.35. These v a l u e s  
were much h igher  than  those  of t h e  bench u n i t  r e c y c l e  s o l v e n t ,  which contained 
1.6 t o  2.5% t e t r a l i n  and a t e t r a l i n  t o  naphthalene r a t i o  of 0 .12  t o  0.23. 
However, t h e  c o a l  conversion s t e a d i l y  increased  from 77 t o  83.5% and then  
remained a t  t h i s  l e v e l .  

High t e t r a l i n  c o n t e n t  t h e r e f o r e  may not  by i t s e l f  s u s t a i n  

These two i n t e r v a l s  were a t  the  same o p e r a t i n g  condi- 
Per iod  8 

This  

Raw 
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Contactor Temperalure ( O F )  I_-- 852 A 
25 -+- 32.2 -____)( 

Coal Feed Rate Ilb/hr/ft3) 1- 
Inlet Pressure (prig) I- 2500 -4 

90 

An examination of the H-NMR d a t a  i n  Table  2 d i s c l o s e s  t h a t  HB, a measure of t h e  
hydroaromatics conten t  of t h e  r e c y c l e  s o l v e n t ,  increased  s t e a d i l y  from 16.5 t o  
21.6% from Period 1 A  t o  Period 7/8. Since  t h e  t e t r a l i n  (one of t h e  hydroaromatics) 
conten t  of t h e  s t a r t u p  s o l v e n t  is higher  than  t h e  r e c y c l e  s o l v e n t ,  t h e  i n c r e a s e  
i n  HB r e p r e s e n t s  an i n c r e a s e  i n  o t h e r  hydroaromatics  through t h e  displacement  
of t h e  s t a r t u p  s o l v e n t .  These observa t ions  i n d i c a t e  t h a t  t h e  s o l v e n t  produced 
from t h e  hydrogenat ion of  Black Mesa c o a l  c o n t a i n s  o t h e r  hydrogen donors which 
a r e  more r e a c t i v e  towards Black Mesa c o a l  than  t e t r a l i n .  

The Effec t  of Solvent  Q u a l i t y  Upon Coke Formation - Monterey Coal Operat ion 

Wilsonvi l le  s t a r t e d  o p e r a t i o n  on I l l i n o i s  No. 6 Monterey c o a l  i n  August 1975. 
S ince  the  Monterey c o a l  had a h igher  organic  s u l f u r  conten t  ( 2 . 8 X )  than  t h e  
I l l i n o i s  No. 6 c o a l  from Burning S t a r  Mine which had been used previous ly ,  t h e  
d i s s o l v e r  temperature  w a s  r a i s e d  from t h e  previous 835OF l e v e l  t o  855-890°F a t  
1,700 ps ig  i n  an a t tempt  t o  produce SRC meeting t h e  s u l f u r  s p e c i f i c a t i o n  of 
0.96 weight p e r c e n t .  There was a n  i n d i c a t i o n  of s o l i d s  bui ldup i n  t h e  d i s s o l v e r  
dur ing  these  runs .  T h i s  w a s  confirmed by f l u s h i n g  out  400-500 pounds of s o l i d s  
from t h e  d i s s o l v e r ,  which h a s  a t o t a l  volume of 20 cubic  f e e t .  L a t e r ,  e x t e n s i v e  
plugging of t r a n s f e r  lines around t h e  d i s s o l v e r  occurred  wi th  s u b s t a n t i a l  coke 
accumulation i n  t h e  lower h a l f  of t h e  d i s s o l v e r .  The plugging forced  a shutdown 
of t h e  p lan t .  HRI was r e t a i n e d  by EPRI t o  c a r r y  o u t  bench u n i t  SRC experiments  
under condi t ions  s i m i l a r  t o  W i l s o n v i l l e ' s .  Experiments were c a r r i e d  o u t  at 
1500 ps ig ,  840 and 868OF c o n t a c t o r  temperatures .  The coking problem w a s  demon- 
s t r a t e d  and d u p l i c a t e d  i n  t h e  bench-unit o p e r a t i o n  a t  t h e  h igher  temperatures .  

Table  3 summarizes s o l v e n t  a n a l y s e s  toge ther  wi th  c e r t a i n  p e r t i n e n t  o p e r a t i n g  
d a t a .  The r e c y c l e  s o l v e n t s  contained more hydroaromatics  than  t h e  s t a r t u p  
s o l v e n t  from t h e  W i l s o n v i l l e  SRC p l a n t ,  a s  shown by t h e  higher  t e t r a l i n l n a p h -  
t h a l e n e  r a t i o  and h igher  NMR H measurements of t h e  r e c y c l e  so lvents .  Hence, 
t h e  recyc le  s o l v e n t s  from t h e s e  two r u n s  should be b e t t e r  s o l v e n t s  t h a n  t h e  
Wilsonvi l le  s o l v e n t .  
i n c r e a s e  i n  c o a l  convers ion  dur ing  these  two runs .  
t o  show c o a l  conversion,  hydrogen consumption, s u l f u r  c o n t e n t  of 380°F+ f u e l  
o i l ,  and dry gas  product ion .  

T h i s  assumption w a s  supported by t h e  s l i g h t ,  bu t  s t e a d y ,  
P l o t s  are presented  below 
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The hydrogen consumption was h igher  a t  h i g h  c o n t a c t o r  temperature ,  5 . 1  VS. 

4.1 W % a s  expected.  However, t h e  h igh  hydrogen consumption w a s  accompanied by 
unfavorable  product  d i s t r i b u t i o n  a s  fo l lows:  

1. Low c o a l  conversion,  89.5% at  h igh  temperature  vs. 94% a t  low temperature .  

2. High C1-C3 d r y  g a s  product ion ,  13.3% v s .  7.8%. 

3. A d e t e r i o r a t i o n  i n  s o l v e n t  p r o p e r t i e s ,  a s  shown by the  low t e t r a l i n  t o  

4 .  

naphthalene r a t i o ,  0.36 vs .  0.5, and low HB value ,  16 v s .  19%. 

High Coke Formation: 
r e a c t o r  plugging.  The run  at  868'F was operated f o r  78 hours  then  termi-  
nated by r e a c t o r  plugging.  The r e a c t o r  was f i l l e d  wi th  a hard plug of 
s o l i d s  between t h e  middle of p r e h e a t e r  t o  a length  of 9 f e e t  o u t  of r e a c t o r  
length  of 13 f e e t .  
format ion  w a s  accompanied by  a doubl ing of t h e  f i l t r a t i o n  r a t e  of t h e  
s l u r r y  product .  

The r u n  a t  840°F was opera ted  f o r  83 hours wi thout  

In a d d i t i o n ,  it was observed t h a t  t h e  e x t e n s i v e  coke 

These phenomena l e a d  t o  t h e  fo l lowing  hypothes is :  Coal hydrogenat ion i s  pro- 
moted by t h e  hydrogen donors p r e s e n t  i n  t h e  so lvent .  When t h e  process  condi- 
t i o n s  r e s u l t  i n  a d e t e r i o r a t i o n  of donor c a p a b i l i t y  of t h e  s o l v e n t ,  thermal  
c racking  g e t s  ahead of hydrogenat ion,  which can lead  t o  coke formation.  

COKE FORMATION 

C h a r a c t e r i z a t i o n  of Coke . 

Two coke samples taken from t h e  W i l s o n v i l l e  d i s s o l v e r  a f t e r  opera t ions  on 
I l l i n o i s  #6 c o a l  from Monterey Mine (E) were s e n t  t o  Pennsylvania S t a t e  Uni- 
v e r s i t y  f o r  o p t i c a l  c h a r a c t e r i z a t i o n .  One was a f ine-gra ined  m a t e r i a l  and t h e  
o t h e r  was a much c o a r s e r  g r a i n  s i z e .  Penn S t a t e  repor ted  (2) t h a t  t h e  f i n e -  
gra ined  sample was composed of i n s o l u b l e  p a r t i c l e s  surrounded by a l a y e r  of 
a n i s o t r o p i c  carbon.  The most common c o n s t i t u t e n t s  of t h e  n u c l e i  a r e  semi-coke 
and c a l c i t e ,  bo th  of which a r e  p r e s e n t  i n  feed c o a l .  The s h e l l  of a n i s o t r o p i c  
carbon is  depos i ted  on t h e s e  n u c l e i  i n  t h e  SRC process  wi th  t h i s  c o a l .  Fine- 
g r a i n  an iso t ropy  and e x t i n c t i o n  c h a r a c t e r i s t i c s  a r e  i n d i c a t i v e  of a uniform, 
onion- l ike  d e p o s i t i o n ,  i . e . ,  c o n c e n t r i c  l a y e r s  surrounding a nucleus.  The 
coarse-grain sample e x h i b i t e d  agglomerat ion of t h e  f ine-grained d e p o s i t  and 
t h e r e  was a coarsening  of an iso t ropy  of t h e  carbonaceous s h e l l .  These domains 
o r  mosaic s t r u c t u r e s  are recognized as t h e  more t r a d i t i o n a l  o p t i c a l  t e x t u r e  of 
coalesced mesophase. 

The immediate cause of sed imenta t ion  of t h e  p a r t i c l e s  i n  t h e  r e a c t o r  was t h e  
growth of a n i s o t r o p i c  carbon on t o  t h e  undisso lved  m a t e r i a l s .  
c o n s i s t  of a semi-coke contaminant ,  m i n e r a l  mat te r  and undissolved macerals  
(genera l ly  f u s i n i t i c  m a t e r i a l ) .  The r e s u l t i n g  adhesion of p a r t i c l e s  forms a 
coke-l ike sediment. Operat ion c o n d i t i o n s  and o p t i c a l  t e x t u r e  of t h e  bonding 
a n i s o t r o p i c  carbon s u g g e s t  t h a t  its growth from t h e  s o l u t i o n  w a s  by a mechanism 
of growth of nematic l i q u i d  c r y s t a l s ,  t h u s  r e s u l t i n g  i n  mesophase format ion  
which then l e a d s  t o  a non-p las t ic  semi-coke. 

Coke ana lyses  from b o t h  W i l s o n v i l l e  and HRI opera t ions  w i t h  I l l i n o i s  No. 6 
Monterey c o a l  a r e  summarized i n  Table  4 .  

Most of t h e  s o l i d s  recovered  from t h e  d i s s o l v e r  and var ious  p a r t s  of t h e  
W i l s o n v i l l e  u n i t  such a s  t h e  h igh  p r e s s u r e  letdown v a l v e s  and t h e  blowdown tank 
were s i m i l a r  i n  composition. 
(undissolved carbonaceous c r e s o l  i n s o l u b l e s )  t o  ash  r a t i o  of around 2 w i t h  t h e  

These i n s o l u b l e s  

These composi t ions a r e  represented  by a UCC 
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except ion t h a t  t h e  s o l i d s  which depos i ted  a t  t h e  vapor- l iquid i n t e r f a c e  con- 
ta ined  much more c r e s o l - i n s o l u b l e  carbonaceous material  than  the o t h e r s .  The 
s o l i d s  recovered from t h e  H R I  bench u n i t s  had a much h igher  a s h  conten t  than  
those  from t h e  W i l s o n v i l l e  u n i t .  The h igher  a s h  conten t  of coke t o g e t h e r  w i t h  
t h e  s h o r t e r  t i m e  of HRI o p e r a t i o n  co inc ides  w i t h  Penn S t a t e ' s  c h a r a c t e r i z a t i o n  
of coke as a uniform, onion-l ike carbon d e p o s i t i o n  surrounding a nucleus  of 
minera l  matter. 

The H/C atomic r a t i o s  of a l l  coke d e p o s i t s  ( inc luding  t h e  s o l i d s  d e p o s i t s  a t  
t h e  vapor- l iquid i n t e r f a c e )  were q u i t e  c o n s i s t e n t ,  about  0.50. 
f i c a n t l y  lower t h a n  t h e  H / C  atomic r a t i o  of t h e  Monterey Mine c o a l ,  0.78, and 
t h e  unconverted c o a l ,  0.73. There was no d i f f e r e n c e  i n  the  H / C  atomic r a t i o  
between t h e  coke accumulated over  s h o r t  per iods  of time ( t h r e e  t o  f o u r  days i n  
t h e  HRI u n i t )  and long p e r i o d s  of t i m e  (more than  one month i n  t h e  W i l s o n v i l l e  
u n i t ) .  The cons is tency  of t h e  H / C  of coke under these  circumstances l e a d s  t o  
t h e  p o s t u l a t i o n  of a r e p r e c i p i t a t i o n  mechanism, wi thout  any s i g n i f i c a n t  carboni- 
z a t i o n  a f t e r  t h e  coke depos i t ion .  

Mechanism f o r  Coke Formation 

The SRC process  as p r a c t i c e d  a t  Wi lsonvi l le  u s e s  a r e c y c l e  s o l v e n t  (350° t o  
750'F) f o r  t r a n s p o r t i n g  t h e  c o a l  i n t o  t h e  r e a c t o r  and f o r  promoting t h e  d isso-  
l u t i o n  and the  conversion of coa l .  React ion (1) i l l u s t r a t e s  the a b i l i t y  of a 
donor so lvent  so lvent  molecule t o  release donor hydrogen dur ing  l i q u e f a c t i o n  
using t e t r a l i n  as a n  example of a donor s o l v e n t  molecule. 

This  i s  s i g n i -  

U 83: Liquefaction -a +4H I l l  

ti 

DONOR SOLVENT SPENT SOLVENT 

React ion ( 2 )  r e p r e s e n t s  t h e  f r e e  r a d i c a l s  formed by thermal  c racking  of t h e  
c o a l  "molecules" accept ing  donor hydrogen t o  form l i q u i d  product .  

coa l  h e a t  (4-X)  donor H )  Ar-XH (2) 

c o a l  fragment l i q u i d  product  

X = C ,  0, S ,  o r  N 

When t h e r e  i s  a d e f i c i e n c y  of donor hydrogen t h e  c o a l  f ragments  recombine t o  
form coke. 

n(Ar-X) , (Ar-X), (3) 
coke 

The presence of s o l i d  p a r t i c l e s ,  such as minera l  matter, a c t s  a s  nucleus upon 
which t h e  r e p r e c i p i t a t i o n  of c o a l  f rsgments  occurs .  
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SUMMARY AND CONCLUSIONS 

A pre l iminary  s tudy  of t h e  e f f e c t  of so lvent  upon SRC process  performances was 
undertaken. 
upon c o a l  conversion.  However, t h e  use  of a good s t a r t u p  s o l v e n t  does not  
s u s t a i n  good process  performance under unfavorable  process  c o n d i t i o n s  and v i c e  
v e r s a .  
t e t r a l i n  a l s o  possess  hydrogen donor c a p a b i l i t i e s .  These hydroaromatics  could 
be b e t t e r  donors  t h a n  t e t r a l i n .  This  conclus ion  was reached during a process  
s tudy  of t h e  Black Mesa c o a l ,  a subbituminous c o a l .  A t  t h e  same hydrogen 
p r e s s u r e ,  a n  i n c r e a s e  in r e a c t o r  temperature  r e s u l t e d  i n  h igher  hydrogen con- 
sumption, lower c o a l  convers ion  and h igh  dry gas  (Cl-C3) product ion.  The poor 
process  performances were accompanied by a d e t e r i o r a t i o n  i n  so lvent  p r o p e r t i e s  
( a s  shown by t h e  lower t e t r a l i n  t o  naphthalene r a t i o  and lower HB value)  and 
s i g n i f i c a n t  amount of coke formation.  These f i n d i n g s  suppor t  a hypothes is  t h a t  
coke formation r e s u l t s  when thermal  c racking  g e t s  ahead of hydrogenat ion which 
I s  promoted by t h e  hydrogen donors  p r e s e n t  i n  t h e  s o l v e n t .  

The s t a r t u p  s o l v e n t  and makeup s o l v e n t  have a s i g n i f i c a n t  e f f e c t  

Hydroaromatics, measured i n  p a r t  by H B  from NMR a n a l y s i s ,  o t h e r  than 
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TABLE 1 

ANALYSIS OF FEED COALS 

Proximate Analys is  (dry b a s i s )  w t . %  
Ash 
V o l a t i l e  Matter 
Fixed Carbon 

Ul t imate  Analys is  (dry b a s i s )  w t . %  
Carbon 
Hydrogen 
Sul f  ur  
Nitrogen 
Ash 
Oxygen (by d i f f e r e n c e )  

Su l fu r  Forms (dry b a s i s )  w t . %  
P y r i t i c  Su l fu r  
S u l f a t e  Su l fu r  
Organic Sul fur  (by d i f f e r e n c e )  
T o t a l  Sul fur  

Mineral  Analysis ( i g n i t e d  Bas i s )  w t . %  
p205 
s i 0 2  
Fe203 
A1203 
Ti02  
C a O  
Mg 0 
s o 3  
K20 
N a  20 
Undetermined 

Wyodak 
Coal 

7.04 
46.48 
46.48 

67.78 
4.97 
0.80 
0.65 
7.04 

18.76 

0.15 
0.01 
0.51 
0.67 

0.35 
27.91 

5.30 
15.75 
1.10 

19.00 
5.60 

22.84 
0.48 
0.72 
0.95 

Black 
Mesa Coal 

10.10 
42.57 
47.33 

69 .81  
4.79 
0.33 
1.04 

10.10 
13.93 

0.17 
0.00 
0.20 
0.37 

0.13 
46.99 

5.33 
16.96 

0.96 
18.00 

2.24 
6.17 
0.81 
1.69 
0.72 

I l l i n o i s  No. 6 
Monterey Coal 

10.11 
40.85 
49.04 

69.71 
4.56 
4.52 
1 . 1 7  

10.11 
9.89 

1.23 
0.14 
2.78 
4.15 

0.34 
50.25 
18.66 
18.15 
0.87 
4.25 
0.86 
3.29 
1.92 
1 . 1 7  
0 . 2 4  

1 
I 

I 

m 
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TABLE 3 

SRC OPERATIONS ON ILLINOIS NO. 6 MONTEREY MINE COAL 

SOLVENT ANALYSIS 

Contac t o r  Temperature , OF ( E s t  imated) 
I n l e t  Pressure ,  p s i g  
Coal Feed Rate, .  Lbs/Hr/Ft3 

Coal Conversion, W % of M.A.F. Coal 
Hydrogen Consumption, W % of M.A.F. Coa l  

S t a r t u p  Solvent  
From Wi l sonv i l l e  Recycle So lven t  

117-4 118-3B - 

Simulated D i s t i l l a t i o n  (VPC) , Boi l ing  
Bo i l ing  Poin t ,  OF 

IBP, OF 
IBO-403°F. W % 
405OF ( T e t r a l i n )  
412OF (Naphthalene) 

644OF (Phenanthrene/anthracene) 
646'F-End Po in t  
End Poin t ,  OF 

T e t r a l i n  + Naphthalene 
Tetralin/Naphthalene 

4 13-642'F 

Pro ton  D i s t r i b u t i o n  (H-NMR)* 
H (0-6 ppm) 
Hbr (3.5-2 ppm) 
H E  ( 2 - 1 . 1  ppm) 
H r  (1.1-0.4 ppm) 

284 
10.3 

4.2 
12.1 
50.2 

9.9 
13.4 

797 

16.3 
0.35 

52.9 
24.2 
17.5 

5.4 

839 863 
1500 1500 

25 25 

94.0 89.5 
4.1 5.1 

0.66 0.57 

320 
14.8 

5.2 
10.0 
49.3 

5.3 
15.4 
824 

320 
15.0 

4.1 
11.3 
46.0 

6.3 
17.3 

860 

15.2 15.4 
0.52 0.36 

48.0 54.6 
27.0 24.5 
18.3 16.4 

6.7 4.5 

* H r ep resen t s  a romat i c  hydrogen, H a ,  benzy l i c  hydrogen inc luding  methyls,  H B ,  
h&ogen on carbon atoms once removed from aromat ic  r i n g s  (excluding me thy l s ) ,  
and H r ,  hydrogen i n  a l i p h a t i c  methyl groups.  
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DEACTIVATION OF CO-MO CATALYST 
DURING H-COAL@ OPERATIONS 

C e c i l i a  C.  Kang and Edwin S .  Johanson 

Hydrocarbon Research, Inc. 
P. 0. Box 1416 

Trenton, N. J. 08607 

The H-Coal@ Process has been under development f o r  ove r  ten  years 
and has been supported b y  government and indus t r y .  Work has been c a r r i e d  
o u t  on bench-scale u n i t s  hand l i ng  about 25 pounds o f  coa l  p e r  day and i n  a 
Process Development U n i t  (PDU) hand l i ng  3 tons p e r  day. Some fou r teen  
coals ,  i n c l u d i n g  b i tuminous,  subbituminous, l i g n i t e  and brown coal  have 
been tested w i t h o u t  d i f f i c u l t y .  

I n  the  H-Coal Process, coa l  i s  d r i ed ,  pu l ve r i zed ,  and s l u r r i e d  
w i t h  coal -der ived o i l  for  cha rg ing  to  t h e  coal  hydrogenat ion u n i t .  The 
h e a r t  o f  t h e  process i s  t he  unique reac to r  des ign shown i n  F igu re  1 .  The 
c o a l - o i l  s l u r r y  i s  charged con t inuous ly  w i t h  hydrogen t o  a r e a c t o r  con- 
t a i n i n g  a bed o f  e b u l l a t e d  c a t a l y s t  wherein the  coal i s  c a t a l y t i c a l l y  
hydrogenated and conver ted  t o  l i q u i d  and gaseous products. I n  the  ebul -  
l a t e d  bed t h e  upward passage o f  t h e  sol i d ,  1 i q u i d ,  and gaseous m a t e r i a l s  
mainta ins t h e  c a t a l y s t  i n  a f l u i d i z e d  s t a t e .  The r e l a t i v e  s i z e  o f  t h e  
c a t a l y s t  and coal i s  such t h a t  o n l y  t h e  unconverted coa l ,  ash, l i q u i d  
and gaseous products  l e a v e  the  reac to r  w h i l e  t h e  c a t a l y s t  remains there-  
i n .  
t i v i t y  can be  mainta ined.  The reac to r  prov ides a s imple means o f  con- 
t r o l l i n g  reac to r  temperature and an  e f f e c t i v e  con tac t  between t h e  reac t -  
i n g  species and t h e  c a t a l y s t ,  p e r m i t t i n g  a s a t i s f a c t o r y  degree o f  reac- 
t i o n  a t  reasonable o p e r a t i n g  pressure. The l i q u i d  product  from the  re-  
a c t o r  i s  a s y n t h e t i c  c rude  o i l  which can be conver ted t o  gaso l i ne  and 
furnace o i l  by conven t iona l  r e f i n i n g  processes. A l t e r n a t e l y ,  under 
m i l d e r  ope ra t i ng  c o n d i t i o n s ,  a c lean  f u e l  gas and low s u l f u r  f u e l  o i l s  
may be produced. The r e l a t i v e  amounts o f  these products  depend on t h e  
des i red  s u l f u r  l e v e l  i n  the  heavy fue l  o i l .  

Ca ta l ys t  can be  added and withdrawn con t inuous ly  so a constant  ac- 

I n  September 1974, Hydrocarbon Research, Inc. received an 
8.1 m i l l i o n  d o l l a r  f i r s t  phase c o n t r a c t  t o  des ign a nominal 600 ton pe r  
day p i l o t  p l a n t  t o  demonstrate t h e  H-Coal Process. The c o n t r a c t  i s  
j o i n t l y  funded two t h i r d s  by Government and one t h i r d  by i ndus t r y .  A t  
t h e  present t ime two o i l  companies and E l e c t r i c  Power Research I n s t i t u t e  
a r e  the  i n d u s t r y  rep resen ta t i ves .  

The proposed p i l o t  p l a n t  w i l l  be l oca ted  a t  Ca t le t t sbu rg ,  
Kentucky, ad jacent  t o  t h e  Ashland O i l  Ref inery.  I t  i s  designed f o r  two 
modes of  ope ra t i on ,  ( I )  t o  process 633 tons o f  coal  pe r  day t o  pro- 
duce 1.920 b a r r e l s  o f  f u e l  o i l  w i t h  l e s s  than 0.7 W % s u l f u r  from coa l  
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con ta in ing  more than 3 W % s u l f u r  ( f u e l  o i l  mode), o r  (2)  t o  process 210 
tons o f  coal pe r  day t o  produce 740 b a r r e l s  p e r  day o f  s y n t h e t i c  crude 
(syncrude mode). The des ign bas i s  f o r  t he  f u e l  o i l  mode of  ope ra t i on  i s  
based on  bench-scale exper imentat ion.  
been d i r e c t e d  towards c o n f i r m i n g  i n  the  PDU t h e  des ign bas i s  f o r  the p i l o t  
p l a n t .  

The c u r r e n t  l a b o r a t o r y  program has 

H-COAL CATALYST 

The H-Coal Process uses a commercial Co-Mo c a t a l y s t  developed 
o r i g i n a l l y  f o r  d e s u l f u r i z i n g  the  pet ro leum res idua.  The Co-Mo c a t a l y s t  
s e l e c t i v e l y  hydrocracks t h e  ca rban-su l fu r  bonds t o  re lease  t h e  s u l f u r  as 
hydrogen s u l f i d e  and t o  te rm ina te  t h e  carbon bond byhydrogenolys is  w i t h -  
o u t  c rack ing  o f  t h e  carbon-carbon bond. Bituminous coa l  and subbituminous 
coa l  a r e  cha rac te r i zed  by t h e  f a c t  t h a t  they a r e  ma in l y  composed of con- 
densed aromat ic  r i n g s  and oxygen-containing f u n c t i o n a l  groups: -COOH,-OCH3 
-OH, and "L- C=O". These f i r s t  t h r e e  f u n c t i o n a l  groups a r e  a l l  t e rm ina l  
groups, but  t h e  so -ca l l ed  "carbonyl group" ("bC=O") e x i s t s  as an oxygen 
b r i d g e  l i n k i n g  t h e  condensed aromat ic  r i n g s  together. E f f i c i e n t  coal 
l i q u e f a c t i o n  w i t h  minimum hydrogen consumption can be achieved if t h e  
"'C=O'' l i nkage  i s  s e l e c t i v e l y  hydrocracked. Since t h e  o rgan ic  func t i ona l  
groups c o n t a i n i n g  oxygen or  s u l f u r  behave s i m i l a r l y ,  t he  use o f  Co-Mo 
c a t a l y s t  f o r  coa l  1 i q u e f a c t i o n  and d e s u l f u r i z a t i o n  has g i ven  reasonably 
good performance. 

H R I  has accumulated n e a r l y  50,000 hours o f  process eva lua t i on  
and o p t i m i z a t i o n  i n  bench sca le  and process development u n i t s .  While 
t h e  H-Coal Process development i s  i n  an advance s tage i n  most respects ,  
c a t a l y s t  e v a l u a t i o n  and development has n o t  kept  pace w i t h  o v e r a l l  pro-  
gram progress. A proposal f o r  improv ing t h e  c u r r e n t  Co-Mo c a t a l y s t  has 
been submitted t o  t h e  Energy Research and Development Admin i s t ra t i on .  I t  
i s  a n t i c i p a t e d  t h a t  an approval from ERDA w i l l  be received soon. 

CATALYST DEACTIVATION . 
C r i t i c a l  examinat ion o f  a v a i l a b l e  a n a l y t i c a l  data on f r e s h  and 

used c a t a l y s t s  has d i sc losed  t h a t  t h r e e  common causes f o r  c a t a l y s t  de- 
a c t i v a t i o n ,  namely, carbon depos i t i on ,  s i n t e r i n g ,  and metal depos i t i on  
con t r i bu ted  t o  t h e  d e a c t i v a t i o n  o f  t he  Co-Mo c a t a l y s t .  T h e i r  r e l a t i v e  
det r imenta l  e f f e c t s  on the  c a t a l y s t  v a r y  w i t h  the  rank o f  coal  be ing 
processed and the  process ing cond i t i ons .  

C a t a l y s t  d e a c t i v a t i o n  curves i n  terms o f  hydrogen consumption 
and s u l f u r  con ten t  o f  f u e l  o i l  a re  presented i n  F i g u r e s  1 & 2 .  These 
curves were de r i ved  from HRI's recent  PDU ope ra t i on  w i t h  I l l i n o i s  No. 6 
coa l  from Burn ing S t a r  Mine and wer inc luded i n  a paper presented a t  t he  
68 th  A I C H E  Meeting, November, 1975.T') The d e a c t i v a t i o n  curves a r e  char-  
a c t e r i z e d  by a steep i n i t i a l  d e a c t i v a t i o n  fo l l owed  by a gradual dec l i ne .  
The shape o f  t h e  cu rve  i s  t y p i c a l  o f  most c a t a l y s t  d e a c t i v a t i o n  curves. 

A d i scuss ion  i s  g i ven  below w i t h  respect  t o  t h e  magnitude o f  
carbon depos i t i on ,  s i n t e r i n g ,  and metal depos i t i on  on the  Co-Mo c a t a l y s t  
and the r e l a t i v e  importance o f  these th ree  f a c t o r s  in  c o n t r i b u t i n g  t o  
cats 1 ys t deac t i va t i on .  
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CARBON OEPOS I T  I O N  

The used c a t a l y s t s  conta ined IO t o  35% carbon. I n  operat ions i n  
the  normal range o f  c o n d i t i o n s  the used c a t a l y s t  conta ined IO t o  20% carbon. 
No cons is ten t  t rend  has been observed between t h e  magnitude o f  carbon 
depos i t i on  on c a t a l y s t  and t h e  rank o f  coal  feed. Although the  lower rank 
coals (e.g. Wyodak Coal) and l i g n i t e s  tend toward the  lower end o f  t h e  
range, w h i l e  h i g h e r  rank c o a l s  (e.g. P i t t sbu rgh  Seam Coal) tend toward the  
h igher  end o f  t h i s  range. For purposes o f  i l l u s t r a t i o n ,  Table 1 summarizes 
the  carbon content  o f  used c a t a l y s t  from a number o f  bench u n i t  experiments 
on P i t t sbu rgh  Seam Coal. The extent  o f  carbon d e p o s i t i o n  reaches a c e r t a i n  
l eve l  w i t h i n  a few days t ime  and does not  increase w i t h  f u r t h e r  operat ions,  
Low pressure o p e r a t i o n s  a t  800 ps i  hydrogen pressure o r  lower i n v a r i a b l y  
y ie lded  carbon d e p o s i t i o n  o f  over  22% on used c a t a l y s t .  Experiments c a r r i e d  
ou t  w i t h  c a t a l y s t  a f t e r  regenerat ion i n d i c a t e  t h a t  carbon depos i t i on  con- 
t r i b u t e s  s i g n i f i c a n t l y  t o  i n i t i a l  c a t a l y s t  deac t i va t i on .  

Table I 

CARBON CONTENT OF USE0 CATALYSTS 

Coal Feed 
Coal Processed, Lb. 
Ca ta l ys t  Age, Hours 

P i t t s b u r g h  Seam ----------- 
760 102 805 2246 2602 
503 59 463 1474 263 

--------- 

Hydrogen P a r t i a l  Pressure, p s i g  800 -----------1800-------------- 
Used Ca ta l ys t ,  % C 26.5 19.0 l3 .k  20.7 20.0 

S INTER I NG 

The Co-Mo c a t a l y s t s  used i n  t h e  m a j o r i t y  o f  experiments a r e  
supported on gamma alumina. Gamma alumina i s  t h e r m a l l y  unstable,  p a r t i c -  
u l a r l y  i n  the presence o f  steam. L i t e r a t u r e  data a r e  a v a i l a b l e  on the  
e f f e c t  o f  steam on s i n t e r i n g  o f  alumina. For  t h e  purpose o f  i l l u s t r a t i o n ,  
the e f f e c t  o f  tem e r a t u r e  and steam on t h e  s i n t e r i n g  o f  a n i c k e l  on gamma 

causes an i n i t i a l  drop i n  su r face  area d u r i n g  t h e  f i r s t  s i x t y  hours b u t  
a l s o  enhances the  l ong  term s low  r a t e  o f  dec l i ne .  

alumina c a t a l y s t (  ! ) i s  shown i n  F igu re  4. The presence o f  steam not  o n l y  

An examinat ion o f  t h e  a v a i l a b l e  a n a l y t i c a l  data on f resh ,  used, 
and regenerated c a t a l y s t s  i nd i ca tes  t h a t  c a t a l y s t  s i n t e r i n g  occurred a f t e r  
an extended run of t h i r t y  days us ing I l l i n o i s  No. 6 coa l  where in the  
H20 :  H2 i n  t h e  r e a c t o r  o u t l e t  gas i s  about 1 :  8. 
under s i m i l a r  c o n d i t i o n s  d i d  no t  cause any n o t i c e a b l e  s i n t e r i n g  o f  c a t a l y s t .  
S i n t e r i n g  was q u i t e  pronounced a f t e r  a f o r t y  n i n e  day o p e r a t i o n  us ing  par- 
t i a l l y  d r i e d  coal  c o n t a i n i n g  20% moisture,  r e s u l t i n g  i n  a HpO: H2 r a t i o  
o f  1 :  2 i n  r e a c t o r  o u t l e t  gas. 
the observed h igh  d e a c t i v a t i o n  r a t e  of the  wet Wyodak coal  ope ra t i on  i n  
comparison to a s i m i l a r  experiment us ing  more complete ly  d r i e d  Wyodak 
coal c o n t a i n i n g  o n l y  2% moisture.  

An eleven day opera t i on  

C a t a l y s t  s i n t e r i n g  cou ld  be the  cause f o r  
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METAL DEPOS IT1 ON 

Some t y p i c a l  a n a l y s i s  o f  coa l  ash composi t ion and major  c a t a l y s t  
contaminants a r e  shown i n  Tables 2 and 3. Table 4 presents  a semi-quan- 
t i t a t i v e  a n a l y s i s  o f  a t y p i c a l  used c a t a l y s t  by emission spectrometry. 
The r e l a t i v e  l e v e l  o f  metal contaminants on the  c a t a l y s t  was n o t  i n  t h e  
r a t i o  c h a r a c t e r i s t i c  o f  t h e  ash composi t ion o f  t h e  coa l .  Metal contam- 
i nan ts  a c t  as a phys i ca l  b a r r i e r  between t h e  reactants  and a c t i v e  s i t e s  
o f  the c a t a l y s t .  When any metal contaminant increases w i t h  c a t a l y s t  age, 
i t  u s u a l l y  i s  t he  pr ime f a c t o r  i n  causing c a t a l y s t  deac t i va t i on .  The 
common metal contaminants on the used c a t a l y s t  a r e  t i t a n i u m ,  i r o n ,  ca lc ium 
and sodium. Bituminous coal ,  such as P i t t s b u r g h  Seam and I l l i n o i s  No. 6, 
deposi ts  app rec iab le  amounts o f  t i t a n i u m  and low amounts o f  ca l c ium and 
sodium; subbituminous coa l ,  such as Wyodak, u s u a l l y  depos i t s  h i g h e r  amounts 
o f  sodium and s i m i l a r  amounts o f  ca l c ium i n  comparison t o  t h e  b i tuminous 
coal. The range of  i r o n  depos i t i on  i s  s i m i l a r  from va r ious  ranks o f  coal .  

Table 2 

COMPOSITION OF COAL ASH 

Coa 1 

Ash, W % 

Composition o f  Ash, W % 
Phosphorus Pentoxide 
S i l i c a  
F e r r i c  Oxide 
A I  umi na 
T i t a n i a  
Calcium Oxide 
Magnesium Oxide 
Su 1 f u r  T r i o x i d e  
Potassium Oxide 
Sodium Oxide 
Undetemi  ned 

Wyodak 

9.73 

0.61 
33.64 

3.80 
17.08 

1.16 
18.50 
4.70 

18.04 
0.71 
0.80 
0.95 

Table 3 

CONTAMINANTS ON USED CATALYSTS 

Coal Feed Wyodak 

Ca ta l ys t  Age, 
Ib .  Coal / lb .  C a t a l y s t  78 1 

Oi l -F ree  Ca ta l ys t ,  Analyses, W % 
Carbon 13.67 
S u l f u r  5.13 
I ron 1.73 
T i tan ium 0.03 
Sod i urn 1.46 
Cal c i  um 1.04 
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I 1 1 i n o i  s 
No. 6 

9.95 

0.06 
45.74 
16.18 
18.95 
0.95 
9.50 
0.94 
4.52 
1.79 
0.43 
0.94 

I 1  1 i n o i s  
No. 6 

2644 

10.9 
4.6 
1.5 

5.11 
0.42 
0.24 
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Table 4 

E M I S S I O N  SPECTROMETRY ANALYSIS OF A TYPICAL USED CATALYST 

Analys is  o f  O i l -F ree  (Benzene-Extracted) +20 Mesh Ext rudates 

Element 
Approxi mate 

W % Meta l  

A 1 um i num 
Antimony 
Arsenic  

10 
0.02 

0.2 

Barium 
Bery l  1 i um 
Boron 

Not de tec ted  
0.01 
0.7 

Calcium 
Ch rorn i urn 
Coba 1 t 
Copper 

0.3 
0.05 

1 
70.01 

Gal 1 ium 
Germanium 
I ron 
Lead 

0.05 
0.3 

1 
0.01 

Magnes i um 
Manganese 
Molybdenum 

0.2 
0.08 

5 

N i  ob i um 
Nickel  
S i l i c o n  

-0.01 
0.3 
0.2 

T i  tan i urn 
Vanad i um 
Zinc 
Z i rcon i urn 

3 
0.2 
0.1 

0.05 

I t  i s  observed t h a t  among the  metal contaminants i d e n t i f i e d  so f a r ,  
t i t a n i u m  depos i t i on  f r o m  t h e  b i tuminous coal  increased w i t h  c a t a l y s t  age. 
Recent analyses o f  benzene- insolub le and benzene-soluble components o f  t h e  
res idua de r i ved  f rom I l l i n o i s  No. 6 coal  show t h a t  t h e  benzene-insoluble 
p o r t i o n  o f  t h e  residuum con ta ins  about the same amount o f  t i t a n i u m  as 
p r e s e n t , i n  t h e  M.A.F. c o a l ,  900 ppm, and t h e  benzene-soluble p o r t i o n  of  
t h e  residuum con ta ins  o n l y  about 5% o f  t h e  t i t a n i u m  as present  i n  the  coal .  
Thus i t  i s  q u i t e  l o g i c a l  t o  deduce from these data t h a t  t i t a n i u m  e x i s t s  i n  
a form o f  o rganometa l l i c  complex i n  the  b i tuminous coa l .  Th i s  deduct ion i s  
f u r t h e r  supported b y  t h e  knowledge t h a t  t i t a n i u m  i s  j u s t  be low vanadium 
w i t h  respect t o  t h e  s t r e n g t h  o f  the l igand-metal bonds and s t a b l e  vanadium 
p rophy r in  e x i s t s  i n  pet ro leum, I t  should be noted t h a t  ve ry  l i t t l e  t i t a -  
nium was deposi ted on t h e  c a t a l y s t  when Wyodak coa l  was processed, even 
though Wyodak coa l  c o n t a i n s  about the same amount o f  t i t a n i u m  as I l l i n o i s  
No. 6 coal .  Fu r the r  work i s  needed t o  e s t a b l i s h  whether t h e  benzene- 
i n s o l u b l e  residuum f rom the  Wyodak coa l  con ta ins  any s i g n i f i c a n t  amount o f  
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t i t an ium.  
nium present  i n  t h e  I l l i n o i s  No. 6 b i tuminous coal  deposi ted on t h e  

I t  i s  a l s o  observed t h a t  o n l y  about one- twent ie th o f  t h e  t i t a -  

c a t a l y s t .  

Scanning e l e c t r o n  micrograph o f  spent c a t a l y s t s  showed t h a t  
t i t a n i u m  pene t ra ted  t o  a depth o f  approx imate ly  10% o f  the rad ius  o f  
t he  1/16" ext rudate,  and i r o n  was found i n  c l u s t e r s  on the su r face  o f  
t he  ext rudate.  The way t h a t  t i t a n i u m  depos i t i on  concentrates i n  the  
per iphery o f t h e c a t a l y s t  ex t ruda te  i s  expected t o  be more de t r imen ta l  
i n  reducing t h e  e f f e c t i v e  d i f f u s i o n  o f  "coal molecule" i n t o  the  c a t a l y s t  
pore than i f  t h e  t i t a n i u m  were d i s t r i b u t e d  u n i f o r m l y  throughout t h e  whole 
e x t  ruda te. 

When b i tuminous coal ,  such as I l l i n o i s  No. 6, was processed and 
was l i q u i f i e d ,  metal depos i t i on  appeared t o  cause t h e  gradual b u t  steady 
d e a c t i v a t i o n  o f  c a t a l y s t  . 

CATALYST ATTRITION 

The magnitude o f  c a t a l y s t  a t t r i t i o n  i n  t h e  e b u l l a t e d  bed reac to r  
i s  we l l  de f i ned  by the  r o t a t i n g  drum a t t r i t i o n  t e s t  developed by H R I .  By 
apply ing t h i s  t e s t ,  H R I  has success fu l l y  chosen a commercial c a t a l y s t  which 
showed s a t i s f a c t o r y  a t t r i t i o n  r e s i s t a n c e  du r ing  recent  POU operat ions.  
Cata lysts  recover ies a r e  summarized i n  Table 5. About 93 W % c a t a l y s t  
(by Mo balance) was recovered a f t e r  814 hours ope ra t i on ,  process ing 2,687 
I b .  c o a l / l b .  c a t a l y s t .  The increase i n  weight  o f  t h e  c a t a l y s t  was con- 
s i s t e n t l y  g r e a t e r  than t h e  t o t a l  weight  o f  t h e  major  contaminants de te r -  
mined. These and o t h e r  data obta ined w i t h  d i f f e r e n t  coal  feeds i n d i c a t e  
the  p o s s i b i l i t y  o f  t h e  presence o f  o t h e r  major  contaminants. Depos i t i on  
o f  alumina appears t o  be another major contaminant as shown by a few 
analyses comparing the  A I  t o  Mo r a t i o  o f  f r e s h  and used c a t a l y s t .  

Table 5 

CATALYST RECOVERY FROM PDU OPERATIONS 

Run A B C D 

Cata lyst  Age 
Hours 814 535 475 272 
Coal Processed, Lb/Lb Ca ta l ys t  2687 3061 2451 1509 

Cata lyst  Recovery, W % 
Gross Weight 139.0 140.6 133.8 156.4 
Gross Weight l e s s  major 

Contaminants determined 103.5 102.3 100.0 112.2 
Molybdenum Balance 92.7 96.8 96.4 97.6 

37 



SUMMARY AND CONCLUS IONS 

C r i t i c a l  examinat ion o f  a v a i l a b l e  a n a l y t i c a l  data on f r e s h  and 
used c a t a l y s t s  d i s c l o s e d t h a t  t h ree  common causes f o r  c a t a l y s t  d e a c t i v a t i o n ,  
namely, carbon depos i t i on ,  s i n t e r i n g ,  and meta l  deposi t ion,  c o n t r i b u t e d  
t o  the  d e a c t i v a t i o n  o f  t h e  Co-Mo c a t a l y s t  used i n  t h e  H-Coal@ Process. 
The i r  r e l a t i v e  de te r imen ta l  e f f e c t s  on the c a t a l y s t  va ry  w i t h  the  rank o f  
coal bein'g processed and t h e  process cond i t i ons .  

The used c a t a l y s t  con ta ined  IO t o  35% carbon. The e x t e n t  o f  
carbon depos i t i on  i s  a f f e c t e d  more b y  process cond i t i ons  than by e i t h e r  
coal feed o r  c a t a l y s t  age. Low pressure operat ions a t  1000 p s l g  or 
lower y i e l d e d  h l g h  carbon d e p o s i t i o n  o f  over  22%. 

The Co-Mo c a t a l y s t  i s  supported on gamma alumina. The pronounced 
e f f e c t  o f  steam on s i n t e r i n g  o f  gamma alumina a t  temperatures below 1ODO"F 
i s  w e l l  known. Operat ions w i t h  subbituminous coal  such as Wyodak coal  
caused much more pronounced c a t a l y s t  s i n t e r i n g  than those us ing  b i tuminous 
coal such as I l l i n o i s  No. 6 coa l .  The h igh  oxygen and h igh  mo is tu re  con- 
t e n t  o f  Wyodak coal  ( i n  the  event  o f  incomplete d ry ing )  g i v e  r i s e  t o  a 
r e l a t i v e l y  h i g h  H20/H2 r a t i o  i n  t h e  process gas, which caused r a p i d  c a t a l y s t  
deac t i va t i on  through s i n t e r i n g .  

Major me ta l  contaminants found on the  c a t a l y s t  a r e  t i t a n i u m ,  i r o n ,  
calcium, and sodium, and i n  some cases a l s o  aluminum. The magnitude o f  t i -  
tanium depos i t i on  o n  c a t a l y s t  from b i tuminous coal feed increased w i t h  
c a t a l y s t  age. T i tan ium d e p o s i t i o n  was concentrated t o  a depth o f  approx- 
imate ly  10% of t h e  rad ius  o f  spent 1/16" extrudate,  whereas i r o n  was found 
i n  c l u s t e r s  on the  e x t r u d a t e  sur face.  

I t  i s  concluded t h a t  t he  i n i t i a l  c a t a l y s t  deac t i va t i on  i s  caused 
by carbon d e p o s i t i o n  i n  the  case o f  b i tuminous coal .  Both carbon deposi- 
t i o n  and s i n t e r i n g  c o n t r i b u t e  t o  the  i n i t i a l  c a t a l y s t  d e a c t i v a t i o n  w i t h  
subbituminous coal feed. T i tan ium d e p o s i t i o n  from the bituminous coal 
causes a gradual d e c l i n e  i n  c a t a l y s t  a c t i v i t y .  

Commercial Co-Mo c a t a l y s t s  have shown d i f f e r e n t  magnitude o f  
c a t a l y s t  a t t r i t i o n  i n  t h e  e b u l l a t i n g  bed reac to r .  HRI developed a r o t a t i n g  
drum a t t r i t i o n  t e s t  which d e f i n e s  t h e  a t t r i t i o n  res i s tance  o f  t he  c a t a l y s t  
under H-Coal process ing c o n d i t i o n s ,  H R I  success fu l l y  chose a commercial 
c a t a l y s t  which showed s a t i s f a c t o r y  a t t r i t i o n  res i s tance  du r ing  recen t  
extended PDU opera t i ons  a t  gas and coa l  ra tes  a t  t h e  design va lues  f o r  t h e  
p i l o t  p l a n t  be ing  b u i l t  a t  t h e  present  t ime. 
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INTRODUCTION 

A l l  c o a l  l i q u e f a c t i o n  processes  must somewhere f a c e  t h e  problem o f  separa t -  
ing  unl iquef ied  c o a l  and t h e  minera l  matter t h a t  e n t e r e d  t h e  process  w i t h  t h e  c o a l ,  
from t h e  l i q u i d  s t ream t h a t  c o n t a i n s  t h e  product .  One of t h e  major advantages of 
the  Synthoi l  process  now be ing  developed by ERDA, a s  repor ted  by Yavorsky e t  a 1  Q), 
i s  t h a t  i t  is q u i t e  t o l e r a n t  of imperfec t ions  in t h e  s o l i d s  removal s t e p ,  a s  both 
t h e  product  and t h e  r e c y c l e  stream are acceptab le  wi th  a s  much as 1 0  p c t  undissolved 
mater ia l .  However, a number of major advantages w i l l  b e  obta ined  when t h e  p r e s e n t  
s o l i d s  removal system is improved o r  rep laced:  

(1) 
e t  a 1  e) a Kentucky c o a l  conta in ing  16.9 p c t  ash  y i e l d e d  a product  o i l  wi th  1.5 p c t ,  
which represents  e x c e l l e n t  q u a l i t y  f o r  a furnace  designed t o  accept  coal--reduct ion 
t o  below 0 . 1  p c t  w i l l  o b v i a t e  t h e  i n c l u s i o n  of  e l e c t r o s t a t i c  p r e c i p i t a t o r s  i n  t h e  
furnace,  thus reducing c a p i t a l  c o s t s  i n  product  u t i l i z a t i o n .  

Although Synthoi l  ash  values  a r e  low--in a n  experiment r e p o r t e d  by Yavorsky 

(2)  An ash  conten t  in t h e  f i n a l  product  of less than  .005 p c t  w i l l  meet speci-  
f i c a t i o n s  f o r  gas  t u r b i n e  f u e l ,  Q), t h u s  g r e a t l y  expanding t h e  a r e a  of interchange-  
a b i l i t y  between Synthoi l  and s c a r c e  petroleum products .  

(3) Reduction in t h e  amount of organic  i n s o l u b l e s  w i l l  f u r t h e r  reduce  t h e  s u l -  
f u r  content  of t h e  product ,  s i n c e  t h e  r e s i d u a l  s u l f u r  i s  concent ra ted  in t h i s  com- 
ponent. 

(4)  A l t e r n a t e  systems,  even i f  they  should n o t  improve t h e  q u a l i t y  of t h e  pro- 
duc t ,  may y i e l d  s u b s t a n t i a l  reduct ions  i n  opera t ing  and c a p i t a l  c o s t s .  

Sol ids  s e p a r a t i o n  from c o a l  l i q u e f a c t i o n  products  is a d i f f i c u l t  s t e p  because 
of t h e  smal l  p a r t i c l e  s i z e  e), v a r i o u s l y  es t imated  a t  mean diameters  from 5 t o  below 
0.5 micrometers, wide p a r t i c l e  s i z e  d i s t r i b u t i o n ,  from 25 micrometers down t o  col- 
l o i d a l  s i z e ,  low d e n s i t y  d i f f e r e n c e  between p a r t i c l e  and l i q u i d ,  physicochemical 
a f f i n i t y  between p a r t i c l e  and l i q u i d ,  and high l i q u i d  v i s c o s i t y .  We have examined 
the  problem of improving product  q u a l i t y  wi th  c e n t r i f u g a t i o n  and wi th  t h r e e  approaches 
t o  f i l t r a t i o n :  (1) a bench f i l t e r  c o n s i s t i n g  of  a s m a l l  p r e s s u r e  v e s s e l  wi th  a per-  
f o r a t e d  c losure  t o  suppor t  a 1.4-inch-diameter (0.0107 sq f t )  f i l t e r  medium of  c l o t h ,  
sc reen ,  f i l t e r  paper  or "precoat". a powder f requent ly  used i n d u s t r i a l l y  a s  an e a s i l y  
renewable f i l t e r  medium; (2) a t u b u l a r  u n i t  in which 0.7 s q  f t  of c l o t h  f i l t e r  medium 
i n  t h e  form of a bag or sock  is supported on a p e r f o r a t e d  steel  tube  so t h a t  t h e  c l o t h  
can withstand h igh  p r e s s u r e  d i f f e r e n t i a l s ;  and (3) a r o t a r y  drum p r e s s u r e  f i l t e r  with 
4.7 s q  f t  of f i l t e r  s u r f a c e ,  capable  of o p e r a t i o n  a s  e i t h e r  a c l o t h  f i l t e r  or precoat  
f i l t e r .  A l l  t h r e e  u n i t s  a r e  operable  a t  200' C and 200 ps ig .  

Although t h e r e  was some over lap ,  each u n i t  was ass igned  d i f f e r e n t  func t ions  i n  
t h e  research .  This paper  d e s c r i b e s  t h e  work wi th  t h e  bench f i l t e r .  
w a s  w e d  t o  e s t a b l i s h  b a s i c  p r i n c i p l e s  i n  Synthoi l  f i l t r a t i o n  t h a t  would be a p p l i c a b l e  

The bench f i l t e r  
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t o  t h e  engineer ing of t h e  v a r i o u s  commercial forms of f i l t e r s .  With t h e  bench f i l t e r  
w e  have shown t h a t  f i l t r a t i o n  i s  a f e a s i b l e  approach t o  ultra-low-ash Synthoi l ,  t h a t  
non-Newtonian behavior  of S y n t h o i l s  must be considered i n  ana lyz ing  Synthoi l  f i l t r a -  
t i o n ,  t h a t  the f i l t e r  medium which i s  i n i t i a l l y  i n s t a l l e d  i n  t h e  f i l t e r  c o n t r o l s  t h e  
i n i t i a l  flow rate and t h e  l e n g t h  of t i m e  r e q u i r e d  t o  b u i l d  up a cake of  t h e  Synthoi l  
r e s i d u e  (during which t i m e  t h e  q u a l i t y  of t h e  f i l t r a t e  may be poor) ,  a f t e r  which flow 
r a t e s  and product  q u a l i t y  are r e l a t i v e l y  independent of t h e  i n i t i a l  medium and depend 
most ly  on the  q u a l i t y  and i n t e g r i t y  of the  cake. 
t h a t  a sharp demarkation could be  obtained between t h e  precoa t  and f i l t e r  cake, indi-  
c a t i n g  t h a t  a cont inuous system could be  opera ted  with good f i l t r a t i o n  and economic 
u s e  of t h e  precoat  material. 

Experimental Procedures  

Tests wi th  a precoa t  medium showed 

The bas ic  p iece  of  equipment is shown i n  f i g u r e  1. It c o n s i s t s  of  a per fora ted  
p l a t e  t o  support  t h e  f i l t e r  medium screwed t o  a s teel  case  which can be p r e s s u r i z e d  
w i t h  n i t r o g e n  t o  d r i v e  t h e  f i l t r a t e  through t h e  medium. A top opening provides  f o r  
i n s e r t i o n  of a thermocouple. The assembled u n i t  can be i n s e r t e d  i n  a v e r t i c a l  2- 
inch-diameter tube furnace  f o r  o p e r a t i o n  a t  e l e v a t e d  temperature .  The experiments  
t h a t  were conducted in t h i s  equipment can b e  subdivided i n t o  f i v e  groups l i s t e d  i n  
t a b l e  1. Groups I, 111 and I V  used a s tandard ized  feed  (designated FB-36) which 

TABLE 1.- Experimental series i n  f i l t r a t i o n  

Group Table  Reed F i l t e r  M a t e r i a l  
No. 

I 2 FB-36 F i l t e r  paper  41H 
I1 3 Varied Other  s h e e t  m a t e r i a l s  
I11 4 FB-36 Precoa t  on paper  
I V  5 FB-36,38 Precoa t  on 100-mesh screen  
V - Varied Varied 

w a s  a very viscous S y n t h o i l  product ,  almost s o l i d  a t  room temperature ,  t h a t  had been 
produced a t  3,000 p s i  and 435' C from a Western Kentucky coa l  and contained 5.7 p c t  
a s h  and 1 .0  pc t  s u l f u r .  These h igh  values  of  v i s c o s i t y ,  ash and s u l f u r  r e p r e s e n t  
what we  expect  t o  be t h e  most d i f f i c u l t  f i l t r a t i o n  parameters  t h a t  would be met i n  
t h e . S y n t h o i 1  process .  Group I1 used o t h e r  f e e d s  i n  a d d i t i o n  t o  FB-36. 

The f i r s t  group of experiments  c o n s i s t e d  of f i l t e r i n g  FB-36 through a s tandard  
l a b o r a t o r y  f i l t e r  paper  (Whatman 41H)* a t  v a r i o u s  temperatures ,  p ressures  and f i l -  
t e r  cake th icknesses ,  and measuring flow rates and q u a l i t y  of product .  I n  Group I1 
t h e  Whatman 41H paper  was rep laced  by o t h e r  s h e e t  f i l t e r  m a t e r i a l s .  A major indus-  
t r i a l  f i l t r a t i o n  technique i s  t h e  use o f  r o t a r y  f i l t e r s  w i t h  "precoats"  i n  which 
t h e  f i l t e r  medium is a l a y e r  of granular  m a t e r i a l  such a s  diatomaceous e a r t h .  I n  
t h e  t h i r d  group of  exper iments ,  two such materials were used a s  a l a y e r  on top  of  
f i l t e r  paper  and i n  t h e  f o u r t h  group, t h e  p r e c o a t  materials were used on top  of an 
open s c r e e n  (100 mesh), wi thout  paper  as a second medium. In b o t h  t h e s e  groups t h e  
v a r i a b l e s  included coarseness  of t h e  precoa t  m a t e r i a l  and the  t h i c k n e s s  of  t h e  pre-  
c o a t  as w e l l  a s  those  v a r i a b l e s  measured i n  t h e  previous groups. The f i f t h  group 
comprised experiments i n  which t h e  feed m a t e r i a l s  were o t h e r  than  FB-36. These d a t a  
a r e  n o t  c o n s t i t u t e d  i n t o  a s e p a r a t e  t a b l e  b u t  are incorpora ted  i n t o  t h e  o t h e r  t a b l e s .  

* Appearance of commercial o r  t r a d e  names does n o t  imply endorsement of t h e  products  
by t h e  U.S. Government o r  ERDA. Such names a r e  used only  f o r  i d e n t i f i c a t i o n .  
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The i n i t i a l  experiments on f i l t e r  paper ,  f o r  which t h e  d a t a  i n  t a b l e  2 a r e  

TABLE 2.- E f f e c t  of p r e s s u r e  and temperature  on Synthoi l  
f i l t r a t i o n  through f i l t e r  paper 41H 

Feed: FB-36, Ash 5.7%, S u l f u r  1.0% 

Run No. 07 08 10 

Temperature, . C ....... 
Pressure ,  p s i g  ......... 
F i l t r a t e ,  grams ........ 
Cake, grams ............ 
I n i t i a l 1  f i l t r a t i o n  rate, 

l b - f t  2-hr ......... 
F i n a l l  f i l t r a t i o n  rate . 
Ash, i n i t i a l 1  f i l t r a t e ,  

p c t  .................. 
Ash, f i n a l l  f i l t r a t e ,  

p c t  .................. 
S u l f u r ,  i n i t i a l '  f i l t r a t e ,  

S u l f u r ,  f i n a l l  f i l t r a t e ,  
p c t  .................. 
p c t  .................. 

185 
200 

17.5 
4.3 

4.72 
2.30 

0.21 

.08 

.50 

.50 

178 
200 

20.0 
4.5 

4.91 
1.54 

0.27 

.06 

.50 

.45 

180 
150 

20.0 
4.7 

2.40 
1.19 

0.18 

.08 

.43  

.44 

1 " I n i t i a l "  is f i r s t  10 grams, " f i n a l "  i s  last t e n  grams 
o r  less i f  10 grams i s  n o t  a v a i l a b l e .  

t y p i c a l ,  e s t a b l i s h e d  s e v e r a l  f a c t s .  (1) For m a t e r i a l  as v iscous  a s  FB-36, temper- 
a t u r e s  g r e a t e r  than  165' C and pressures  of 150 p s i g  o r  more were necessary  t o  a t t a i n  
a f i l t r a t i o n  rate through t h e  paper t h a t  was exper imenta l ly  p r a c t i c a l  i n  t h e  sense 
of c o l l e c t i n g  ana lyzable  q u a n t i t i e s  of 10 t o  20 grams i n  less than t h r e d  hours .  
(2) The flow rate is q u i t e  s e n s i t i v e  t o  temperature ,  as shown by comparison 
between t e s t s  07 and 08 wherein a 7' C i n c r e a s e  causes  a 49 p c t  i n c r e a s e  i n  " f ina l"  
flow rate. The comparison is made between " f i n a l "  condi t ions  because, as w i l l  
be v e r i f i e d  la ter ,  " i n i t i a l "  condi t ions  a r e  s u b j e c t  t o  many more r a p i d l y  chang- 
i n g  and p a r t i a l l y  uncont ro l led  v a r i a b l e s  such as changing temperature  and changing 
r e s i s t a n c e .  (3) Flow r a t e  i s  dependent on pressure .  A 25 p c t  p r e s s u r e  decrease  
between runs 08 and 1 0  produced a 23 p c t  " f i n a l  flow" r a t e  decrease  d e s p i t e  a 2' C 
temperature  i n c r e a s e .  (4) Ash removal was a t  l e a s t  95  p c t  of t h e  i n p u t  ash,  and 
removal improved t o  98.6 p c t  a s  t h e  cake b u i l t  up. (5)  The s u l f u r  conten t  on  t h e  
o t h e r  hand was r a p i d l y  reduced t o  50 p c t  of t h e  i n p u t  s u l f u r ,  bu t  w a s  n o t  f u r t h e r  
reduced with cake bui ldup.  

The e f f e c t s  t h a t  have been descr ibed are i n d i c a t i v e  of some of t h e  d i f f e r e n c e s  
between coa l  l i q u e f a c t i o n  products  and o t h e r  m a t e r i a l s  t h a t  a r e  usua l ly  s u b j e c t  t o  
f i l t r a t i o n .  The i n a b i l i t y  t o  reduce t h e  s u l f u r  conten t  below some apparent ly  f i x e d  
l e v e l  implies  t h a t  p a r t  of t h e  s u l f u r  i n  Synthoi l  is p r e s e n t  i n  a c o l l o i d a l  o r  s o l u b l e  
component. 
changes i n  the  f l u i d .  A s e r i e s  of v i s c o s i t y  measurements were made us ing  a r o t a t i o n a l  
type  of viscometer .  For  a Newtonian, o r  normal l i q u i d ,  t h e  s h e a r  stress vs ra te-of-  
shear  r e l a t i o n  i s  a s t r a i g h t  l i n e  pass ing  through t h e  o r i g i n ,  and t h e  r a t i o  of s h e a r  

The temperature  s e n s i t i v i t y  of t h e  f low r a t e  i s  a r e f l e c t i o n  of v i s c o s i t y  
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stress t o  rate of s h e a r ,  which is t h e  v i s c o s i t y ,  is a c o n s t a n t  t h a t  changes only  
wi th  temperature. The r e l a t i o n  demonstrated i n  f i g u r e  2 ,  i n  which t h e  curves do 
n o t  pass  through t h e  o r i g i n ,  shows t h a t  t h e  FB-36 feed  material was non-Newtonian 
and t h a t  t h e  e f f e c t i v e  v i s c o s i t y  is a f u n c t i o n  of f low r a t e  and diameter  of t h e  flow 
channels  (pores i n  a f i l t r a t i o n  medium) as w e l l  as temperature .  This  l e a d s  t o  a non- 
l i n e a r i t y  of f i l t r a t i o n  r a t e  w i t h  p r e s s u r e  drop when a l l  o t h e r  parameters  are con- 
s t a n t .  The degree of n o n - l i n e a r i t y  i n c r e a s e s  w i t h  lower f low r a t e s ,  a f a c t o r  which 
must be  considered i n  a l l  d a t a  e x t r a p o l a t i o n .  Another complicat ion i n  f i l t e r i n g  
a c o a l  l i q u e f a c t i o n  m a t e r i a l  is t h a t  t w o  i n s o l u b l e  components are a c t u a l l y  be ing  
removed--the inorganic  matter, which is measured as ash,  and t h e  i n s o l u b l e  organic  
mat te r ,  or incompletely converted coal .  The two components have d i f f e r e n t  p a r t i c l e  
s i z e  d i s t r i b u t i o n s ,  d i f f e r e n t  a f f i n i t i e s  f o r  t h e  f i l t e r  medium and d i f f e r e n t  require- 
ments wi th  r e s p e c t  t o  product  q u a l i t y  s p e c i f i c a t i o n s .  
t h e  Synthoi l  product  is as a f u e l ,  t h e  incombust ib le  ( inorganic)  conten t  of t h e  f i l -  
t rate is t h e  measure o f  product  q u a l i t y ;  however t h e  t o t a l  material removed as cake 
(organic  p l u s  i n o r g a n i c )  is t h e  major f a c t o r  c o n t r o l l i n g  t h e  s e p a r a t i o n  process ,  as  

w i l l  be shown i n  t h e  n e x t  s e c t i o n .  Furthermore, t h e  s o l u b i l i t y  of t h e  organic  matter 
i n  t h e  feed may be  expected t o  increase  wi th  temperature ,  so t h a t  t h e  temperature  
may a f f e c t  n o t  on ly  v i s c o s i t y  b u t  a l s o  t h e  amount of  cake f u n c t i o n i n g  as a f i l t e r  
medium i n  t h e  f i l t r a t i o n  process ,  and consequent ly  w i l l  a f f e c t  bo th  f i l t r a t i o n  r a t e  
and f i l t r a t i o n  q u a l i t y .  

E f f e c t  of F i l t r a t i o n  Septum - Group I1 

Since t h e  p r i n c i p l e  use  of 

I n  t h e  second group of experiments ,  t h r e e  d i f f e r e n t  feed  m a t e r i a l s  were f i l -  
t e r e d ,  each through t w o  d i f f e r e n t  f i l t e r i n g  s h e e t  materials o r  sep ta .  One septum 
of each p a i r  was t h e  41H Whatman f i l t e r  paper  used throughout  t h e  Group I experi-  
ments. The o t h e r s  were of d i f f e r e n t  c o n s t r u c t i o n s  and a r e  descr ibed  in t a b l e  3, 
which a l s o  l ists  t h e  r e s u l t s  of  t h e  tests. I n  t h e  t a b l e  t h e  va lue  f o r  i n i t i a l  f i l -  
t ra te  r a t e  i s  given a s  measured and a l s o  ( in  parentheses)  c o r r e c t e d  t o  t h e  v a l u e  
t h a t  would have been expec ted  i f  t h e  f low r a t e  were p r o p o r t i o n a l  t o  p r e s s u r e  and 
if t h e  i n i t i a l  p r e s s u r e  were 200 p s i ,  which is t h e  v a l u e  f o r  t h e  f i n a l  per iod  of a l l  
runs  b u t  38. This  c a l c u l a t i o n  is necessary t o  make t h e  va lues  of i n i t i a l  and f i n a l  
f i l t r a t i o n  r a t e s  more comparable. 
set much lower than  t h e  f i n a l  va lues  t o  keep t h e  i n i t i a l  f low r a t e s  from be ing  t o o  
h igh  t o  measure convenient ly .  

Experimental ly  t h e  i n i t i a l  p r e s s u r e s  had t o  be  

I n  t a b l e  3 t h e  m o s t  n o t a b l e  observa t ion  is t h a t  f o r  t h e  run  p a i r s  08/09 and 
40/41 t h e  i n i t i a l  f low rates and f i l t r a t e  c l a r i t y  ( p c t  ash)  a r e  h i g h l y  d i s p a r a t e ,  
whereas t h e  f i n a l  c o n d i t i o n s  are q u i t e  s i m i l a r .  For example, tests 08 and 09, 
which were w i t h  t h e  same feed m a t e r i a l ,  had i n i t i a l  c o r r e c t e d  f low rates t h a t  d i f -  
f e r e d  by a f a c t o r  of 1 6 8  whereas t h e  f i n a l  r a t e s  d i f f e r e d  by less than  2. I n i t i a l  
a s h  c o n t e n t s  of t h e  f i l t r a t e s  d i f f e r e d  by a f a c t o r  of 19, and f i n a l  v a l u e s  by 2. 
It may be  hypothesized from t h i s  t h a t  i n i t i a l  f low rates and c l a r i t y  were cont ro l led  
by t h e  p r o p e r t i e s  of t h e  septum t h a t  was used, b u t  t h a t  t h e  f i n a l  f i l t e r i n g  medium 
w a s  t h e  same r e g a r d l e s s  of t h e  septum and was e s s e n t i a l l y  t h e  f i l t e r  cake i t s e l f .  
The i n f l u e n c e  of t h e  septum, t h e r e f o r e ,  was ( a )  t o  c o n t r o l  t h e  c l a r i t y  of  t h e  i n i t i a l  
f i l t r a t e  (which could b e  recyc led  later, i f  t h i s  c l a r i t y  was below s p e c i f i c a t i o n ) ,  
(b) t o  c o n t r o l  t h e  t i m e  requi red  t o  b u i l d  up a f i l t e r  cake of  s u f f i c i e n t  t h i c k n e s s  
t o  become an e f f e c t i v e  f i l t e r i n g  medium. I n  s h o r t  ba tches ,  f i l t e r e d  wi thout  recy- 
c l i n g ,  t h e  septum w i l l  a l s o  a f f e c t  t h e  amount of cake t h a t  is removed and formed 
i n t o  t h e  f i l t e r i n g  medium, and a f f e c t  t h e r e f o r e ,  bo th  t h e  average and f i n a l  product  
c l a r i t y .  
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I n  t a b l e  3 t h e  observa t ions  f o r  p a i r s  38/39 a r e  n o t  as marked a s  t h o s e  f o r  t h e  
o t h e r  two p a i r s ,  b u t  t h i s  c o n s t i t u t e s  suppor t  f o r  t h e  f i l t e r i n g  sequence suggested 
above. Measurements of s e v e r a l  f i l t e r  cakes showed t h a t  1 0  grams of cake cor res -  
ponded t o  a th ickness  of about  0.6 mm. Therefore ,  because of t h e   lo^ s o l i d s  conten t  
i n  t h e  feed, the  t o t a l  weight of cake depos i ted  dur ing  runs  38 and 39 would be only 
a few micrometers t h i c k ,  which based on l a t e r  estimates of p a r t i c l e  s i z e ,  would cor res -  
pond t o  only a few p a r t i c l e  diameters  and t h e r e f o r e  provide  a r a t h e r  i n e f f e c t i v e  f i l -  
t e r i n g  medium even a t  t h e  end of t h e  run. 

Use of "Precoat" as a F i l t e r  Medium - Groups I11 and I V  

I n d u s t r i a l  f i l t r a t i o n  is performed wi th  many d i f f e r e n t  devices ,  b u t  considera-  
t i o n s  of p a r t i c l e  s i z e ,  concent ra t ions  and expected scale of  o p e r a t i o n s  i n  a c o a l  
l i q u e f a c t i o n  indus t ry  sugges t  use of a r o t a r y  drum f i l t e r ,  opera ted  i n  a "precoat"  
mode. I n  t h i s  mode, a l a y e r  of a granular  material, f r e q u e n t l y  a diatomaceous 
e a r t h  o r  a d e r i v a t i v e  t h e r e o f ,  is depos i ted  on a p e r f o r a t e d  r o t a t i n g  c y l i n d e r  which 
is P a r t i a l l y  immersed i n  t h e  m a t e r i a l  t o  be f i l t e r e d .  A p r e s s u r e  d i f f e r e n t i a l  
between the  o u t s i d e  and i n s i d e  of t h e  drum d r i v e s  t h e  l i q u i d  through t h e  c y l i n d e r  
w a l l  and t h e  s o l i d s  a r e  depos i ted  on o r  w i t h i n  t h e  l a y e r  of precoa t .  A s  t h e  drum 
r o t a t e s ,  the  d e p o s i t  is brought  i n t o  c o n t a c t  w i t h  a k n i f e  blade.  The b l a d e  advances 
a t  a r a t e  which is set t o  remove t h e  cake a long  wi th  as much of t h e  p r e c o a t  m a t e r i a l  
as may be obs t ruc ted  by p e n e t r a t i o n  of t h e  cake. 

The next phase of t h e  f i l t r a t i o n  program w a s  an e x p l o r a t i o n  of t h e  parameters  
of "precoat" f i l t r a t i o n  v i s - h i s  rates and product  c l a r i t y  of o t h e r  s e p t a  t h a t  have 
been i l l u s t r a t e d  i n  t a b l e s  2 and 3. I n  t h e  Group I11 experiments ,  a s  shown i n  t a b l e  
4, two d i f f e r e n t  grades  of  a commercial ca lc ined  diatomaceous e a r t h  were depos i ted  
from a n  o i l  suspension on grade 41H f i l t e r  paper .  Comparison of t h e  r e s u l t s  f o r  runs  
07 and 08 i n  t a b l e  2 with  those  f o r  runs 15 and 11 i n  t a b l e  4, which p e r t a i n e d  t o  t h e  
same pressure ,  temperature  and amount of cake, shows t h a t  t h e  s u p e r p o s i t i o n  of pre- 
coa t  on f i l t e r  paper caused t h e  i n i t i a l  flow t o  be increased  cons iderably  and t h e  
i n i t i a l  ash t o  be decreased;  t h e  f i n a l  f low rate w a s  decreased wi th  approximately 
equal  a s h  removal from t h e  f i l t r a t e .  
without  bu i ld ing  up a s u b s t a n t i a l  cake, so t h a t  t h e  f i l t r a t e  is c l e a n e r  than  t h e  
i n i t i a l  f i l t r a t e  without  t h e  precoa t ,  a l though t h e  f low rate i s  h igher .  Ul t imate ly  
a cake b u i l d s  up, p r e s s u r e  drop i n c r e a s e s  and product  c l a r i t y  improves, bu t  only t o  
a l e v e l  equiva len t  t o  t h a t  of  t h e  same cake formed without  precoa t .  This  observa t ion  
provides  f u r t h e r  suppor t  f o r  t h e  hypothes is  advanced i n  t h e  previous s e c t i o n  t h a t  t h e  
e f f e c t i v e  f i l t e r  medium is n o t  t h e  o r i g i n a l  septum b u t  t h e  l a y e r  of cake  t h a t  i s  f i l -  
t e red  from t h e  feed .  

The precoa t  r e t a i n s  some of  t h e  i n i t i a l  s o l i d s  

Table 4 a l s o  permi ts  comparisons between ( a )  grades of  precoa t ,  (b)  d i f f e r e n t  
amounts of t h e  same grade,  (c)  d i f f e r e n t  amounts of f e e d  and t h e r e f o r e  of cake, and 
(d)  d i f f e r e n t  temperatures .  The t a b l e  shows no s i g n i f i c a n t  c o r r e l a t i o n  between any 
of these  v a r i a b l e s  and t h e  q u a l i t y  of t h e  product ,  which i s  aga in  conf i rmat ion  of 
t h e  hypothesis  t h a t  t h e  ash  removal is p r i m a r i l y  a f u n c t i o n  of t h e  depos i ted  cake, 
r a t h e r  than of t h e  s u b s t r a t e .  

The f a c t  t h a t  t h e  amount of cake has  no obvious e f f e c t  on q u a l i t y  (compare, 
f o r  example, p a i r s  11/12 and 15/27) impl ies  t h a t  once t h e  cake is formed, t h e  s o l i d s  
s e p a r a t i o n  is performed a t  t h e  s u r f a c e  of t h e  cake r a t h e r  than  w i t h i n  i t s  depth. 
A c o n s i s t e n t  observa t ion  i s  t h a t  f o r  each p a i r  of runs  t h a t  is i d e n t i c a l  except  
f o r  amount of charge (11/12, 13/14, e t c . ) ,  t h e  f i n a l  f i l t r a t i o n  rate i s  less f o r  
t h e  g r e a t e r  charge. That is, t h e  approximately doubled th ickness  of cake causes  
t h e  f low rate t o  b e ' c u t  approximately i n  h a l f .  This  observa t ion ,  i n  conjunct ion  
wi th  t h e  observa t ion  t h a t  the, extra cake does n o t  c o n t r i b u t e  t o  improved product  
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c l a r i t y ,  l eads  t o  t h e  conclus ion  t h a t  a cont inuous system should be  opera ted  wi th  
t h e  minimum cake t h i c k n e s s  requi red  t o  g i v e  good c l a r i t y .  S ince ,  however, a f i n i t e  
cake l a y e r  is r e q u i r e d  f o r  acceptab le  c l a r i t y ,  t h e  cake-on-precoat l a y e r  should 
n o t  b e  cu t  so deep a s  t o  remove t h e  e n t i r e  cake l a y e r ,  t h u s  p r e s e r v i n g  a l l  t h e  
p r e c o a t .  

" I n i t i a l "  f low r a t e s  are less meaningful because they  are n o t  i n s t a n t a n e o u s  
v a l u e s  but  a r e  v a l u e s  i n t e g r a t e d  over  one-half t o  one-third t h e  t o t a l  f i l t r a -  
t i o n  time dur ing  t h a t  i n t e r v a l  when p r e s s u r e s ,  temperatures  (and t h e r e f o r e  v iscos-  
i t i e s ) ,  and cake format ion  a r e  a l l  changing. I n  a l l  c a s e s  t h e  " i n i t i a l "  f low r a t e  
f o r  the l a r g e r  amount of feed  w a s  g r e a t e r  than f o r  t h e  smaller amount; t h i s  is prob- 
a b l y  n o t  of fundamental s i g n i f i c a n c e  but  i s  a r e f l e c t i o n  of t h e  longer  i n t e r v a l  t o  
reach  equi l ibr ium and perhaps  i n d i c a t e s  t h a t  t h e  l a r g e r  volumes may i n i t i a l l y  d i s -  
t u r b  t h e  upper l a y e r  of the precoa t  m a t e r i a l .  

The e f f e c t  of t h e  l a r g e r  amount of precoa t  (compare r u n s  16 w i t h  13  o r  17 wi th  
14)  is  t o  cause a l a r g e r  " i n i t i a l "  f low ra te ,  which suppor ts  t h e  hypothes is  o f f e r e d  
i n  an e a r l i e r  paragraph that  t h e  p o r o s i t y  of t h e  precoa t  de lays  t h e  formation of a 
f i l t e r i n g  cake. However, Hyflo ( t h e  less porous precoa t  as r a t e d  by the  manufac- 
t u r e r )  used i n  run  27 i n c r e a s e d  t h e  f low r a t e  over  t h a t  measured i n  run 1 4 ,  i n  
which C e l i t e  545, nominal ly  a more porous p r e c o a t ,  w a s  used. The d i f f e r e n c e  i n  
t h i s  case  may b e  due t o  the f a c t  t h a t  Hyflo and Celite 3 4 5  a r e  somewhat d i f f e r e n t  
chemical ly ,  s o  t h a t  t h e  f low r e s i s t a n c e  t o  water, a s  used i n  t h e  manufac turer ' s  
c r i t e r i o n ,  may n o t  fo l low t h e  same p a t t e r n s  a s  r e s i s t a n c e  t o  S y n t h o i l ,  i f  hydra- 
t i o n ,  s t reaming p o t e n t i a l s  o r  o t h e r  physicochemical f o r c e s  are o p e r a t i v e .  

The l a s t  series of f i l t r a t i o n s  w a s  made w i t h  t h e  p r e c o a t  material supported 
only  on a 100-mesh s t a i n l e s s  steel screen ,  i . e . ,  unbacked by f i l t e r  paper .  I n i t i a l  
tests gave errat ic  r e s u l t s  t h a t  could be explained by t h e  s e n s i t i v i t y  of t h e  pre-  
c o a t  l a y e r  t o  s m a l l  d i s t u r b a n c e s  i n  flows and pressures .  Even t h e  minor f l u c t u a -  
t i o n s  in pressure  caused b y  normal opera t ion  of a p r e s s u r e  r e g u l a t o r  caused occa- 
s i o n a l  rapid f low which d i s t u r b e d  t h e  precoa t  l a y e r  and caused t h e  feed  t o  bypass 
t h e  precoa t ,  a s  d i s c l o s e d  by disassembling t h e  f i l t e r  u n i t  and observing l a y e r s  of 
Synthoi l  between t h e  p r e c o a t  and t h e  w a l l  of  t h e  f i l t e r  tube.  Successfu l  f i l t r a -  
t i o n s  were obta ined  by i n s t a l l i n g  a needle  va lve  between t h e  p r e s s u r e  r e g u l a t o r  
and the f i l t e r  t o  damp o u t  sudden f l u c t u a t i o n s  and by main ta in ing  c l o s e  c o n t r o l  on 
temperature  changes. The d a t a  in t a b l e  5 were taken f o r  f i v e  runs p e r m i t t i n g  com- 
p a r i s o n  between two p r e c o a t  m a t e r i a l s  and two d i f f e r e n t  feed  materials. 

Because, f o r  t h e  unsupported precoat  runs  i t  was deemed necessary  t o  i n c r e a s e  
temperatures  and p r e s s u r e s  very g r a d u a l l y ,  t h e  condi t ions  f o r  t h e  " i n i t i a l "  i n t e r -  
v a l  v a r i e d  widely from r u n  t o  run  and these  va lues  are less comparable than  a r e  t h e  
" f i n a l "  data .  
found between t h e  cake and precoa t  which impl ies  t h a t  l i t t l e  p e n e t r a t i o n  takes  place 
i n t o  t h e  precoa t  and t h a t  on a cont inuous f i l t e r ,  t h e  cake could be  removed without  
e x c e s s i v e  l o s s  of p r e c o a t .  

I n  a l l  c a s e s  of good f i l t r a t i o n ,  a l i n e  of sharp  demarkation was 

The d a t a  in t a b l e  5 confirm t h e  prev ious ly  s t a t e d  hypothes is  t h a t  once a s t a b l e  
f i l t e r  cake l a y e r  is formed, Synthoi l  f i l t r a t i o n  i s  independent of t h e  s u b s t r a t e  
on which t h e  l a y e r  is depos i ted .  A l l  t h e  " f i n a l  ash" ana lyses  r e p r e s e n t  removal 
of 98.8 t o  99 .3  p c t  of  t h e  a s h  i n  t h e  feed .  
a b s o l u t e  value of t h e  a s h  a n a l y s i s  (.OB p c t  t o  .035 p c t )  r e f l e c t s  a s e n s i t i v i t y  of 
t h e  Process  t o  bypassing:  i f  t h e  f i l t e r  a c t u a l l y  reduces t h e  ash  conten t  from 5.7 
p c t  t o  .035 p c t ,  and only 1 . 0  p c t  of t h e  feed  bypasses  t h e  f i l t e r  a c t i o n ,  t h e  pro- 
d u c t  w i l l  conta in  (.00035 x 99) + (.057 x 1) = .092 p c t  a s h ,  an i n c r e a s e  of 2.5 times 
t h e  t r u e  f i l t r a t e  a n a l y s i s .  

The apparent ly  wide v a r i a t i o n  in t h e  
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The q u a l i t a t i v e  e f f e c t  of temperature  i s  apparent  i n  t a b l e  5 .  Runs 3 2 ,  3 3 ,  
and 3 4  d i f f e r  only i n  tempera ture ,  and t h e  observed f i l t r a t i o n  r a t e s  f o r  t h e  t h r e e  
experiments i n c r e a s e  a s  the v i s c o s i t i e s  decrease .  Addi t iona l  d a t a  is a v a i l a b l e  
f o r  an a n a l y s i s  of t h e  p r e s s u r e  drop flow r e l a t i o n ,  b u t  s i n c e  no d i r e c t  measure- 
ments of t h e  cake d e p o s i t e d  are a v a i l a b l e  except  a t  t h e  end of t h e  r u n ,  and s i n c e  
flow rates were n o t  measured b u t  only t o t a l  weights  a t  v a r i o u s  t imes ,  a number of 
assumptions must be made and only  a s i m p l i f i e d  c o r r e l a t i o n  can be  at tempted.  
may assume t h a t :  

We 

(a)  t h e  f low rate,  dW/dQ is  p r o p o r t i o n a l  t o  t h e  d r i v i n g  f o r c e  AP, i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  f l u i d  p r o p e r t i e s  incorpora ted  i n  t h e  measured v i s c o s i t y ,  
11, and i n v e r s e l y  p r o p o r t i o n a l  t o  a cake proper ty  w e  d e f i n e  as a r e s i s t a n c e  
R. This  assumption may be r e s t a t e d  as 

dW/dQ = klAP/(uR) 1) 

which may be  used a s  a def in ing  equat ion  f o r  R by s e t t i n g  k, = 1, from 
which 

R = AP/ (11 dW/d0). 2) 

A s  i t  i s  reasonable  t o  assume t h a t :  

(b) t h e  r e s i s t a n c e  t o  f low w i l l  be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  cross-sec-  
t i o n a l  area t r a n s v e r s e  t o  t h e  d i r e c t i o n  of flow, Equation 2 can be some- 
what g e n e r a l i z e d  by s t a t i n g  the  f low r a t e  as flow p e r  s q u a r e  f o o t  o r :  

R =AP/[p (dW/dQ/A)] 3)  

The test procedures  t h a t  w e r e  fol lowed provide  no mechanism f o r  determining t h e  
amount of cake p r e s e n t  a t  any i n s t a n t  during t h e  f i l t r a t i o n ;  w e  t h e r e f o r e  make a 
t h i r d  assumption: 

(c )  t h e  amount of cake i s  p r o p o r t i o n a l  t o  t h e  amount of s l u r r y  t h a t  has  been 
f i l t e r e d .  

F igure  3 i s  a graph of  t h e  r e s i s t a n c e  t o  f low through t h e  f i l t e r  cake and pre-  
c o a t  of  runs 32, 33 and 3 4 ,  p l o t t e d  as a f u n c t i o n  of the  t o t a l  weight  of s l u r r y  f i l -  
t e r e d .  Although t h e  legend i n  t h e  f i g u r e  i n d i c a t e s  an average temperature  f o r  each 
r u n ,  t h e  r e s i s t a n c e  v a l u e s  were c a l c u l a t e d  f o r  t h e  measured temperature  a t  t h e  spe- 
c i f i c  time. F igure  4 is  a similar p l o t  f o r  earlier r u n s  i n  which f i l t e r  paper and 
n o t  precoa t  was used.  It i s  apparent  t h a t  t h e  r e s i s t a n c e ,  as def ined  i n  terms of  
p r e s s u r e  drop and f low and a s  cor rec ted  f o r  temperature  e f f e c t s  by d i v i s i o n  by t h e  
v i s c o s i t y ,  c o r r e l a t e s  w e l l  wi th  t h e  t o t a l  weight of f i l t r a t e .  I f  t h e  a b s c i s s a  were 
weight of cake,  and a l l  o t h e r  cake  p r o p e r t i e s  were i n v a r i a n t ,  t h e  curves  of f i g u r e s  
3 and 4 would 
t h e  i n i t i a l  septum, i . e .  t h e  precoa t  o r  f i l t e r  paper .  The observed c u r v a t u r e  could 
be  due t o  any one o r  more of a number of f a c t o r s  which have been d iscussed  e a r l i e r .  

be s t r a i g h t  l i n e s ,  with t h e  v - i n t e r c e p t  e q u a l  t o  t h e  r e s i s t a n c e  of 

(a) The weight of cake  i s  @ p r o p o r t i o n a l  t o  t h e  weight of f i l t r a t e .  
i s ,  i n  f a c t ,  known t o  b e  t h e  case, a s  t h e  a n a l y t i c a l  r e s u l t s  showed t h a t  
more s o l i d s  w e r e  removed from t h e  last  p a r t  of the  f i l t r a t e  than from the 
" i n i t i a l "  f i l t r a t e .  However, changes i n  t h e  weight of ash  removed from 
t h e  " f i n a l "  f i l t r a t e  a r e  smal l  s o  t h a t  t h e  l a s t  h a l f  of t h e  d a t a  should 
approximate a s t r a i g h t  l i n e .  

This  
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(b) S i z e  d i s t r i b u t i o n  of t h e  p a r t i c l e s  removed may change, s o  t h a t  more f i n e s  
a r e  removed t h a t  tend t o  plug o r  "bl ind" t h e  passages i n  t h e  l a t t e r  p a r t  
of t h e  cake than  i n  t h e  former. 

The cake may be  compressible ,  s o  t h a t  i t s  permeabi l i ty  i s  decreased  a s  
the  p r e s s u r e  drop a c r o s s  i t  i n c r e a s e s .  

The non-Newtonian v iscous  behavior  of t h e  f l u i d ,  as demonstrated i n  f i g u r e  
2 ,  may be of s u f f i c i e n t  magnitude t h a t  t h e  changed shear  rate i n  t h e  l a t -  
t e r  p a r t  of  t h e  f i l t r a t i o n  may c r e a t e  a much g r e a t e r  e f f e c t i v e  v i s c o s i t y  
than i s  used i n  t h e  r e s i s t a n c e  ca lcu la t ion , .  

(c )  

(d) 

Each of the above p o s s i b i l i t i e s  p r e s e n t s  a major cha l lenge ,  t h e  e v a l u a t i o n  of which 
may lead  t o  g r e a t l y  improved f i l t r a t i o n .  However, even without  r e s o l v i n g  t h e  reasons 
f o r  t h e  curva ture  of f i g u r e s  3 and 4 ,  important  deduct ions can be  made. 

( a )  Res is tance  i n c r e a s e s  more than  p r o p o r t i o n a l l y  wi th  the  amount of cake. 
a cont inuous system where t h e  cake th ickness  can be  c o n t r o l l e d ,  t h e  thick-  
ness  should be  he ld  at t h e  minimum value  t h a t  w i l l  y i e l d  a c c e p t a b l e  f i l -  
t r a t e  c l a r i t y .  

Res is tance  per  u n i t  of cake i n c r e a s e s  much more r a p i d l y  when t h e  i n i t i a l  
septum i s  f i l t e r  paper  r a t h e r  than precoa t .  

For 

(b) 

Varied Feeds - Group V 

Although most of t h e  tests d iscussed  were made wi th  t h e  feed m a t e r i a l  desig-  
nated as FB-36, s e v e r a l  o t h e r  m a t e r i a l s  were used.  
were e n t i r e l y  c o n s i s t e n t  wi th  t h e  r e s u l t s  f o r  FB-36 and they have been included i n  
t a b l e s  3 and 5 (runs 37 ,  38,  39 ,  4 0 ,  41) wherein t h e  only  s i g n i f i c a n t  e f f e c t  due 
t o  t h e  feed i s  t h a t  f e e d s  wi th  lower a s h  conten t  y ie lded  products  w i t h  l e s s  ash ,  
a l though,  f o r  reasons  d iscussed  e a r l i e r  i n  connect ion wi th  t a b l e  3 ,  t h e  changes were 
not  propor t iona te .  

The r e s u l t s  f o r  t h e s e  m a t e r i a l s  

ADDITIONAL WORK 

In p a r a l l e l  e f f o r t s ,  f i l t r a t i o n  s t u d i e s  have been c a r r i e d  on w i t h  l a r g e r  s c a l e  
equipment. 
a t  a later d a t e ,  w e  have u t i l i z e d  t h e  p r i n c i p l e s  advanced h e r e  of  main ta in ing  a t h i n ,  
uniform cake of  s o l i d s  on t o p  of a precoa t  l a y e r .  A r e c e n t  run of 444 unin ter rupted  
hours on s t ream, included a s teady  s ta te  per iod of ZOO hours ,  dur ing  which an ash  re- 
moval of a t  least 99 .1  p c t  was maintained,  wi th  an average f i l t r a t e  conten t  of  .09 
p c t  ash.  

In t e s t s  wi th  a r o t a r y  drum f i l t e r ,  d e t a i l s  of which w i l l  be  publ ished 

CONCLUSIONS 

Batch f i l t r a t i o n  i s  a t e c h n i c a l l y  f e a s i b l e  method of removing a s h  from a Synthoil 
product  s o  t h a t  t h e  only remaining problem is  t h e  mechanics of  scaled-up cont inuous 
f i l t e r s .  S t a r t i n g  wi th  a m a t e r i a l  conta in ing  5.7 p c t  ash ,  ana lyses  of l e s s  than 
0.1 p c t  have been almost r o u t i n e l y  a t t a i n e d  us ing  a commercial p recoa t  m a t e r i a l  w i t h  
no f i l t e r  paper suppor t .  
mate product c l a r i t y ,  as t h e  t r u e  f i l t e r  medium is  t h e  cake t h a t  is formed from t h e  
feed.  The nominal f i l t e r  medium a f f e c t s  the  p r e s s u r e  drop,  t h e  time r e q u i r e d  t o  
bui ld  up a func t ioning  cake,  and t h e  number of precaut ions  t h a t  a r e  r e q u i r e d  t o  f o r e -  
s t a l l  poss ib le  system dis turbances  such as p r e s s u r e  v a r i a t i o n s  dur ing  cake bui ldup.  
F i l t r a t i o n  r a t e s  a r e  very  s e n s i t i v e  t o  temperature ,  b u t  when cake r e s i s t a n c e s  a r e  
divided by t h e  measured v i s c o s i t y ,  t h e  temperature  e f f e c t  i s  proper ly  accounted f o r .  

The nominal f i l t e r  medium has  l i t t l e  i n f l u e n c e  on t h e  u l t i -  
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I n  t h e  batch f i l t e r  tests repor ted  h e r e ,  two observa t ions  suggest  t h a t  a continuous 
f i l t e r  w i l l  be  e f f e c t i v e :  

(1) a c l e a r  demarkation usually e x i s t s  between cake and precoa t  so t h a t  separa-  
t i o n  i n  a cont inuous  u n i t  should b e  s imple wi th  minimum c o s t  i n  p r e c o a t ;  

adequate  c l a r i t y  is  a t t a i n e d  wi th  a r e l a t i v e l y  t h i n  cake l a y e r  whereas addi-  
t i o n a l  cake adds t o  t h e  pressure  requirement  without  major improvement i n  
c l a r i t y .  

F i l t r a t i o n  of S y n t h o i l  causes  a c e r t a i n  amount of reduct ion  i n  s u l f u r ,  b u t  be- 
yond t h i s  p o i n t ,  improved f i l t r a t i o n ,  as measured by ash  r e d u c t i o n ,  does n o t  improve 
s u l f u r  reduct ion .  Q u a n t i t a t i v e  a n a l y s i s  and p o s s i b l e  improvement of t h e  f i l t r a t i o n  
process  r e q u i r e s  f u r t h e r  s tudy  i n t o  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  cake compress ib i l i ty ,  
and t h e  e f f e c t  o f  t h e  observed non-Newtonian f low c h a r a c t e r i s t i c s  of t h e  f l u i d  being 
t r e a t e d .  

(2)  

NOMENCLATURE 

W = weight of  f i l t r a t e  
13 = elapsed t i m e  
AP = pressure  d i f f e r e n c e  a c r o s s  f i l t e r  
p = v i s c o s i t y  
R = r e s i s t a n c e  t o  f i l t r a t e  flow 
k ,  = cons tan t  
A = a r e a  of f i l t e r  normal t o  f low 
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Figure 2 - Viscous behavior of FB -36. 
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RATES DURING COAL LIQUEFACTION 

Arthur R .  Tarrer 
James A. G u i n  
Wallace S. P i t t s  
John P.  Henley 
John W .  Prather 
Gary A.  S ty les  

Department of Chemical Engineering 
A u b u r n  University 

A u b u r n ,  Alabama 

Introduction 

Coal minerals represent a readi ly  ava i lab le ,  abundant, inexpensive source 
for  ca t a ly t i c  agents f o r  use in accelerating 1 iquefaction and hydrodesulfuriza- 
t ion reactions in coal conversion processes. Experimental evidence of the ca ta -  
l y t i c  e f fec t  of coal minerals on hydrogenation has been rep0r ted . l  In f a c t ,  there  
i s  a patented coal convers'on process i n  which mineral residue i s  recycled because 
of i t s  ca ta ly t ic  a c t i v i t y . j  Yet the benefits  of coal mineral ca t a lys i s  has not 
been well established. 
coal minerals ca ta lyze  the hydrogenation and hydrodesulfurization of creosote o i l ,  
a coal-derived solvent used a s  a start-up solvent in the  solvent refined coal 
(SRC) process; to  show tha t ,  by accelerating hydrogenation of process solvent such 
as creosote o i l ,  coal minerals ca t a lys i s  accelerates i nd i r ec t ly  the  r a t e  of 
l iquefaction of coal so l id s ;  and t o  provide be t t e r  ins ight  as t o  the  process 
advantages a n d  disadvantages of coal mineral ca t a lys i s  - more spec i f i ca l ly ,  
removal of coal minerals pr ior  t o  hydrogenation/hydrodesulfurization, or recycle 
of coal mineral residue. 

Experimental 

Reagents and Materials. Creosote o i l  (Table 1) used in these experiments was 
obtained from Southern Services,  Inc., and i s  used as a s ta r t -up  solvent a t  the 
S R C  p i lo t  plant located a t  Wilsonville, Alabama. Southern Services,  Inc. ,  obtained 
the  o i l ,  creosote o i l  24-CB, from the Allied Chemical Company. The o i l  has  a 
carbon-to-hydrogen r a t i o  of 1.25 (90.72% C and 6.05% H ) ,  a spec i f ic  gravity o f  1.10 
a t  25OC, and a boil ing point range of 1750 t o  35OoC. 
ture  was crushed; and  the -170 mesh f rac t ion  - having the screen ana lys i s  shown in 
Table 2 ,  and the elemental ana lys i s  in Table 3 - wds used in the  experiments. 
Table 4 l i s t s  spec i f ica t ions  of the individual coal minerals studied. 
and nitrogen gases were the  6000 psi grade supplied by Linde. 
overnight a t  lOOoC and 25 inches Hg vacuum before use. 

Procedures. Basically four d i f f e ren t  types of experiments were performed: 
m t  screening, 2 )  recycle of mineral residue, 3 )  hydrogenation and 
hydrodesulfurization of demineral ized coa l ,  4 )  hydrogenation and hydrodesulfuri- 
zation using prehydrogenated solvent.  

The purpose of t h i s  paper i s  t o  demonstrate t h a t  c e r t a in  

Kentucky No. 9/14 coal mix- 

Hydrogen 
All coal was dried 

59 



1 .  Catalyst Screening. Catalyst  o r  mineral preparation consisted of grinding, 
followed by screening t o  t he  respective s i z e .  Depending on the hardness of the 
ca t a lys t ,  e i t h e r  a diamond grinder and/or a morter and  pes t le  was used. 
each run:  t he  charge consisted of 15 gffi of ca t a lys t ,  100 gins of creosote o i l ,  
and an i n i t i a l  hydrogen atmosphere of 3000 psig.; reaction was car r ied  out  f o r  
two hours a t  425OC and a s t i r r e r  s e t t i ng  of 2000 rpm. 
to  20% per minute was used - requiring only about three minutes f o r  heat-up 
within the zone in which s i g n i f i c a n t  reaction occurs3 (above 370%) and a to t a l  
heat-up time of about 30-35 minutes. Pr ior  to  heat-up 400 psig of hydrogen was 
char ed t o  the reac tor  ( a  300 cc magnedrive autoclave from Autoclave Engineers, 
1nc.y and a t  reaction temperature more hydrogen was added t o  a t t a i n  the desired 
i n i t i a l  hydrogen pressure of 3000 p s i g .  
constant within 23%. 

For 

A heat-up r a t e  of about 12 

Reaction temperature (425oC) was held 

Throughout each run t o t a l  pressure was recorded per iodica l ly  (Figure 1 ) ;  and 
a f t e r  exactly two hours o f  reac t ion ,  a gas sample was co l lec ted ,  and the autoclave 
contents were quenched to  below 200OC within f i v e  minutes. 
ca t a lys t  t o  s e t t l e  f o r  one hour, a l iqu id  sample was collected f o r  s u l f u r  analysis.  

present,  were made t o  eliminate any "memory e f f ec t . "  As shown in Figure 2 about 
three blank runs were required following a run made with the Co-Mo-A1 ca t a lys t ,  
which - having the highest  c a t a l y t i c  ac t iv i ty  of those agents considered - exerted 
the strongest memory e f f e c t .  

2.  Recycle of Mineral Residue. The reaction conditions used f o r  a l l  of these runs 
were 4OO0C, a s t i r r e r  s e t t i n g  of 2000 rpm, and an  i n i t i a l  hydrogen pressure of 2COO 
psig.  A 3:l solvent-to-coal weight r a t io  (40 gm. of coal,  120 gm. of creosote o i l )  
was used. Two runs were made t o  e s t ab l i sh  a base-line f o r  comparison. 
completed, two more runs, each having a charge with a higher concentration of 
mineral matter, were made: 
runs was added; and in the second, so l id  residue from the run with a higher mineral 
matter concentration was added, increasing fu r the r  the mineral matter concentration. 
For each run, to ta l  pressure was per iodica l ly  monitored (Figure 3 ) ;  and f ina l  
hydrogen par t ia l  pressure was measured. 
determined (Table 5) where: 

After allowing the 

Between consecutive ca t a lys t s  screening runs, blank runs,  having no ca t a lys t  

Once 

I n  the f i r s t ,  so l id  residue from one of the base-line 

Final cresol soluble y i e lds ,  y. were a l so  

y = &g-+ x 100 

And C i s  the charge of moisture f r e e  coal; R ,  the recovered insoluble residue; M ,  
the fraction of mineral matter i n  dry coal (0.12 f o r  Kentucky No. 9/14 mixture); A ,  
the mass of residue added. 

To insure t h a t  so l id  residue was f r e e  of solvent p r io r  to  i t s  use, a f t e r  being 
f i l t e r e d  from the reaction mixture, i t  was washed with h o t  cresol and benzene, wlth 
c l ea r  benzene passing through the f i l t e r  i n  the f ina l  wash. 

Hydrogenation and Hydrodesulfurization of Demineralized Coal. 
with water and pa r t i a l ly  demineralized by passing i t  through a high in tens i ty  
magnetic separator - reducing i t s  ash content by 64 per cent ( a s  determined by 
ASTM D-271) and i t s  to ta l  su l fu r  content by 25 per cent as determined by a Leco 
su l fu r  analyzer. 
25 inches Hg vacuum a t  1OOOC; s l u r r i ed  with recycle solvent in a 3 : l  solvent-to- 

Coal was s lu r r i ed  

The p a r t i a l l y  demineralized coal was then dried overnight under 
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coal proportion; and reacted a t  41OoC, 1000 psig of i n i t i a l  hydrogen pressure,  and 
a 1000 rpm s t i r r e r  s e t t i ng  f o r  reaction times of 15, 30, 60, and 120 minutes. 
the end of each reac t ion ,  a l iqu id  sample of reaction product was co l lec ted ;  the 
t o t a l  sulfur content and cresol soluble y i e ld  (Figure 4b) was determined using a 
Leco su l fur  analyzer and Soxhlet ex t rac t ion ,  respectively.  
of pr ior  experimental ver i f ica t ion4 ,  t h a t  the p y r i t i c  su l fu r  content ( a s  determined 
by ASTM D2492-68) was reduced t o  the su l f ide  form ( F e ~ S g ) 8  within f i f t een  minutes 
of reaction, the f ina l  organic content of each reaction mixture was computed 
(Figure 4a). 

collected.  The coal i n  the sample was separated from the water by f i l t e r i n g ;  dried 
and reacted i n  the same manner as the demineralized coal. 
t h a t  had n o t  been exposed t o  water (as  in the s lu r ry  feed t a n k  t o  the magnetic 
separator) was a l so  dried and reacted (Figure 4 ) .  

Hydro enation and H drodesulfurization Usin 
the h;drogen donor i c t i v i t y  of the ~ o l v e n t , ~ i t  wa: hyirogenated a t  41OoC f o r  one hour 
in the presence of 15 per cent by weight of minus 150 mesh Co-Mo-A1 ca t a lys t  
(Comax-451, Laporte Indus t r ies )  and an i n i t i a l  hydrogen pressure of 2500 psig.  
hydrogenated solvent was then allowed t o  s e t t l e  fo r  24 hours and doubly f i l t e r e d  
t o  remove a l l  the Co-Mo-A1 ca ta lys t s :  emmission spectrophometric ana lys i s ,  and 
a l so ,  outside analysis by Galbraith Laboratories,  Inc . ,  showed the Co and Mo content 
in the result ing hydrogenated solvent to  be l e s s  than l p p m  and lOppm, respectively.  
The hydrogenated solvent has a spec i f i c  gravity of 1.05 a t  25OC and a carbon-to- 
hydrogen r a t i o  of 1.15 (91.56% C and  6.65% H ) .  Comparative runs were then made i n  
which hydrogenated solvent and untreated solvent were each reacted i n  a 3:l solvent- 
to-coal r a t i o  a t  410OC fo r  15 minutes in the presence of a nitrogen pressure of 
2000 psig,  and a l so ,  i n  an i n i t i a l  hydrogen pressure of 2000 psig (Table 6) .  

A t  

Assuming, on the basis 

As a basis f o r  comparison, a sample of the  feed t o  the magnetic separa tor  was 

For completeness, coal 

Preh dro  enated Solvent. To improve 

The 

Results and  Discussion 

Using to t a l  pressure as a rough ind ica to r  of reaction r a t e ,  from Figure 1 some 
of the coal minerals de f in i t e ly  appear t o  provide ca ta lys i s  f o r  hydrogenation o f  
the creosote o i l .  
behavior present with no ca t a lys t  and with a commercial Co-No-A1 ca t a lys t ,  respec- 
t i ve ly .  The d i f f e ren t  mineral matter additives show evidence of c a t a l y t i c  a c t i v i t y ,  
intermediate between these two extremes. Most ir i terestingly,  one of the more ac t ive  
ca ta lys t s  i s  f i l t e r  cake residue from the Wilsonville SRC p i l o t  plant.  
ca t a ly t i c  ac t iv i ty  of -325 mesh pyr i te  i s  higher than t h a t  o f  -80 +150 mesh pyr i te  - 
demonstrating t h a t  not only the composition of the mineral matter, bu t  a l so  i t s  
physical s t a t e ,  i s  of considerable importance in process applications.  

Sulfur removal data f o r  each of the ca t a lys t  screening runs are  presented i n  
Figure 5 and are in general agreement w i t h  the ca t a ly t i c  ac t iv i ty  sequence 
evidenced by the to ta l  pressure data with two exceptions: Pyr i te ,  desp i te  i t s  
pronounced e f f e c t  on t o t a l  pressure,  appears t o  be a re la t ive ly  poor ca t a lys t  f o r  
hydrodesulfurization. High pressure l iqu id  chromatographic analysis of the creosote 
o i l  a f t e r  hydrogenation reveals t ha t  the  concentration of dibenzothiophene, an 
organic su l fu r  cons t i tuent ,  decreases from 1.271 * 0.03 to  only 0.720 * 0.09 per 
cent when pyr i te  i s  present; whereas i t  i s  reduced t o  0.888 2 .05 when no ca t a lys t  
i s  present and t o  only trace amounts ( <  0.04%) when Co-Mo-A1 i s  present.5 As 
s t a t ed  e a r l i e r  in the experimental sec t ion ,  pyr i te  i s  reduced rapidly during 

The upper and lower curves i n  Figure 1 represent the extreme 

Also, the 
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hydrogenation t o  the su l f ide  form (FelSg); 4 3 8  some back-reaction by the H S 
generated during reduction of the pyr i te  may occur,  and th i s  reaction may Be par t ly  
the reason why the p 
of the creosote o i 1 . D  Secondly, i ron ,  which had a much l e s s  e f f e c t  on t o t a l  pressure 
than tha t  of py r i t e ,  i s  second only t o  Co-Mo-A1 i n  su l fu r  removal. However, the 
ro le  of iron i n  s u l f u r  removal d u r i n g  hydrogenation i s  probably more as a reac tan t  
than as a ca ta lys t ,  i n  t h a t  i t  reacts with any H2S produced o r  d i r ec t ly  with su l fu r  
in the o i l  to form su l f ides .  In f a c t ,  gas analysis showed l i t t l e ,  o r  no H2S t o  be 
formed during hydrogenation of the creosote o i l  in the presence of iron. 

An indication of hydrogenation ac t iv i ty  i s  shown in  Figure 6 where the  f i n a l  
hydrogen par t ia l  pressure i s  presented f o r  each of the ca t a lys t  screening runs, 
as determined from gas analysis and to t a l  pressure. Again, the Co-Mo-A1 is most 
e f f ec t ive  for  hydrogenation; however, iron pyr i te  and SRC so l ids  residue a l so  
ind ica te  re la t ive ly  high ac t iv i ty .  Prather e t  a l .5  show, using high pressure 
l i qu id  chromatography, t h a t  the to t a l  concen5aTon of the four major cons t i tuents  
in the creosote o i l  - naphthalene, acenaphthene, phenanthrene, anthracene - 
decreases the same during hydrogenation i n  the presence of pyr i te  as i t  does i n  the 
presence o f  Co-Mo-A1 , and 22 per cent more than i t  does when no ca ta lys t  i s  present. 

The resu l t s  of experiments showing the e f f e c t  of recycling f i l t e r e d  mineral 
matter from successive autoclave runs a re  shown in  Figure 3 ;  again to t a l  pressure 
i s  assumed to ac t  as a rough indica tor  of reaction r a t e s .  Obviously continued 
recycle (higher concentrations) of mineral matter residue leads to  increased 
reaction r a t e s ,  as evidenced a l so  by the resu l t ing  higher y ie lds  and decreasingly 
lower f ina l  hydrogen pa r t i a l  pressures (Table 5).  

in Figure 4 ,  i n  t h a t  the r a t e  of conversion f o r  demineralized coal i s  much slower 
than tha t  of untreated coal. I n  addition, soaking of the coal in water, o r  slurrying 
with water,  causes a l so  a s ign i f i can t  decrease in the r a t e  of l iquefaction. Some 
of the coal minerals - par t i cu la r ly  su l f a t e s  - are  soluble in water, and thus, a re  
extracted by soaking the coal i n  water, as evidenced by the 0.12 per cent decrease 
in to t a l  su l fu r  content o f  the coal with soaking (Table 7 ) ,  which i s  about the same 
as the per cent su l fu r  (0.13%) present in the su l f a t e  form in the untreated coal. 
Yet, s ince  exposure of the coal t o  water may a f f e c t  the chemical cha rac t e r i s t i c s  of 
the coal i n  various ways o ther  than removal of soluble minerals,  fu r the r  experimental 
study i s  needed t o  determine conclusively why s lur ry ing  coal with water p r io r  t o  
hydrogenation decreases i t s  r a t e  of l iquefaction. 

t ion behavior, i t s  organic hydrodesulfurization a c t i v i t y  rerained p rac t i ca l ly  the 
same ( F i g u r e  4a) .  Assuming t h a t  mostly pyr i te  was removed by the magnetic separa tor ,  
then no s ign i f icant  d i f f e rence in  the organic hydrodesulfurization a c t i v i t y  of the 
demineralized coal and t h a t  of untreated coal should r e s u l t ,  and the resu l t s  given 
in Figure 4a s h o u l d  be expected; f o r ,  as shown in Figure 5 ,  pyr i te  has r e l a t ive ly  
l i t t l e  overall c a t a l y t i c  e f f e c t  on hydrodesulfurization of creosote o i l .  Depending 
then on the composition o f  coal minerals - eg. high pyr i te  content,  e t c .  - the 
r e l a t i v e  e f f e c t  of coal mineral ca ta lys i s  can be s ign i f i can t ly  grea te r  f o r  
l iquefaction t h a n  f o r  organic hydrodesulfurization. As a r e su l t ,  coal mineral 
ca ta lys i s  during hydrogenationlhydrodesulfurization of coal may or may not be 

sence of pyr i te  had such a poor e f f e c t  on hydrodesulfurization 

Further evidence t h a t  coal minerals catalyze l iquefaction reactions are given 

Despite the s i g n i f i c a n t  e f f e c t  of demineralization of the coal on i t s  l iquefac- 
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advantageous, depending on process objectives and on composition of the coal 
minerals. To i l l u s t r a t e :  If hydrogenation i s  l imi t ing ,  f o r  example, as may be the 
case in producing a synthe t ic  fuel o i l ,  then ca ta lys i s  by coal minerals of hydrogena- 
t ion reactions would be advantageous; and thus, so would recycle of coal minerals. 
On the other hand, i f  hydrodesulfurization i s  l imi t ing  and, as usual, minimum hydro- 
genation i s  desired,  which i s  often the  case in SRC and re la ted  processes, removal 
Of coal minerals such as pyr i te  p r io r  t o  hydrogenationlhydrodesulfurization would 
be advantageous; f o r ,  t o  a t t a in  the required amount of su l fu r  removal, more hydro- 
genation would occur when a l l  the ca t a ly t i c  coal minerals a r e  present t h a n  when no 
pyr i te ,  and s imi la r  behaving c a t a l y t i c  coal minerals, i s  present. That i s ,  i n  the 
presence of coal minerals such as py r i t e ,  excess hydrogenation - more than t h a t  
required t o  l iquefy the coal so t h a t  mineral residue can be separated by f i l t r a t i o n ,  
e t c .  - would occur. 

For coal par t ic les  t o  dissolve i n  a c a r r i e r  so lvent ,  i . e .  l iquefy,  a t  tempera- 
tures of 385 t o  450OC, e i t h e r  molecular hyd ogen o r  hydrogen donor species must be 
available t o  t r ans fe r  hydrogen t o  the coal.[ A d i r e c t  relationship ex i s t s  between 
the degree of dissolution and hydrogen t ransfer :  hydrogen t ransfer red ,  
the grea te r  the l i q ~ e f a c t i o n . ~  
can n o t  d i rec t ly  catalyze hydrogen t r ans fe r  t o  coal so l ids  e i t h e r  from molecular 
hydrogen dissolved in  the c a r r i e r  solvent o r  from hydrogen donor species.  More 
reasonably, coal minerals can catalyze t r ans fe r  of dissolved molecular hydrogen t o  
the solvent - i . e .  hydrogenation of the  solvent.  B u t ,  does hydrogenation of the 
solvent increase i t s  hydrogen donor ac t iv i ty?  I f  indeed i t  does, then the r a t e  o f  
l iquefaction of coal s lu r r i ed  with prehydrogenated solvent should be g rea t e r  than 
tha t  of coal s lu r r i ed  with untreated solvent. To ver i fy  whether o r  not this i s  
t rue ,  the conversion of coal so l id s  obtained in the prehydrogenated solvent experi- 
ments were compared w i t h  those obtained w i t h  untreated solvent (Table 6 ) .  Apparently 
prehydrogenation of the solvent increases i t s  hydrogen donor ac t iv i ty  s ign i f i can t ly ,  
f o r  the conversion obtained w i t h  the prehydrogenated so lvent  was 97 and 49 per cent 
higher than t h a t  obtained with untreated solvent i n  a nitrogen and a hydrogen atmos- 
phere, respectively. 
e i t h e r  prehydrogenated o r  untreated solvent a re  used. 
serve t o  catalyze hydrogenation of the solvent,  increasing i t s  hydrogen donor ac t iv i ty ,  
and thereby, the r a t e  of hydrogen t r ans fe r  t o  the coa l ,  thus the ra te  of l iquefaction. 

of the donor,,solvent i s  provided by Curran e t a . ;  
atmosphere, 
t e t r a l i n  with contact type of ca ta lys t s  of the hydrofining type (cobalt,,molybdate on 
alumina) or with cracking ca ta lys t s  (si l ica-alumina were unsuccessful. Whereas, i n  
a hydrogen atmosphere - as shown here and by o thers ]  - the ra te  o f  l iquefaction 
increases d i r ec t ly  with increases in the concentration of coal minerals. 
l imi t ing  step in l iquefaction furthermore appears t o  be the t r ans fe r  of dissolved 
molecular hydrogen t o  the donor so lvent ,  with the t r ans fe r  of hydrogen from the donor 
solvent to  coal so l id s  occurring rapidly. 

Conclusions 

Certain coal minerals - par t icu lar ly  py r i t e  - catalyze hydrogenation of coal- 
derived solvents such as creosote o i l  and SRC recycle solvent. The r a t e  l imi t ing  
s t ep  in l iquefaction of coal i s  the t r ans fe r  of hydrogen t o  donor so lvent ,  and the 

the  more 
Coal mineral matter,  being so l id  i n  form, most l i ke ly  

Yet, p rac t ica l ly  the same amount of su l fu r  removal resu l t s  when 
Apparently then, coal minerals 

Supportive evidence t h a t  coal minerals serve primarily t o  catalyze hydrogenation 
they found t h a t ,  i n  a nitrogen ... a l l  attempts t o  accelerate hydrogen t r ans fe r  t o  coal s lu r r i ed  in 

The r a t e  
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r a t e  of l iquefaction increases d i r ec t ly  w i t h  the concentration of coal minerals. 
Certain coal minerals a l so  catalyze hydrodesulfurization of creosote o i l  - pyr i te  
having a re la t ive ly  in s ign i f i can t  e f f ec t  on t o t a l  hydrodesulfurization. The 
physical s t a t e ,  as well as chemical composition, of the coal minerals a f f e c t  
hydrogenation and hydrodesulfurization ac t iv i ty  d u r i n g  coal l iquefaction. Coal 
min'eral ca ta lys i s  of hydrogenation and hydrodesulfurization reactions occurring 
in coal conversion processes may o r  may not be advantageous, depending on process 
objectives and on composition of the  coal minerals. 
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a 
TABLE 1 

Gas Chromatographic Analysis o f  Creosote O i l  i 
Compound Weight % 

-10 
.02 

coumarone 
p-/cymene 
i ndan 
phenol 
o-cresol 

benzoni tri 1 e 
p-cresol 
m-cresol 
o -e thy lan i l  i n e  
naphthalene 
thianaphthene 

qu i  no1 i n e  
2-methyl naphthal ene 
isoquinol  ine 
1-methyl naphthal ene 
4-indanol 

2-methylquinol i n e  
indole 
diphenyl 
1,6-dimethylnaphthalene 
2,3-dimethyl naphthal ene 

acenaphthene 
d i  benzofuran 
f luorene 
1-naphthoni tril e 
3-methyldiphenylene oxide 

2 -naph thon i t r i l e  
9,lO-dihydroanthracene 
2-methylfuorene 
diphenyl ene s u l f i d e  
phenanthrene 

anthracene 
ac r id ine  
3-methyl phenanthrene 
carbazole 
4,5-methylenephenanthrene 

2-methyl anthracene 
9-methyl anthracene 
2-methyl carbazol e 
f luoranthene 
1,Z-benzodiphenylene oxide 
pyrene 

66 

.ll 

.12 

.05 

.12 

.37 
,16 
.03 

.08 

.37 

5.1 

1.3 
.30 
.38 
.55 

.42 

.21 

.49 

.39 

.19 

6.0 
6.7 

10.3 
.18 

1.7 

.14 

.85 
2.4 

.52 
18.6 

4.3 
, .19 

.98 
2.2 
2.5 

.24 
1.2 
1.7 
5.5 

.96 
‘2 .6. 



Table 2. Screen Analysis of Bituminous Kentucky No. 9/14 Coal Mixture 

Mesh Size  o f  
Screen 

170 
200 
230 
270 
325 
400 

-400 

% Retention 

1.23 
1.92 
1.09 
4.30 

Table 3. Chemical Analysis of Bituminous Kentucky No, 9/14 Coal Mixture 

H 
C 
Total Sulfur 
Organic Sulfur 
FeS 
Sulfate Sulfur 
Total Ash 

67 

4.9 
67.8 

2.55 
1.63 
0.79 
0.13 
7.16 
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CATALYTIC LIQUEFACTION OF COAL 

Yuan C.  Fu and Rand F. Batchelder  

P i t t s b u r g h  Energy Research Center  
U. S. Energy Research and Development Adminis t ra t ion 
4800 Forbes Avenue, P i t t s b u r g h ,  Pennsylvania  15213 

INTRODUCTION 

Most c a t a l y t i c  l i q u e f a c t i o n  processes  f o r  producing low-sulfur  l i q u i d  f u e l  from 
coal  use l a r g e  amounts of  hydrogen which w i l l  have t o  be produced a t  high c o s t .  
In our  previous work (L ) ,  w e  repor ted  our  a t tempt  t o  use low-cost syngas t o  hydro- 
t r e a t  coa l  i n  the  presence of added water ,  v e h i c l e ,  and c o b a l t  molybdate-sodium 
carbonate  c a t a l y s t .  C a t a l y t i c  c o a l  l i q u e f a c t i o n  us ing  syngas reduces the  c a p i t a l .  
and opera t ing  c o s t s  by e l i m i n a t i n g  s h i f t  c o n v e r t e r s  and p u r i f y i n g  systems needed 
f o r  the  l i q u e f a c t i o n  process  us ing  hydrogen. N e w  c a t a l y s t s  have been prepared 
and t e s t e d  wi th  syngas t o  promote l i q u e f a c t i o n  and d e s u l f u r i z a t i o n  as wel l  as 
water-gas s h i f t  convers ion .  Cobal t  molybdate c a t a l y s t  impregnated wi th  a l k a l i  
metal  compounds, such as potassium carbonate ,  sodium carbonate ,  and potassium 
a c e t a t e ,  e x h i b i t e d  good a c t i v i t i e s  f o r  these  r e a c t i o n s .  

The l i q u e f a c t i o n  of  c o a l  by syngas, l i k e  t h a t  by hydrogen, appears  t o  proceed v i a  
production o f  a s p h a l t e n e  and conversion of  t h e  asphal tene  t o  o i l .  Because of the  
important e f f e c t  of a s p h a l t e n e s  on the  v i s c o s i t y  of  the  product o i l  (z), t h e  
progress  o f  asphal tene  formation and asphal tene  conversion dur ing  t h e  coa l  l i q u e -  
f a c t i o n  has  been i n v e s t i g a t e d ,  and some observa t ions  on t h e  chemistry of asphal tenes  
are presented h e r e .  

EXPERIMENTAL 

The l i q u e f a c t i o n  of c o a l  was s t u d i e d  i n  a m a g n e t i c a l l y - s t i r r e d  au toc lave .  The 
experimental  method i s  similar t o  t h a t  descr ibed  e a r l i e r  (1). The ana lyses  of  
c o a l  and v e h i c l e  used a r e  shown i n  Table  1. 
used a l i q u i d  f r a c t i o n  ( b o i l i n g  p o i n t  270'-630°C) der ived  from the  Solvent  Refined 
Coal Process as t h e  v e h i c l e .  
was a c o b a l t  molybdate supported on a lumina-s i l ica  (Harshaw CoMo 0402T, 3% COO - 
15% Moo3). 
impregnated with a l k a l i  metal compounds, such  as potassium carbonate ,  sodium 
carbonate ,  and potassium a c e t a t e .  The c o b a l t  molybdate-a lka l i  meta l  compound 
weight r a t i o  was 2 : l .  T y p i c a l l y ,  2.3 t o  2 .8  moles of  r e a c t a n t  gas  and 30 grams 
of  c o a l  a s  rece ived  were charged t o  the au toc lave .  The r e a c t i o n  was c a r r i e d  o u t  
i n  the temperature  range  o f  400' t o  45OoC a t  about  3,000 p s i  i n  the  presence of 
added water ,  v e h i c l e ,  and c a t a l y s t .  T o t a l  products  were f i l t e r e d  a t  ambient o r  
warmer temperature t o  o b t a i n  l i q u i d  o i l s .  Asphal tenes ,  o p e r a t i o n a l l y  def ined  a s  
being so luble  i n  benzene and i n s o l u b l e  i n  pentane,  were i s o l a t e d  from the o i l  
products according to  procedures  e s t a b l i s h e d  by the  Analy t ica l  Sec t ion  of the  
P i t t sburgh  Energy Research Center .  Gaseous products  were analyzed by mass 
spectrometry.  Data on convers ion ,  o i l  y i e l d ,  and asphal tene  formed a r e  given as 
weight percent  based on mois ture-  and ash- f ree  (maf) c o a l .  

Most c o a l  l i q u e f a c t i o n  experiments 

For  coa l  h y d r o t r e a t i n g  by hydrogen a l o n e ,  t h e  c a t a l y s t  

For  c o a l  h y d r o t r e a t i n g  by syngas,  t h e  c o b a l t  molybdate c a t a l y s t  was 
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TABLE 1. Analyses of  c o a l  and v e h i c l e ,  percent  

Vehicle  
Coal SRC 

Kentucky Bituminous W. V i r g i n i a  Bituminous Alkylnaphthalene l i q u i d  
maf - As used maf A s  used 

C 58.8 75.9 73.0 80.9 90.6 88.8 
H 4.9 5.4 5.3 5.7 8 . 7  7.4 
N 1 . 2  1.6 1.3 1 .4  0.06 1.1 
S 5.16 6.67 3.80 4.21 0.37 0.65 
0 14.4 10.5 8.6 7.9 0.27 2.1 
Ash 1 5 . 5 .  8.1 0.03 
Moisture 7.1 1.7 
VM 35.7 46.1 43.3 48 .0  
B t u l l b  11,500 12,900 
Asphaltene 0.8 7.1 
H/C r a t i o  0.85 0.84 1 .15  1.00 

RESULTS AND DISCUSSION 

Hydrotreat ing of Coal. New c a t a l y s t s  were prepared and t e s t e d  wi th  syngas f o r  c o a l  
l i q u e f a c t i o n .  C a t a l y s t s  were c o b a l t  molybdate impregnated wi th  a l k a l i  metal com- 
pounds such as potassium carbonate ,  sodium carbonate ,  and potassium a c e t a t e .  
Table  2 shows the  r e s u l t s  of  h y d r o t r e a t i n g  West V i r g i n i a  bituminous c o a l  a t  450°C 
by 2H2:lCO syngas.  
c o a l  plus  v e h i c l e ,  corresponding t o  0.7 mole o f  s team per  mole of CO i n  t h e  r e a c t o r .  
The r e s u l t s  ob ta ined  wi th  var ious  c a t a l y s t s  were q u i t e  s a t i s f a c t o r y .  

The amount of  water  added was 1 0  p a r t s  per  hundred p a r t s  of 

TABLE 2. Hydrotreat ing of  West V i r g i n i a  bituminous coals 

(Coa1:SRC l i q u i d  = 1:2.3,  45OoC, 15 min.) 

Feed gas  Syngas (2H2:lCO) - H2 

C a t a l y s t  
K2CO3' COMO-K~CO? CoMo-Na2CO3% COMO-KOA& COMO- d - 

1 0  1 0  1 0  1 0  Water added, par t s /100  
p a r t s  coa l  + v e h i c l e  

Operating pressure ,  p s i  3,100 3,000 3,000 2,800 2,800 
Conversion, % 93 95 94 96 94 
O i l  y i e l d ,  % 59 68 64 70 71 
Asphaltene formed, % 62.9 42.2 52.8 55.5 30.3 
S i n  o i l  product ,  % 0.67 0.40 0.45 0.50 0.39 
Kinematic v i s c o s i t y ,  

c s t  a t  60°C 44 20 22 22 15 

5.4 8.6 10.5 11.5 10.7 Syngas or H2 consumed, 

a l l a t a  a r e  g iven  i n  weight percent  of maf c o a l .  
b One p a r t  per  hundred p a r t s  c o a l  p l u s  v e h i c l e .  
c Three p a r t s  per  hundred p a r t s  c o a l  p lus  v e h i c l e .  
d TWO p a r t s  per  hundred p a r t s  c o a l  p l u s  v e h i c l e .  

s c f / l b  maf c o a l  

- 
- 
- 
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Figure  1 shows t h e  i n c r e a s e  of syngas o r  Hg consumption wi th  increas ing  r e a c t i o n  
temperature  and t ime.  
syngas runs .  Regardless o f  the r e a c t i o n  temperature  and time, t h e  asphal tene  
c o n t e n t  o f  the o i l  product  decreases  wi th  the  i n c r e a s e  of the syngas o r  H2 
consumption a s  shown in  Figure  2. I n  g e n e r a l ,  the  s u l f u r  conten t  and t h e  o i l  
v i s c o s i t y  a l s o  decrease  w i t h  t h e  i n c r e a s e  of  t h e  syngas o r  H2 consumption. 
f u r t h e r  improvements i n  t h e  o i l  q u a l i t y  by reduct ion  i n  asphal tene  and s u l f u r  
c o n t e n t s  could be a t t a i n e d  a t  the  expense of o i l  y i e l d  under more severe condi t ions  
a t  450'C and increased  r e a c t i o n  t i m e  as shown i n  Table  3. However, both syngas and 
H2 usage would increase  s u b s t a n t i a l l y .  It would n o t  be a major problem i f  low c o s t  
syngas were used i n  t h e  l i q u e f a c t i o n  process ,  b u t  i t  could  be too c o s t l y  i f  H2 
were used.  It is noteworthy t h a t  one o b j e c t i v e  of the SYNTHOIL process  (2) is t o  
conver t  coa l  t o  a low-sul fur  l i q u i d  f u e l  wi th  minimum consumption of high c o s t  H2.  

CoMo impregnated wi th  K2C03 was used as t h e  c a t a l y s t  i n  the 

Thus 

TABLE 3.  E f f e c t  of r e a c t i o n  time on h y d r o t r e a t i n g  of coal: 

(Coa1:SRC l i q u i d  = 1:2.3, 45OoC) 

Syngas 

(H2:C0 = 2 : l )  H2 

C a t a l y s t  

Reaction t i m e ,  min. 
Water added, par t s1100 

p a r t s  c o a l  + v e h i c l e  
Operating p r e s s u r e ,  p s i  
Conversion, % 
O i l  y i e l d ,  % 
Asphaltene formed, % 
S i n  o i l  p roduct ,  % 
Kinematic v i s c o s i t y ,  

c s t  a t  60°C 

COMO -K,co$- CoMoC 

3 0  60  30 6 0  
10 1 0  

3,000 3,000 2,700 2,800 
94 95 95 95 
65 42 59 48 
38.2 32.2 14.8 14.7 

16 9 1 0  7 

0.43 0.32 0.31 0.26 

Syngas o r  H consumed, 

COIH consumption r a t i o  1 . 4  0,. 8 
H , I C ~  r a t i o  o f  o f f - g a s  4 . 3  3.2 

s c f / l b  mat c o a l  11.2 16.2 13.7 16.1 

%Data a r e  g iven  i n  weight  percent  of maf c o a l .  
b T h r e e  p a r t s  p e r  hundred p a r t s  c o a l  p l u s  v e h i c l e .  
5 Two p a r t s  p e r  hundred p a r t s  c o a l  p l u s  v e h i c l e .  

Table  4 shows the  h y d r o t r e a t i n g  of  c o a l  a t  var ious  temperatures  a t  which the  con- 
sumption of  syngas and H2 would be 4,000 t o  5 ,500 s c f  per  b a r r e l  of  o i l ,  
normal range for a process .  The asphal tene  and the  s u l f u r  c o n t e n t s  of t h e  o i l  
products  obtained i n  t h e  syngas and H2 runs  a r e  comparable. 
the  syngas usage was i n  t h e  range of  3 ,900 t o  4 ,700  s c f  p e r  b a r r e l  of  o i l  as 
compared t o  the  H p  usage o f  4 ,700  t o  5 ,500 s c f  
Use of 1 H 2 : 1 C 0  syngas in  p l a c e  of  2H2:1C0 syngas gave no s i g n i f i c a n t  difference i n  
t h e  r e s u l t s  except  t h a t  t h e  H2/C0 r a t i o  of  of f -gas  and CO/HZ consumption r a t i o  
v a r i e d .  

t h e  

Under these  condi t ions ,  

per  b a r r e l  when pure H was used.  
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Formation of Asphal tene.  
v i a  product ion o f  a s p h a l t e n e .  
i n c r e a s e  in t h e  syngas consumption (Figure 2) i n d i c a t e s  t h a t  t h e  a s p h a l t e n e  formed 
i s  converted t o  o i l  under  f u r t h e r  h y d r o t r e a t i n g .  S te rnberg  e t  a l .  (2) repor ted  a 
s i g n i f i c a n t  e f f e c t  o f  a s p h a l t e n e s  on the  v i s c o s i t y  of t h e  SYNTHOIL product  o i l .  
We a l s o  found t h a t  t h e  v i s c o s i t y  of the  o i l  product  c o r r e l a t e s  wel l  wi th  i t s  
a s p h a l t e n e  c o n t e n t ,  r e g a r d l e s s  of  t h e  r e a c t i o n  temperature  and time ( s e e  F igure  3) .  
A s i m i l a r  r e l a t i o n s h i p  i s  a l s o  observed when pure H2 is used. 
t h e  curves  obta ined  from syngas and H2 runk i s  probably a t t r i b u t a b l e  t o  t h e  
d i f f e r e n c e  i n  t h e  molecular  s t r u c t u r e  and s i z e  of a s p h a l t e n e s  obta ined  ( s e e  below). 

Because o f  t h e  impor tan t  e f f e c t  of the  amount and t h e  type of asphal tene  on t h e  
proper ty  of t h e  l i q u e f i e d  product ,  s t u d i e s  were conducted on t h e  formation of 
a s p h a l t e n e  and o i l  d u r i n g  t h e  progress  of c o a l  l i q u e f a c t i o n .  Kentucky bituminous 
c o a l  was l i q u e f i e d  i n  the presence of an  a s p h a l t e n e - f r e e  alkylnaphthalene-based 
v e h i c l e  o i l  i n  both syngas and H2 systems. C a t a l y s t s  were CoMo - Na2C03 and CoMo 
f o r  syngas and H2 tuns, r e s p e c t i v e l y .  An o p e r a t i n g  pressure  of  about  3 ,000 p s i  
and r e a c t i o n  tempera tures  of  400' t o  450°C were used. 
1 0  minutes  f o r  t h e  a u t o c l a v e  t o  reach d e s i r e d  temperatures .  The moment t h e  
d e s i r e d  temperature  was reached was taken a s  zero  time. 

F i g u r e  4 shows the r e s u l t s  a t  40OoC. Nearly 30% of t h e  conversion occurred before  
the  au toc lave  reached t h e  temperature  i n  both  syngas and H2 runs. 
e a r l i e r  workers ( k ) ,  t h e  r a t e  of  c o a l  conversion to asphal tene  is f a r  g r e a t e r  than 
t h e  r a t e  of a s p h a l t e n e  hydrogenat ion t o  oil, and t h e  asphal tene  formation goes 
through a maximum w i t h  r e s p e c t  t o  time. The hydrogenat ion of a s p h a l t e n e  t o  oil 
a t  400°C i s  v e r y  slow and s u b s t a n t i a l  p a r t s  of the conversion product  - e q u i v a l e n t  
t o  about  one-third of maf c o a l  - s t i l l  remained a s  asphal tene  a f t e r  120 minutes .  
A t  45OoC, the  a s p h a l t e n e  formation appears  t o ,  reach  a maximum r a p i d l y  but  decreases  
r e l a t i v e l y  s lowly  by h y d r o t r e a t i n g  ( see  Table  5) .  The r a t e s  of a s p h a l t e n e  formation 
and asphal tene  convers ion  a r e  r e l a t i v e l y  g r e a t e r  in  t h e  coa l  l i q u e f a c t i o n  by H2 
than  by syngas. 

The c o a l  l i q u e f a c t i o n  by syngas, l i k e  t h a t  by H2, proceeds 
The decrease  in the  asphal tene  formation wi th  t h e  

The d i f f e r e n c e  i n  

It requi red  about  60 t o  

AS viewed by 

TABLE 5. Formation of a s p h a l t e n e  dur ing  c o a l  l i q u e f a c t i o n  

(Kentucky bituminous coa1:alkylnaphthalene = 1:2.3,  2,900 p s i ,  450'C) 

React ion time, min. 
Asphaltene formed, 72 
Asphaltene a n a l y s i s ,  9. 

C 

N 
S 
0 

n 

Molecular  weight  
of asphal tene  

syngas (2H2:1CO) 

5 15 60 
42.6 30.0 25.5 

84.1 85.8 81.0 
6.3 6.3 5.0 
1.6 2.1 2 .0  
1 .3  0.15 0.4 
1 . 0  5.1b 4.0 

301 430 401 

HZ 
5 15  60 

47.1 26.7 6.1 

05.4 07.1 86.9 
6.5 6.3 5 .1  
1.5 2.0 2 . 1  
0.64 0.23 0.36 
6.0 , 4.3b 5.1 

457 573 597 

a Weight percent  of maf c o a l .  
b By d i f f e r e n c e .  

It is i n t e r e s t i n g  to n o t e  t h a t ,  under similar l i q u e f a c t i o n  c o n d i t i o n s ,  molecular  
weight  (number average)  o f  t h e  a s p h a l t e n e  formed under syngas i s  lower than t h a t  
of  t h e  asphal tene  formed under H2 ( see  Table  5 ) .  
determined by vapor p r e s s u r e  osmometry of t h e  a s p h a l t e n e  in benzene. 
shows molecular  weights  of a s p h a l t e n e  and t o t a l  o i l  products  ob ta ined  from the 

The molecular  weight was 
Table  6 
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l iquefac t ion  o f  West V i r g i n i a  bituminous c o a l .  
scopic  method was used .  Again, t h e  molecular  weight of  asphal tene  i s  lower when 
syngas is  used.  This  sugges ts  t h a t  the  s i z e  of  asphal tene  molecules obta ined  i n  
t h e  syngas system i s  smaller, and t h i s  could ,  a t  a given a s p h a l t e n e  c o n t e n t ,  r e s u l t  
i n  lower o i l  v i s c o s i t y  i n  the  syngas system than i n  t h e  H2 system (see Figure  3) .  

Except where s p e c i f i e d  a c ryo-  

TABLE 6. Molecular weights of  o i l  products  and a s p h a l t e n e s  

(West Vi rg in ia  bituminous coa1:SRC l i q u i d  = 1:2.3, 45OoC, 3,000 p s i )  

Syngas (2H2:lCO) H2 

T i m e ,  Molecular weight2 Molecular  weight5  
min. Asphaltene O i l  product  Asphaltene O i l  product  

15 339b 218 437k 227 
30 494 221 544 210 
6 0  395 194 405 194 

By cryoscopic  method. 
- By osmometry. 

Liquefact ion Process Using Syngas. 
-syngas, a modi f ica t ion  of t h e  SYNTHOIL process  was considered.  A schematic  f low 
diagram i s  shown i n  F igure  5, and the gas  s t ream flows i n  s c f h  (on 100 Ib /hr  maf 
coa l  b a s i s )  and volume percent  a r e  shown i n  Table  7. It is  assumed t h a t  t h e  process 
i s  operated a t  3,000 p s i  and 450'C and t h a t  the  syngas f low rate is  a t  a feed 
g a s / c o a l - o i l  s l u r r y  volume r a t i o  of  5.9. 
i n  tu rbulen t  flow i n  a packed-bed r e a c t o r .  Since syngas h a s  a h igher  d e n s i t y  than  
H , a lower volumetr ic  flow i s  necessary than t h a t  of  H2 $n t h e  SYNTHOIL process .  
d e  syngas leav ing  a g a s i f i e r  with the equi l ibr ium composition a t  1800°F (H2/CO = 
0.53) i s  introduced t o  the recyc le  gas  (H2/CO = 3.4)  t o  make up t h e  feed  g a s  
(H /CO = 2). Steam is int roduced t o  the feed  gas  t o  g ive  a n  H2O/CO mole r a t i o  o f  
0.3,  corresponding t o  the  au toc lave  c o n d i t i o n s .  
o f f -gas  (Stream 3)  were es t imated  from vapor- l iqu id  e q u i l i b r i a  of  v a r i o u s  components 
with the  l i q u i d  o i l  a t  the r e c e i v e r s .  A small amount of  t h e  r e c y c l e  gas  can  be 
removed, i f  necessary ,  to  keep the methane l e v e l  from bui ld ing  up. The syngas 
consumption i s  about 4,500 s c f  per  b a r r e l  of  o i l  when the o i l  y i e l d  i s  3.5 b a r r e l s  
per ton  of c o a l  (as  rece ived) .  Since t h e  syngas produced from the  g a s i f i e r  i s  used  
d i r e c t l y ,  s h i f t  conver te rs  and pur i fy ing  systems requi red  i n  the  SYNTHOIL process  
can  be e l imina ted .  

I n  eva lua t ing  a c o a l  l i q u e f a c t i o n  process  u s i n g  

These o p e r a t i n g  c o n d i t i o n s  w i l l  r e s u l t  

The flow and composition o f  t h e  

TABLE 7 .  Gas s t ream flows 

(Basis: 100 l b / h r  maf c o a l  feed  t o  process)  

Gas composi t ion,  mole percent  
Stream 1 2 3 4 5 

H2 46.4 47.6 15.8 61.7 30.6 

co 22.7 14.7 13.5 18.1 58.3 
12.2 15.4 20.7 18 .4  0 cH4 

ZH6 1.2 1.9 6.9 1 .8  0 

H2S 0 .2  0.5 1.8 0 1.3 

C0.l 1.6 12.9 41.3 0 8 . 7  
L 

H20 15.1 7 .0  0 0 1.1 Flow, s c f h  4174.1 4206.4 336.7 3162.9 873.6 
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The thermal balance of  t h e  process  i s  shown i n  F igure  6. The c a l c u l a t i o n  was based 
on 100 Btu i n p u t  of  c o a l .  
o i l  = 17,000 B t u / l b ,  r e c y c l e  g a s  = 475 B t u / s c f ,  and of f -gas  = 439 Btu /scf .  
o v e r a l l  thermal  e f f i c i e n c y  was c a l c u l a t e d  t o  be 76.6%. 

Hcating va lues  a r e :  c o a l  a s  received = 12,900 Btu / lb ,  
The 

CONCLUSIONS 

Liquefac t ion  of h igh  s u l f u r  bituminous c o a l  a t  3,000 p s i  under syngas i n  the presence 
of steam, r e c y c l e  v e h i c l e ,  and c o b a l t  molybdate c a t a l y s t  impregnated wi th  potassium 
carbonate  g i v e s  h igh  c o a l  convers ions  and o i l  y i e l d s  a t  400° t o  45OOC. 
asphal tene ,  t h e  s u l f u r  c o n t e n t ,  and the v i s c o s i t y  of t h e  o i l  products  decrease 
with increas ing  consumption of  syngas,  and the syngas consumption increases  with 
increas ing  r e a c t i o n  temperature  and res idence  t ime.  When syngas is used i n  place 
of hydrogen i n  coa l  l i q u e f a c t i o n ,  t h e  r a t e  of  asphal tene  conversion to  o i l  i s  
slower but  a s p h a l t e n e s  formed have molecules o f  smaller s i z e s .  

A c a t a l y t i c  coal l i q u e f a c t i o n  process  using syngas g i v e s  high thermal e f f i c i e n c y  
and reduces t h e  c a p i t a l  and o p e r a t i n g  c o s t s  by e l i m i n a t i n g  s h i f t  conver te rs  and 
pur i fy ing  s y s  t e n s .  

The 
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IWTRODUCTION 

u n t i l  recently re f iners  avoided t h e  upgrading of residual fue l s  by ca ta ly t i c  
hydrogenation. The d i f f i c u l t i e s  experienced i n  the  development of t he  
desulfurization of res idua l  fue l s  demonstrated t h e  i n f e a s i b i l i t y  of such a Process. 
For example, heat s ens i t i ve  asphaltenes (1) present i n  the  residual fue l s  immediately 
deactivate the  ca t a lys t  a t  the  s t a r t  of t he  process through excessive carbonization 
caused by t he  heats of hydrogenation and adsorption. Nevertheless, e f fo r t s  a r e  s t i l l  
made t o  upgrade coa l  ex t r ac t s  containing more asphaltenes than res idua l  fue ls ,  or 
even worse, components such as benzene insolubles o r  ash.  

EXPERIMENTAL CONSIDEFUTIOhs 

The most sens ib le  approach i s  t o  se l ec t ive ly  ex t rac t  only the  asphaltene free 
portion of the  coa l  and use t h e  remaining unlissolved coal f o r  t he  production of H2 
and the  energy necessary f o r  processing. 
needed t o  provide these  e s sen t i a l  services f o r  the  r e f in i  
100 moisture ashf reemaf- I l l ino is  86 coal  containsi  8l.3 C = 6.7 atoms: 5.4 H = 5.2 atoms: 9 . 9  0 = 0.6 atoms: 2.996 S = 0.09 atoms: 1.4% K = 0.10 atoms. 
For every atoms of C ,  approximately 0.8 atoms of H a re  present. 
iH f o r  1C. In paraf f ins ,  H C-(CH )-CH3, the  r a t i o  of H :C is 2:l since t h e  terminal 
CH3 groups do not a f f ec t  th?s r a t f o  very much. I n  real&, fue ls  which a r e  saturated 
mixtures of paraf f ins  and naphthenes l i k e  kerosene, do not achieve t h i s  r a t i o  of 2 : l  
due t o  the  presence of small amounts of benzene rings and condensed naphthenes. 
more r e a l i s t i c  r a t i o  f o r  a sa tura ted  f u e l  should be 1.8H:lC corresponling t o  13.3% H. 

If one wanted t o  upgrade 4. of the  6.7 carbons i n  the  lOOg maf coa l  by increasing 

Approximately 40 t o  5f$ of t h e  coa l  w i l l  be 
of coal. A s  an example, 

This i s  less t han  

A 

t he  atomic H r C  r a t i o  from 0.8 t o  1.8, this  would require t h e  addi t ion  of 2 moles of 
H2 t o  t he  4C atoms, producing 55.2g of o i l  (kc = 48g and kxl.8H = 7.2g). 
mately 0.8 mole of H would a l so  be necessary fo r  the  removal of t h e  heteroatoms 0 ,  
S, N. Therefore, 2.8 moles of H2 have t o  be produced from t he  lOOg maf coal.  Out of 
t he  6.7 a t m s  of carbon, 4 are  being hydrogenated t o  a hydrocarbon o i l  and 2.7 C are 
ava i lab le  t o  produce H2 via t h e  water-gas a d  the  subsequent s h i f t  reaction. The 
autothemic equation, coupling the  maximum H2 production with a m i n i m u m  C consumption, 
2 . N  + 0.60 02 (+188 Kcal or 2.0 x 94) + 2.8 H20 (-185 Kcal or 2.8 x 68) __c 

2.8 H2 + 2.0 C02 demonstrates t h a t  an absolute m i n i m u m  of 2.0 carbon atoms of t h e  
remaining 2.7 C atoms is  necessary f o r  H2 production, 0.7 C ,  about le of t h e  maf coal 
i s  available f o r  t h e  energy needed t o  run t h i s  reac t ion  and t h e  coa l  refinery.  

This crude approximation demonstrates t h a t  it is o n l y  necessary t o  ex t r ac t  559 
o i l  from lOOg maf coal,  t h e  remaining undissolved coa l  ha5 t o  provide the  H2 a d  the 
energy f o r  t he  operation. I f  only 55% has t o  be dissolved it should be possible t o  
ex t rac t  se lec t ive ly  only heptane so luble  o i l ,  thereby avoiding all downstream refining 
d i f f i c u l t i e s  caused by t h e  presence of asphaltenes. Idea l ly ,  the  solvent should do 
two things,  dissolve 50-6@ of the  coal s e l ec t ive ly ,  e.g., asphaltene free and themo- 
bdrocrack  using H2 from t h e  H2 atmosphere t o  achieve a suf f ic ien t ly  low molecular 
weight t o  pernit  separation of the  ex t rac t  from the  insoluble coal by d i s t i l l a t i o n ,  
The conlit ions under which t h e  solvent must operate,  i . e . ,  t h e  temperature and K 2  
pressure must a l so  be established. 
asphaltene. A t  4 0 0 0 ~  
it s t a r t s  coking, which produces gas,  v o l a t i l e  l i qu ids ,  tar ,  and coke. 
the  temperature beyond 4OOT produces additional coke from t h e  t a r .  
repressed by t h e  application of high H2 pressure, 
dynamic equilibrium favors complete aromatization. 

Approxi- 

Bituminous coal ac t s  l i k e  a g i an t  po ten t ja l  
The coal i s  heat l a b i l e  a d  begins t o  soften a t  about yjooC. 

Increasing 
Cokiw can be 

However, beyond 440W t he  themo-  
Obviously, it would be advant a- 

c 
I; 
I: 

I ,  I 
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geous t o  dissolve t h e  c o a l  below the  coking temperature t o  keep coke and asphaltene 
production t o  a minimum. 
reasonable r a t e  of decomposition. 
mise ( 2 ) ,  and should probably not be exceeded. Increasing t h e  temperature t o  430% 
f ie lds  undesirable ex t r ac t s  having a higher asphaltene content. 
benef ic ia l  s ince  it represses coking and s t a b i l i z e s  heat, l a b i l e  materials.  
f o r  prac t ica l  operating reasons, t h e  pressure should not exceed 200 atm. 

Yet the  temperature should be s u f f i c i e n t l y  high f o r  a 
It was found e a r l i e r  t h a t  400% was a good compro- 

High H2 pressure i s  
However, 

Organic mater ia l  proposed as  coal solvents have ranged f r o m  paraffins (3) t o  
hydroaromatics , t o  aromatics: ard from coal t a r  f r ac t ions ,  t o  coal t a r  i t s e l f  t o  
d isso lve  the  coal.  
t e t r a l i n  and 2 6  coal  t a r  c reso l  which could d isso lve  as much as 90-95% of t h e  coal. 
Te t r a l in ,  without t h e  c r e s o l s ,  is a l i t t l e  more discriminating. It w i l l  d i sso lve  
only 8 0 3 5 %  coal.  Such an  ex t r ac t  w i l l  contain arourd 30$ heptane insolubles,  but 
only a r e l a t ive ly  small  amount of benzene insolubles. 
t h a t  par t  of t e t r a l i n ' s  a b i l i t y  t o  l iquefy  coal cons is t s  of t r ans fe r r ing  i ts  H2 t o  
coa l ,  thus becoming napthalene. To our knowledge, no one has proven t h a t  t e t r a l i n  
can a l s o  t ransfer  H2 from the  atmosphere t o  coa l ,  i . e . ,  ca r ry  out a ca ta lys t - l ike  
reaction. 
t h e  H2 material  balance d i d  show an  uptake of H 2 ,  this uptake could always be 
a t t r i bu ted  t o  t h e  c a t a l y t i c  a c t i v i t y  of t h e  walls of t h e  reac tor  and/or t he  ca t a ly t i c  
a c t i v i t y  of coa l  cons t i tuents .  
cor re la t ions  drawn from very small  differences in the  ana ly t ica l  hydrogen da ta  r a i se  
grave doubts a s  t o  t h e i r  r e l i a b i l i t y .  
hydrogenation a c t i v i t y ,  namely t o  demonstrate d i f f e ren t  degrees of hydrogenation 
with d i f fe ren t  solvents in the  same reac tor  vesse l  with t h e  same coal under iden t i ca l  
H2 pressure and temperatures. I n  addition, a solvent should be employed which leaves 
no doubt as  t o  its d i r e c t  role i n  the  promotion of hydrogenation. Such a solvent was 
found i n  a p a r t i a l l y  hydrogenated re f inery  stream (5) used by A.W. Langer and CO- 

workers f o r  t he  thennal hydrocracking of petroleum residues (6). 

Po t t  a d  Broche (4), proposed a coa l  solvent consisting of 80$ 

Many inves t iga tors  have shown 

T h i s  type of claim would be very d i f f i c u l t  t o  subs tan t ia te  since even if 

Secondly, one would not expect a l a rge  e f f ec t  and 

However, there  i s  another means of proving 

MPERIMEiTTAL RESULTS AND DISCUSSION 

Vacuum bottoms were hydrocracked using a typ ica l  Ni-Mo on SiOp-Al 0 
za t ion  ca t a lys t  under r a t h e r  severe COrditiOnS I i . e . ,  ( 7 6 0 9  and 300 $i3H2). 
r e su l t s  are shown i n  Table I under Run 4. 
hydroaromatics and 4096 sa tura tes .  
cyc l i c  aromatics. 

desu l fur i -  
The 

Unfortunately, the  o i l  a l so  contained 1% poly- 
An o i l  was obtained which consisted of 5($ 

For comparison the  following solvents were usedt 

Run 1 - t e t r a l i n  
Run 2 - ca tcracker  s lur ry  o i l  which i s  p rac t i ca l ly  a l l  aromatic 
Run 3 - raw, non-hydrogenated vacuum bottoms 
Run 4 - hydrocracked vacuum bottoms. 

H2 content (12%) while the  s l u r r y  o i l  had the  lowest H2 
content (7.2$) 

This solvent had the  highest  

TABLE I 

Solvent I Run 1 2 3 4 

I.BP 5459 4 7 5 9  

API 

2 insol. 
40 
50 
10 

% P + N  

k Cod.  polycycl. A r  
'% Hhr 100 

9.1 

92 

8.2 
1.3 4.7 
7.2 10.5 

18.8 
1.1 
12 



As can be seen, even the  hydrocracked vacuum bottoms s t i l l  contain some C i n s o h -  
bles. Whether o r  not these  f igures  a r e  r e l i ab le  i s  ques t iomble ,  Very ogten, C7 
insolubles i n  hydrocracked vacuum bottoms a re  not asphaltenes but microcrystall ine 
waxes soluble i n  warm o i l  but insoluble i n  C7 a t  ambient temperatures (7). 

a t  4OO0C u d e r  200 atm. H2. 
ashfree - maf): 
7.8% ash a d  7.2% water. 

confirm t h a t  t h e  ex t rac t ion  with t h e  hydrogenated 
vacuum bottoms is  a se l ec t ive  process (See Run 4-56$) : while t e t r a l i n  (Run 1) and 
Slurry 011 ( f i n  2 )  yielded the  same ext rac t ion  r e s u l t ,  namely 835. 
unhydrogenated vacuum bottoms extracted only IO$ so  the  products from t h i s  run were 
not investigated any fu r the r ,  

200 g I l l i n o i s  #6 raw coa l  was extracted i n  autoclaves with 200 g solvent 

The raw coa l  contains 
The coal had the  following composition (moisture and 

C 81.0$, H 5.26, 0 9.5%. S 2 . 9 ,  N 1.45. 

The resu l t s  (Table 11.) 

Run 3 using raw, 

TABLE 11. 

Run 1 2 3 4 

83 83 10 56 
15.8 18.6 

(dissolved) 
API 
5 c7 insol.  (of solution) 14 20 4 2 
5 ~7 insol. (of  ex t rac t )  34 43 3.8 
$ Bz insol. (of so lu t ion)  2 . 5  5.7 
$ Bz insol.  (of ex t rac t )  6 14 
$ H2 (of solution) 8.4 7.1 10.6 11.4 
$ H2 (of ext rac t )  7.4 7.0 9.0 

Unconverted Solids 
% H  2.8 1.7 
mols H2 added t o  100 g MAF coal. 0.8 0.5 

3.8 
1.35 

The percentages i n  t h e  ex t rac t  (Table 11.) were calculated from the  per- 
centages i n  the  solvent and i n  the  solution; 
I n  the  case of % H2, t h e  H2 i n  t he  unconverted coa l  so l id s  was used t o  a r r ive  a t  
the  H2 material balance, 

s t i l l  too  Mgh, 3.88, f o r  easy re f in ing ,  but remarkably pow compared t o  t h e  asphal- 
tenes i n  the  t e t r a l i n  ex t r ac t ,  74%. Run 1. 
polycyclic aromatics i n  t h e  solvent of Run 4. 
i n  Run 2, where the  whole solvent,  slurry o i l ,  i s  polycyclic aromatic, The ex t rac t  
contained 4346 C7 insolubles and an addi t iona l  14% benzene insolubles,  which leaves 
43% of the  ex t rac t  soluble i n  C7. Such a product could not be refined economically 
s ince  it would have t o  be de-asphalted first, a very expensive process yielding only 
43% C solubles. The t e t r a l i n  ex t rac t  (Run 1) does not look much be t te r1  34% C7 in -  
solubTes and s$ benzene insolubles.  
t,he values of H2 consumption f o r  100 g of maf coal,  
hydrogenated vacuum bottoms (Run 4 )  a re  not only more se lec t ive  solvents,  but much 
be t t e r  H2 t ransfer  agents o r  if you wish,  ca ta lys t s .  
f igures  i s  questionable due t o  the  increasing e r r o r  i n  a r r iv ing  a t  t h e  smaller ab- 
so lu te  H2 values. 
show real differences ( i . e .  1/2 or 1/3 as  such, e t c . ) .  The figures a l s o  es tab l i sh  
t h a t  o q a n i c  co~~pounls  cannot only t r ans fe r  H2 from themselves t o  another organic 
compoun~, but a l so  molecular H2 from t he  surroll-iing atmosphere. 

$ i n  ex t rac t  = '$ i n  so lu t ion  - '$ i n  solvent 

I n  examining the  ex t rac t  f igures ,  note t h a t  t h e  C insolubles of Run 4 a re  

This i s  most l i k e l y  due t o  t h e  10% 
That e f f ec t  is espec ia l ly  apparent 

The l a s t  horizontal  l i n e  i n  Table I1 i rd i ca t e s  
According t o  t h i s  t a b l e ,  the  

The absolute accuracy o f  these 

However, even though the  values a r e  not very accurate,  they  s t i l l  

A repeat of these experiments with another hydrocracked vacuun bottom con- 
taining only 4$ polycyclic aromatics showed a much grea te r  s e l e c t i v i t y  (Table 111. ). 
N o t i c e  t h a t  the  solvent contains 1$ c7 insolubles and the  result ing coa l  so lu t ion  
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had t h e  same percentage. Thus, t h e  ex t rac t  i t s e l f  a l so  contained 1% C7 insolubles.  
The t o t a l  coal so lu t ion  can be d i s t i l l e d  by vacuum d i s t i l l a t i o n  and thereby f a c i l i -  
t a t e  t he  separation of t h e  undissolved coal. I n  addition, these solvents ac tua l ly  
upgrade the  unfissolved s o l i d s  also.  

TABU 111. 

W.K.T. G l e i m  and M. J. O'Hara 
Hydrocrackd VB's Solvent Coal Solution 

U. S. 3,867,275 February 18, 1975 

I. BP 
JWI 
C7 inso l .  
$ P + N  
% HAr 
$ c o d .  polycycl. Ar 
$ H i n  so l ids  

ex t rac t  of MJ'LF coal 
BZ ext rac t  

4 7 5 9  
18.8 
1.1 

46 
49 
4 

20.5 
1.2 

5.9 
58.1 
18.6 

_ _  - ~~ 

Furthennore, t h e  upgrading of t h i s  residue was demonstrated by t he  f a c t  t h a t  addi- 
t i o n a l  material was ex t rac ted  from t h e  residue by boiling benzene a t  atmospheric 
pressure. 
50% s olubles . This second ex t r ac t  yielded 18.6% and consisted of 50$ C7 insolubles and 

I n  reference t o  t h e  f i r s t  ex t r ac t ,  by reusing it over and over again without 
removing the  dissolved coa l ,  it is  possible t o  slowly increase t h e  dissolved coal 
content of t h e  solvent thereby increasing i t s  hydroaromaticity. 
would dissolve more coa l ,  thereby losing its se l ec t iv i ty ,  meaning t h a t  t h e  $ C7 in- 
solubles would increase with the  number of ex t rac t ions .  Rehydrogenating the  coal 
so lu t ion  between ex t rac t ions  w i l l  not t o t a l l y  recons t i tu te  the  s e l e c t i v i t y  of t h e  
or ig ina l  coal solvent. 
eum, contribute t o  its se lec t iv i ty .  
of dissolved coal. 
of solvent from a petroleum ref inery  would be necessary. 
f o r  combining coa l  l i que fac t ion  with petroleum refining. 

Thus, t he  solvent 

The paraf f ins  i n  the  or ig ina l  solvent. derived from ps t ro l -  
These paraf f ins  would be d i lu ted  by t he  additional 

I n  order t o  maintain t h i s  s e l e c t i v i t y ,  a continuous f r e sh  stream 
T h i s  is a good argument 

As shown i n  Table III., 58% of the  maf coa l  can be dissolved, which means 
5 6  of  the  raw coal,  
can be used as coal so lvent  means t h a t  7096 of t he  t o t a l  crude can serve as solvent 
i n  a coal-to-solvent r a t i o  of 1:1. 

Assuming t h a t  a l l  of t h e  refined crude boiling abwe 5 0 0 9 ,  

coNcLus Io~  

How much addi t iona l  d i s t i l l a t e  could uch a scheme provide f o r  t h e  United 

Fth Sta te s?  Right now t h e  U. S. produces 8.5~10 8 bbls/dty crude8 i n  5-6 years 

tons/day of  coal x t r a c t ,  i . e . ,  3 .25~10 i! bbls/day. A t  present,  the  U. S. uses ap- 
prox a t e ly  l l x t 0  8 bbls/day of d i s t i l l a t e ,  I n  t e n  years it 211 probably be a t  l e a s t  
13x10 3 bbls/day. This d e f i c i t  co 

tons of coal/day, or 182x10 z tons/year. Therefore, a t o t a l  of 550x10 tons of coa l  

Prudhoe Ra the  U. S. w i 1 l 6 b e  producing about 10x10 tons/day. With 6 . 5 ~ 1 0  bbls/  
day (4x108'tons/day), 1x10 tons/day o raw coa l  can be extracted yielding 500,000 

by 3 .25~10  bbls/day o i l  taken 

Substi tuting coa l  for t h e  

from coal  i n  addition t o  t h e  petroleum production. T h i s  meam 
t h e  yearly requirement wi l l  
3 .3~106  bbls of res idua l  0% s t h a t  t he  U.S. uses d a i l y  would require r o t h e r  0.5~106 

per year  w i l l  be needed t o  subs t i t u t e  for imported o i l .  

The present U. S. coa l  production i s  about 6 0 0 ~ 1 0 ~  tons per year, That means 
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t h a t  t h e  U. S. coal indus t ry  would have t o  double t h e i r  output i n  t e n  years. 
not believe t h a t  t h i s  can be achieved i n  t h e  current p o l i t i c a l  climate. 
cordit ions f o r  these concepts I have expressed, ex i s t  i n  t he  Midwest. 
a d  re f iner ies  are s i t ua t ed  close together,  with su f f i c i en t  H20 ava i lab le .  
would begin w i t h  t he  t o t a l  conversion of o i l ,  including asphaltenes, t o  d i s t i l l a t e .  
For t h i s ,  coal would serve as the  re f inery  f u e l  and H2 source. 
t he  second s t ep ,  namely t h e  se lec t ive  ex t rac t ion  of coa l  i s  undertaken, leaving t h e  
undissolved coal t o  serve as  a source of e n e r g y t o  power the  refining of crude and 
coal. 

I do  
The idea l  

One 
O i l ,  coa l ,  

When t h i s  i s  achieved, 

To summarize, t h e  b e t t e r  pa r t  of coa l ,  t h a t  i s  the  heptane so luble  f r ac t ion ,  
can be extracted se l ec t ive ly  and thennohydrocracked t o  d i s t i l l a t e  with a petroleum 
derived solvent i n  an high pressure H2 atmosphere without t h e  help of an ex terna l  
hydrogenation ca ta lys t .  
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KINETICS OF COAL HYDRODESULFURIZATION I N  A BATCH REACTOR 
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ground 

I n  recent y e a r s  t h e r e  h a s  been a renewed i n t e r e s t  i n  deve loping  
t h i s  n a t i o n ' s  coal r e s e r v e s  because  of  o u r  growing r e l i a n c e  on 
f o r e i g n  o i l  s o u r c e s .  Due t o  t h e  s t r i n g e n t  a i r  q u a l i t y  s t a n d a r d s  se t  
by t h e  Environmental  P r o t e c t i o n  Agency, however. t h e  burn ing  o f  c o a l s  
w i t h  s u l f u r  c o n t e n t s  o f  g r e a t e r  t h a n  one p e r c e n t  h a s  been e s s e n t i a l l y  
p r o h i b i t e d .  

An a l t e r n a t i v e  t o  t h e  p r o d u c t i o n  of low-sul fur  c o a l  r e s e r v e s  
e x i s t s  i n  t h e  d e s u l f u r i z a t i o n  o f  h i g h - s u l f u r  coal r e s e r v e s  by t h e  
t e c h n i q u e s  o f  s o l v e n t  r e f i n i n g  and hydrogenat ion .  I t  i s  q e n e r a l l y  
a c c e p t e d  (1) t h a t  s u l f u r  o c c u r s  i n  c o a l  i n  t h r e e  forms: o r g a n i c ,  
p y r i t i c ,  and s u l f a t e .  These forms v a r y  i n  c o n c e n t r a t i o n  and e a s e  o f  
removal from one coal  t o  a n o t h e r .  The purpose  o f  t h i s  paper  i s  t o  
d e v e l o p  a k i n e t i c  model t h a t  w i l l  r e p r e s e n t  t he  r a t e  of  removal of  
s u l f u r  f o r  a l l  t h r e e  forms s i m u l t a n e o u s l y .  S i n c e  s e v e r a l  d i f f e r e n t  
s u l f u r  r e a c t i o n s - o c c u r  a t  t h e  same t i m e  it i s  f e a s i b l e  t o  c o n s i d e r  
a model i n  which t h e  r e a c t i o n  r a t e  appears  t o  v a r y  a s  a f u n c t i o n  of 
c o n v e r s i o n .  Such models  w e r e  s u c c e s s f u l l y  a p p l i e d  by H i l l ,  e t  a l .  
( 2 )  t o  t h e  d i s s o l u t i o n  of c o a l  i n  t e t r a l i n  and by L e s s l e y ,  e t  a l .  ( 3 )  
t o  thermal  c r a c k i n g  of s h a l e  g a s  oil under  a hydrogen atmosphere.  

Much of t h e  earlie, work done on c o a l  d e s u l f a r i z a t i o n  took  t h e  
form o f  c a r b o n i z a t i o n  s t u d i e s  i n  which c o a l  o r  c o a l  c h a r  w a s  h e a t e d  
i n  t h e  p r e s e n c e  of v a r i o u s  g a s  s t r e a m s  and t h e  p e r c e n t  removal of 
t o t a l  s u l f u r  from t h e  c o a l  w a s  de te rmined .  A good review o f  t h e  
work done on t h i s  s u b j e c t  p r i o r  t o  1932  i s  g i v e n  by Snow ( 4 ) .  

I n  1 9 6 0  B a t c h e l o r ,  e t  a l .  ( 5 )  publ i shed  an a r t i c l e  d e s c r i b i n g  
a method i n  which a bed of c n a r  was f l u i d i z e d  w i t h  a known m i x t u r e  
Cf hydrogen and hydrogen s u l f i d e  t o  e s t a b l i s h  t h e  e q u i l i b r i u m  d i s -  
t r i b u t i o n  of  s u l f u r  between g a s  and c h a r .  H e  also developed a n  equa- 
t i o n  f o r  c a l c u l a t i n g  t h e  maximum amount of d e s u l f u r i z a t i o n  t h a t  
c o u l d  be  achieved .  

I n  more r e c e n t  y e a r s  a non-isothermal  method f o r  d e t e r m i n i n g  
t h e  k i n e t i c s  of c o a l  d e s u l f u r i z a t i o n  h a s  been developed  i n  which 
t h e  sample is s u b j e c t e d  t o  a c o n s t a n t  r a t e  of h e a t .  Vestal ,  e t  a l .  
(6) s u g g e s t s  t h a t  t h i s  method is s u p e r i o r  t o  i s o t h e r m a l  methods 
s i n c e  it a v o i d s  t h e  u n c o n t r o l l e d  o c c u r r e n c e  o f  cnemical  r e a c t i o n s  
d u r i n g  t h e  t i m e  t h a t  t h e  sample is be ing  h e a t e d  to  r e a c t i o n  tempera- 
t u r e .  A good r e v i e w  o f  t h i s  method, complete  w i t h  t h e o r y ,  e x p e r i -  
mental procedure  and a p p a r a t u s ,  r e s u l t s ,  and d i s c u s s i o n ,  i s  g i v e n  
by Yergey, e t  al. (1). The s t u d y  r e v e a l s  t h a t  i n  most cases t h e  
k i n e t i c s  of  hydrogen s u l f i d e  removal  can be d e s c r i b e d  by f i v e  pro- 
cesses. These p r o c e s s e s  are d i r e c t l y  r e l a t e d  t o  t h e  f i v e  forms of 
s u l f u r  p r e s e n t  i n  t h e  c o a l  which a r e  d e s i g n a t e d  a s  Organic  I ,  
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Organic  11, P y r i t e ,  S u l f i d e ,  and Organic  111. With each  o f  t h e  pro-  
cesses t h e r e  is a n  a s s o c i a t e d  a c t i v a t i o n  energy ,  r e a c t i o n  o r d e r ,  and 
r a t e  c o n s t a n t .  

Another k i n e t i c  model f o r  d e s u l f u r i z a t i o n  is g i v e n  b y . Q a d e r ,  
e t  a l .  ( 7 ) .  T h i s  a r t i c l e  d i s c u s s e s  t h e  hydroremoval of  s u l f u r  from 
Coal t a r s  and conclodes  t h a t  t h e  r e a c t i o n  i s  f i r s t  o r d e r  w i t h  
r e s p e c t  t o  h e t e r o c y c l i c  molecules .  The e x p e r i m e n t a l  r e s u l t s  a lso 
show t h a t  s u l f u r  removal  f o l l o w s  a t r u e  Arrhenius  t e m p e r a t u r e  depen- 
dence.  

To d a t e  no a r t i c l e s  d e a l i n g  w i t h  t h e  k i n e t i c s  o f  hydrodesul -  
f u r i z a t i o n  of c o a l  i n  l i q u i d  phase have appeared ,  b u t  s e v e r a l  a r t i c l e s  
have been p u b l i s h e d  on c o a l  d i s s o l u t i o n  k i n e t i c s .  

H i l l  ( 8 )  proposed a model f o r  c o a l  d i s s o l u t i o n  i n  which a 
series of  r e a c t i o n s  t a k e  p l a c e  between t h e  s o l v e n t  and t h e  c o a l  
r e s i d u e .  The model i s  g i v e n  a s  f o l l o w s :  

K;, 

"i 
Solvent + Coal Ro + Lo + Go 

R1 + L1 + G1 Solvent + R,, 

Solvent + R1 + R2 + L2 + G2 

where 
Ri i s  t h e  s o l i d  c o a l  r e s i d u e  
L .  is t h e  e x t r a c t  i n  s o l u t i o n  
G.  is t h e  gaseous  p r o d u c t s .  

I n  a n o t h e r  a r t i c l e  H i l l ,  e t  a l .  ( 2 )  d e v e l o p s  a model i n  which 
t h e  f i r s t - o r d e r  r e a c t i o n  v e l o c i t y  c o n s t a n t  v a r i e s  w i t h  t h e  f r a c t i o n  
of  coal e x t r a c t e d .  T h i s  model f i t s  t h e  k i n e t i c  d a t a  i n  t h e  r a n g e  of  
3500 t o  45OoC q u i t e  w e l l .  P l o t s  of  t h e  Arrhenius  energy  of a c t i v a -  ' 

t i o n  and t h e  Eyr ing  e n t h a l p y  of  a c t i v a t i o n  a r e  i n c l u d e d  i n  t h e  a r t i c l e  
and both  p l o t s  e x h i b i t  s t r a i g h t  l i n e  r e l a t i o n s h i p s .  

Wen, e t  a l .  (9) have proposed a ra te  e q u a t i o n  f o r  t h e  d i s s o l u -  
t i o n  of c o a l  under  hydrogen p r e s s u r e  which d e s c r i b e s  f a i r l y  c l o s e l y  
t h e  exper imenta l  d a t a  r e p o r t e d  from t w o  independent  s o u r c e s .  Wen's 
e q u a t i o n  d e s c r i b e s  t h e  r a t e  of d i s s o l u t i o n  as a f u n c t i o n  o f  t h e  f r a c -  
t i o n  of u n d i s s o l v e d  s o l i d  o r g a n i c s  and t h e  c o a l - s o l v e n t  r a t i o .  I t  
a l s o  i n c o r p o r a t e s  an Arrhenius  t e m p e r a t u r e  dependence and an expon- 
e n t i a l  dependence on t h e  hydrogen p a r t i a l  p r e s s u r e .  

Another semi-empir ica l  c o r r e l a t i o n  which a d e q u a t e l y  r e p r e s e n t s  
c o a l  d i s s o l u t i o n  d a t a  i s  d i s c u s s e d  by Curran,  e t  a l .  ( 1 0 ) .  T h i s  
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c o r r e l a t i o n  d e a l s  more s p e c i f i c a l l y  w i t h  t h e  mechanism o f  hydrogen 
t r a n s f e r  and does  n o t  l e n d  i t s e l f  t o  t h e  a p p l i c a t i o n  of c o n v e n t i o n a l  
k i n e t i c  d a t a  a n a l y s i s  t e c h n i q u e s .  

Exper imenta l  Design 

p e r a t u r e  and t i m e  on t h e  d e s u l f u r i z a t i o n  of coal and t o  d e v e l o p  a 
k i n e t i c  model t h a t  c a n  s a t i s f a c t o r i l y  r e p r e s e n t  t h e  ra te  of t o t a l  
s u l f u r  removal. 

The purpose o f  t h i s  s t u d y  was t o  d e t e r m i n e  t h e  e f f e c t s  o f  t e m -  

The c o a l  used i n  t h i s  s t u d y  w a s  a b i tuminous  coal from t h e  
Madisonvi l le  N o .  9 s e a m ,  F i e s  Mine, i n  Kentucky. The proximate  and 
u l t i m a t e  a n a l y s e s  f o r  t h e  coal a r e  g i v e n  i n  Table  1. T h i s  c o a l  
w a s  s e l e c t e d  because  it i s  c u r r e n t l y  b e i n g  used  i n  t h e  s t a r t  up of 
t h e  F o r t  L e w i s  ERDA s o l v e n t  r e f i n i n g  p l a n t .  Coal  o f  minus 2 0 0  mesh 
s i z e  f r a c t i o n  w a s  used  f o r  t h i s  s tudy .  

The s o l v e n t  used  w a s  s t r a i g h t  r u n  a n t h r a c e n e  o i l  purchased  from 
t h e  R e i l l e y  Tar  and C h e m i c a l  Company. The raw s o l v e n t  w a s  vacuum 
d i s t i l l e d  a t  an a b s o l u t e  p r e s s u r e  of  2-3 mm of  mercury and t h e  c u t  
between 125°-2500C w a s  saved.  T h i s  c u t  i s  s i m i l a r  t o  t h e  c u t  u s e d  
i n  the P i t t s b u r g h  and Midway S o l v e n t  Ref ined  Coal  Process (11). 
Hydrogen g a s  f o r  t h i s  s t u d y  was 3500 p s i g  g r a d e  w i t h  a p u r i t y  of 
99.95%. The g a s  w a s  manufac tured  by t h e  Linde d i v i s i o n  of  t h e  Union 
Carb ide  Corpora t ion .  

The t e m p e r a t u r e s  chosen  f o r  t h i s  s t u d y  were 360°, 390°, and 42OoC. 
The lower t e m p e r a t u r e  was s e l e c t e d  s i n c e  l i t e r a t u r e  ( 1 2 )  i n d i c a t e s  
t h a t  a t  t e m p e r a t u r e s  below 35OoC t h e  d i s s o l u t i o n  of  coal i n  t h e  sol- 
v e n t  i s  incomple te .  The upper  tempera ture  w a s  s e l e c t e d  because  a t  
t e m p e r a t u r e s  o f  g r e a t e r  t h a n  45OoC coking  o c c u r s .  

t h a t  a t  times of  greater  t h a n  4 hours  t h e  p e r c e n t  d i s s o l u t i o n  d o e s  
n o t  s i g n i f i c a n t l y  i n c r e a s e .  For t h i s  r e a s o n  r e a c t i o n  t i m e s  o f  1/2, 
1, 2 ,  and 4 h o u r s  were s e l e c t e d .  The lower l i m i t  was s e l e c t e d  
because  t h e  1 0  m i n u t e s  r e q u i r e d  f o r  h e a t i n g  up t h e  i n j e c t e d ' s l u r r y  
would i n t e r f e r e  w i t h  r u n s  o f  less t h a n  30 minutes .  

S t u d i e s  on t h e  k i n e t i c s  of d i s s o l u t i o n  of  coal ( 2 )  i n d i c a t e  

I n i t i a l  p r e s s u r e s  of  750, 785, and 820 p s i g  w e r e  used f o r  r u n s  
a t  420°, 390°, and 360° r e s p e c t i v e l y .  These i n i t i a l  p r e s s u r e s  
r e s u l t e d  i n  a reaction p r e s s u r e  o f  approximate ly  1900 p s i g .  

The s o l v e n t - t o - c o a l  w e i g h t  r a t i o  w a s  set a t  10 t o  1. T h i s  
ratio w a s  chosen  because  it k e p t  t h e  amount o f  s l u r r y  i n j e c t e d  i n t o  
the r e a c t o r  a t  a minimum. 

The d e t e r m i n a t i o n  of  t h e  p e r c e n t  of s u l f u r  remain ing  i n  t h e  
s o l v e n t  r e f i n e d  c o a l  w a s  done by a n  ASTM total s u l f u r  method. T h i s  
number was t h e n  c o r r e c t e d  t o  g i v e  t h e  amount of s u l f u r  remain ing  i n  
t h e  c o a l  on a s o l v e n t  f r e e  b a s i s .  S u l f u r  a n a l y s e s  were a l so  made 
on t h e  rec la imed s o l v e n t  and t h e  r e a c t i o n  o f f  gas. Based o n  t h e s e  
a n a l y s e s  and t h e  a n a l y s i s  o f  t h e  o r i g i n a l  c o a l  and s o l v e n t  a s u l f u r  
b a l a n c e  was completed f o r  each  run.  
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Experimental Equipment 

All experimental runs in this study were carried out in a 300 cc 
Magnedrive batch autoclave, manufactured by Autoclave Engineers of 
Erie, Pennsylvania. A manual Ruska piston pump ( 2 5 0  ml capacity) 
was used for injection of slurry into the autoclave. An equipment 
flow sheet is presented in Figure 1. 

Experimental Procedure 

One hundred eighty milliliters of vacuum distilled solvent were 
added to the reactor and the head sealed. The reactor was then 
purged with helium and pressurized with hydrogen to the desired 
initial (cold) pressure, and the jacket heater turned on. One 
hundred grams of a thick paste (1:l ratio by weight) of 2 0 0  mesh 
coal and solvent was then charged to the Ruska pump and all air 
bled from the system. The reactor was allowed to heat (with constant 
stirring) to reaction temperature, at which time exactly 40 ml of 
slurry were charged to the hot reactor via the Ruska pump. At the 
conclusion of the reaction, the reactor was quenched by dropping the 
heating jacket and cooling the autoclave vessel with a high speed 
fan. Product gas was analyzed on a gas chromatograph and solvent 
recovered by vacuum distillation of the resulting liquid product. 

Run Conditions 

Table 2 shows the run numbers and the corresponding reaction 
conditions. Runs 1-11 were all performed using the same coal. Dif- 
ferent samples of coal were used for runs 12-14 and 1 5 - 1 7  because 
an insufficient quantity was prepared initially. 

Percent Desulfurization of the Coal 

A plot of sulfur conversion for each temperature level as a 
function of time is given in Figure 2 .  The data points for 36OoC 
were fit by the method of least squares for a straight line. The 
data points for 3900 and 420° were fit with a flexible curve. 
Attempts to fit these data points with second and higher order 
polynomials proved unsuccessful and there was no theoretical basis 
for trying to fit the data with other mathematical models. 

Correlation of the Data 

Initial attempts to plot the data according to a rate equation 
of nth-order proved unsuccessful. Although the data at 36OoC fit 
a first-order model quite well the data at the higher temperatures 
would not yield straight lines for any simple rate expression. The 
fact that a constant value could not be obtained for the rate con- 
stant suggested that the rate constant might be a function of some 
other variable such as the fractional conversion of the sulfur com- 
pounds to hydrogen sulfide and desulfurized products. This would 
seem feasible since several sulfur reactions are occurring simul- 
taneously (1) with different rate constants and activation energies 
for each reaction. The idea of the reaction rate varying as a 
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f u n c t i o n  of c o n v e r s i o n  is n o t  a new one and h a s  found a p p l i c a t i o n  
i n  s e v e r a l  a r e a s .  H i l l ,  e t  a l .  ( 2 )  developed a model which success- 
f u l l y  descr ibed.  t h e  ra te  of d i s s o l u t i o n  of  c o a l  i n  t e t r a l i n  and 
L e s s l e y ,  e t  a l .  ( 3 )  developed  a s imilar  model for  t h e  t h e r m a l  c rack-  
i n g  o f  s h a l e  g a s  o i l  under  a hydrogen atmosphere.  Other  a p p l i c a -  
t i o n s  a r e  d e s c r i b e d  by Fabuss ,  e t  al. (15)  t o  t h e  thermal  decomposi- 
t i o n  r a t e s  of  s a t u r s t e d  c y c l i c  hydrocarbons and Buekens, e t  a l .  ( 1 6 )  
to the  thermal  c r a c k i n g  of propane.  

The model of H i l l ,  e t  a l .  ( 2 )  proved s u c c e s s f u l  i n  r e p r e s e n t -  
i n g  t h e  d a t a  t a k e n  i n  t h i s  s t u d y  and i s  developed  below. 

Rearranging t h e  r a t e  e x p r e s s i o n  f o r  a s i m p l e  f i r s t - o r d e r  irre- 
v e r s i b l e  r e a c t i o n  y i e l d s  t h e  e q u a t i o n  

For each  t e m p e r a t u r e  l e v e l  t h e  v a l u e  o f  d x / d t  was e v a l u a t e d  a t  
s e v e r a l  d i f f e r e n t  t i m e s  by u s i n g  t h e  method of  "Equal A r e a  G r a p h i c a l  
D i f f e r e n t i a t i o n "  a s  d e s c r i b e d  b y . F o g l e r  (17). A p l o t  of ( d x / d t ) / ( l - x )  
v s .  x w a s  t h e n  made ( s e e  F i g u r e  3 ) ,  and t h e  d a t a  e x h i b i t e d  a l i n e a r  
r e l a t i o n s h i p .  The b e s t  f i t  s t r a i g h t  l i n e  through each d a t a  set w a s  
determined by a l ea s t  s q u a r e s  f i t .  

The l i n e a r  change  o f  t h e  r a t e  c o n s t a n t ,  k, w i t h  x ,  t h e  f r a c t i o n  
c o n v e r t e d  c a n  be e x p r e s s e d  as  

k = C1-C2x 

c2 k = C1 (1 - - X) 

I f  C1 = ko and  C2/C1 = a 

t h e n  k = ko (1-ax) (1) 

The v a l u e s  of k, and a were found by r e a r r a n g i n g  t h e  c o e f f i c i e n t s  

S u b s t i t u t i n g  e q u a t i o n  (1) i n t o  t h e  f i r s t - o r d e r  r a t e  e x p r e s s i o n  

of  the  b e s t  f i t  s t r a i g h t  l i n e  t o  t h e  form o f  e q u a t i o n  (I). 

g i v e s :  

= k (1-ax) (1-x) d t  o 
where ko is a pseudo second-order  rate c o n s t a n t .  

S e p a r a t i n g  t h e  v a r i a b l e s  and i n t e g r a t i n g  g i v e s :  

= kodt  and d x  
(1-ax) (1-x) 

1-x I n  = (kat + C) (a-1) 
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Using the boundary condition: t = 0, x = 0, the value of C is found 
to equal 0. Therefore, the final equation becomes 

In(-) = k t(a-1) 
1-ax 0 

The values of ko and a for this equation are listed in Table 3 
as a function of temperature. 

Arrhenius Activation Energy 

Based on the values of ko given in Table 3 a plot of In ko vs. 
1/T was made to determine the Arrhenius energy of activation. This 
plot is shown in Figure 4. The linear relationship indicates that 
the desulfurization reactions follow a true Arrhenius temperature 
dependence at low conversions. The value of the activation energy 
obtained from this graph is 33.04 Kcal/mol. This value is within the 
range of reported values for hydrodesulfurization reactions (1). 

Reproducibility 

Runs 15, 16, and 17 were carried out under the same set of con- 
ditions to serve as a check on the reproducibility of the data. The 
conditions chosen were a temperature of 36OoC and a reaction time of 
1/2 hour. This set of conditions represents an extreme that should 
give the maximum variance in the results. At the other extreme the 
large reaction time would tend to minimize the effect of the tem- 
perature drop after injecting the slurry. The percentage of desul- 
furization for these three runs are shown in Table 4 along with the 
mean and standard deviation. 

Sulfur Balances 

A sulfur balance was completed for each run based on the weights 
and sulfur contents of the reactants and products. In no-case was 
the weight of the sulfur in the products more than 0.4 grams less 
than the weight of the sulfur in the reactants. It is quite probable 
that these sulfur losses can be attributed to the volatilization of 
sulfur-containing compounds during the vacuum distillation. The 
results of the sulfur balances, expressed as percent recovery are 
shown in Table 5. 

Conclusions 

The following conclusions can be made from this study. 
(1) The percent desulfurization of coal is a function of both 

time and temperature. Increasing either of these variables within 
the range of conditions for this study will cause the conversion to 
increase. 

version as well as temperature. The relationship between these 
variables can be adequately described by an equation of the form 

( 2 )  The reaction rate constant appears to be a variable of con- 

k = ko(l-ax) 
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where ko and  a are c o n s t a n t s .  

is  t h e n  g i v e n  by  
The g e n e r a l  e x p r e s s i o n  showing c o n v e r s i o n  as a f u n c t i o n  of t i m e  

In(%) = k t ( a -1 ) .  

This  e x p r e s s i o n  r e p r e s e n t s  the k i n e t i c  d a t a  t a k e n  i n  t h i s  s t u d y  

( 3 )  A t  low v a l u e s  o f  convers ion  t h e  r e a c t i o n  r a t e  c o n s t a n t  

1-ax 0 

q u i t e  w e l l .  

shows a t r u e  A r r h e n i u s  t e m p e r a t u r e  dependence. The v a l u e  o f  t h e  
a c t i v a t i o n  energy  a s  c a l c u l a t e d  from t h e  Arrhenius  p l o t  i s  3 3 . 0 4  
Kcal/mole. 

( 4 )  The d e s u l f u r i z a t i o n  of  c o a l  i s  a f f e c t e d  t o  a l a r g e  e x t e n t  
by t h e  n a t u r e  o f  t h e  coal .  Even c o a l  t a k e n  from t h e  same sample 
w i l l  g i v e  l a r g e  v a r i a t i o n s  i n  t h e  p e r c e n t  o f  d e s u l f u r i z a t i o n  i f  it 
is n o t  c a r e f u l l y  mixed. 
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E 
fahle 1 

Pruximatc, and Ultimrcc nnelysos  of Ccal  Used 

Coal8 F i c s  Mine 
Sourccr Kentucky 
Rank, B i t u i i n o u s  

( A I  Runr 1-11 

Froxlmate 
Analys is  

8 Moisture 
8 Ash 
8 Volatlle 
8 Fixed Carbon 

Ul t imate  
Analys is  
8 Carbon 
8 Bydroqen 
8 Nit rogen  
8 Supfur 
8 Oxygen 
8 Ash 

( 8 )  Runs 12-14 

Ul t imate  
Analys is  
8 Carbon 
8 Hydrogen 
8 Nitroqen 
8 S u l f u r  
8 Oxygen 
8 Ask 

IC) R ~ n s  15-17 
Ul t imate  
Analys is  
8 Carbon 
8 Hydrogen 
8 Nitroqcn 

SUlfW 
8 Oxygen 
8 ..sh 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

i a  
13 

14 

1s 

16 

11 

AS 
Recelved 

6.00 
16.20 
32.80 
45.00 

100.00 

62.90 
4.60 
1.10 
2.86 

11.34 
17.20 

hoo.oo 

64.50 
4.41 
1.33 
3.40 
9.56 

16.80 
100.00 
- 

61.00 
3.88 
1.34 
3.66 

11.60 
18.50 
99.98 
- 

Table. 2 
RlYl Condi t ions  

Resctlon 
Temperature ( O C )  

420 

420 

420 

360 

190 

160 

390 

360 

39 0 

390 

420 

160 

390 

420 

160 

160 

Dry 
Basis - 

17.20 
34.90 
47.90 

100.00 
- 

66.90 
4.89 
1.17 
3.04 
6.80 

100.00 

17.20 

65.70 
4.49 
1.35 
3.46 
7.90 

17.10 
100.00 
- 

63.50 
4.04 
1.39 
3.81 
7.96 

19.10 
100.00 
- 

R e x  t ion 
Time (minl 

120 

30 

60 

60 

240 

iao 
30 

240 

30 

60 

240 

i a o  
60 

120 

30 

30 

160 IO 
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Table 3 
Values for the Parameters Lo and a 

- k0 - Temperature (OCI 

360 0.03544 -1.165 

390 0.1166 3.373 

u o  0.3454 2.787 

TaDle 4 
Prproduclbility Results 

Percent 
Run Number Desulfurization 

15 19.42 

16 21.26 

17 20.21 

Mean 10.30 

Standard Deviation 0.92 

rem 

1 
1 
3 
4 
S 
6 
7 
8 
9 
10 
11 
12 
13 
14 
1s 
16 
17 

"- 

Tahle 5 
Sulfur Balance Results 

Percent 

91 
91 
95 
97 
91 
97 
93 
Y7 
99 
93 
79 
83 
83 
17 
9s 
93 
91 
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CCAGULATIOX AND FILTRATION OF sonns FROV 

LIQUEFIED COAL OF SYNTBOIL FROCFSS 

John 0. H. Newman! Sayeed Akhtar?.3 and Paul  N. Yavorsky2 

Fnergy Research and Development Adminis t ra t ion,  P i t t s b u r g h  
Energy Research Center ,  4800 Forbes Ave., P i t t s b u r g h ,  Pa. 15213 

In t roduct ion  

The idea  of improving t h e  s e p a r a t i o n  o f  s o l i d s  from coal  l i q u e f a c t i o n  product  
by d i l u t i o n  with a so lvent  o r  coagula t ion  wi th  a n  a n t i s o l v e n t  is n o t  new. 
l i t e r a t u r e  on t h e  subjec t  i s  reviewed i n  a r e c e n t  r e p o r t  (w. 
1970 suggested us ing  a so lvent  such a s  ace tone ,  o r  a romat ic  o r  a l i p h a t i c  hydro- 
carbons (2) .  An earlier pa ten t  sugpested adding a p a r a f f i n i c  l i q u i d  ( a n t i -  
so lvent )  t o  p r e c i p i t a t e  benzene i n s o l u b l e s  and a s p h a l t e n e s  ( 3 ) .  A 1972 p a t e n t  
descr ibed  t h e  aeglomerat ion of s o l i d s  by r e c y c l i n g  a f r a c t i o n  of t h e  c o a l  l ique-  
f a c t i o n  product ( 4 ) .  A 1974 p a t e n t ,  ass igned  t o  The Iummus Corrpany, emphasized 
t h e  use of an a n t i s o l v e n t  wi th  p a r a f f i n i c  c h a r a c t e r i s t i c s  (5). Addi t iona l  
i n f o r r a t i o n  on t h e  agglomeration and s e p a r a t i o n  of  s o l i d s  by t h e  Lunimus process  
w a s  presented i n  1975 ( 6 ) .  Separa t ion  of  t h e  agglonerated s o l i d s  i s  conducted by 
g r a v i t y  s e t t l i n g .  Deasphalting of  c o a l  extract w i t h  s a t u r a t e d  hydrocarbons i s  
descr ibed i n  ( 7 ) .  

The purpose of t h e  present  i n v e s t i g a t i o n  w a s  t o  coagula te  the  s o l i d s  i n  l i q u e -  
f i e d  coa l  from t h e  SYNTHOIL process  w i t h  a process-peneratee a n t i s o l v e n t  and 
t o  remove t h e  agplomerated s o l i d s  by f i l t r a t i o n  r a t h e r  than  s e t t l i n p .  In  t h e  
SYNTEOIL process  f o r  convert inp c o a l  t o  a nonpol lu t ing  u t i l i t y  f u e l  o i l ,  coa l  i s  
l i q u e f i e d  and hydrodesulfur ized c a t a l y t i c a l l y  by r e a c t i o n  wi th  hydropen i n  a 
turbulent-f low,  packed-bed r e a c t o r  ( 8 ) .  The g r o s s  l i q u i d  product  is then c e n t r i -  
fuped, o r  f i l t e r e d ,  t o  remove t h e  minor amounts of r e s i d u a l  upreacted c o a l  and 
minera l  mat ter .  I f  a vethod f o r  agglomerat ine t h e  f i n e l y  divided s o l i d s  i n  t h e  
g r o s s  l i q u i d  product  could be developed, t h e  subsequent  s e p a r a t i o n  of s o l i d s  w i l l  
b e  e a s i e r  and more complete. Such a rrethod and t h e  experirrental  d a t a  i n  suppor t  
of i t  a r e  descr ibed  below. It is not  y e t  p o s s i b l e  t o  c o m e n t  on t h e  econorrics 
of  t h e  method. 

The 
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s h i r e ,  England. The work descr ibed  i n  t h i s  p u b l i c a t i o n  was done a t  t h e  P i t t s -  
burgh Energy Research Center dur ing  t h e  t e n u r e  of a 1-year fe l lowship  i n  1975- 
76. (See acknowledpents . )  

Energy Fesearch and Development A+miPis t ra t ion ,  P i t t s b u r p h  Energy Research 
Center, 4800 Forbes Avenue, P i t t s b u r p h ,  Pa. 15213. 

'IO whom a l l  communications concerning t h i s  p u b l i c a t i o n  a r e  t o  he addressed.  

The numbers i n  parentheses  r e f e r  t o  t h e  numbered r e f e r e n c e s  a t  t h e  end of t h e  
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Method 

The method f o r  agglomerat ing and s e p a r a t i n g  t h e  s o l i d s  present  i n  t h e  g r o s s  
l i q u i d  product  c o n s i s t s  of  t h e  fo l lowing  s t e p s :  

Prepare  a b lend  of t h e  g r o s s  l i q u i d  product  w i t h  an a c c u m l a t i o n  of  
l i g h t  o i l  der ived  from t h e  SYNTHOIL process  ( 9 ) .  The blend may con- 
t a i n  40 t o  50 weight p e r  c e n t  o f  t h e  g r o s s  l i q u i d  product .  

Hold t h e  b lend  a t  105" - 115OC f o r  10 minutes  i n  a v e s s e l  f i t t e d  
w i t h  a r e f l u x  condenser. 

(1) 

(2) 

( 3 )  F i l t e r .  

( 4 )  Wash t h e  f i l t e r  cake wi th  t h e  same l i g h t  o i l  as  used f o r  prepar ing  
t h e  blend.  

(5) Recover l i g h t  o i l  from t h e  f i l t r a t e  by d i s t i l l a t i o n .  

I n  the  experiments descr ibed  below, product  o i l s  conta in ing  less than 0.1 p e r  
c e n t  ash were obta ined  by t h e  method and t h e  r e s i d u a l  o i l  i n  the  s o l i d s  appeared 
t o  be n e g l i g i b l e .  

M a t e r i a l s  and Experimental Procedure 

Analyses of  t h e  g r o s s  l i q u i d  product  and t h e  l i g h t  o i l  used i n  t h i s  work a r e  
given i n  t a b l e s  1 and 2 ,  r e s p e c t i v e l y .  Although n o t  ev ident  from the a n a l y s i s ,  
t h e  l i g h t  o i l  had a n  ammonia odor. 
l i q u i d  product  and t h e  l i g h t  o i l  were prepared  by t h e  fol lowing techniques:  

Using a Waring b lender ,  mixtures  of t h e  gross  

The components were blended f o r  5 minutes  dur ing  which time t h e  
f r i c t i o n a l  h e a t  r a i s e d  t h e  temperature  o f  t h e  mixture  t o  60'C. 

The components were blended f o r  1 5  rr inutes  dur ing  which time t h e  
mixture  b o i l e d  due t o  t h e  f r i c t i o n a l  h e a t .  

A r i x t u r e  of 80 p a r t s  by weight o f  t h e  g r o s s  l i q u i d  product  and 20 
p a r t s  by weight  of  t h e  l i g h t  o i l  w a s  blended f o r  5 minutes  and then  
d i l u t e d  t o  mixtures  conta in ing  10 t o  50 p e r  cent  by weight of g r o s s  
l i q u i d  product  by shaking w i t h  c a l c u l a t e d  q u a n t i t i e s  of t h e  l i g h t  
o i l .  

The d i l u t e d  mixtures  prepared i n  3 were re f luxed  f o r  10 minutes ,  
a t  105' - 115OC. 

The mixtures  prepared i n  1 t o  4 were cooled t o  room temperature  f o r  f i l t r a t i o n  
tests and v i s c o s i t y  and d e n s i t y  de te rmina t ions .  
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The f i l t r a t i o n  equipment, shown i n  f i g u r e  1, c o n s i s t e d  of an 8 inch  l e n p t h  of 
1-318 inch I D  s t e e l  p ipe  f i t t e d  wi th  a screwed top gas  and thermocouple adapter  
and a bottom f i l t e r  assembly. The l a t t e r  comprised a paper  d i s c  clamped between 
a 1.3 inch I D  Teflon r i n g  and a d i s c  of  62 x 62 p e r  inch  square  weave pauze on a 
per fora ted  b r a s s  d i s c .  
top assembly was only  hand-t ightened,  enabl ing  i t  t o  h e  r a p i d l y  opened, r e f i l l e d ,  
and screwed t i g h t .  The f i l t e r  was clamped above a beaker  mounted on a t r i p l e  
beam s c a l e .  For f i l t r a t i o n  r a t e  de te rmina t ions ,  mix tures  were poured i n t o  the 
tube ,  the  top  assembly f i t t e d ,  a cons tan t  n i t r o g e n  p r e s s u r e  of 25 p s i g  a p p l i e d ,  
and t h e  t i m e  i n t e r v a l s  f o r  c o l l e c t i n g  known q u a n t i t i e s  of t h e  f i l t r a t e  no ted .  
With d i l u t e  mixtures ,  i t  was necessary t o  build-up f i l t e r  cake t o  reduce t h e  f i l -  
t r a t i o n  r a t e  before  rate measurements could be  aade .  S p e c i f i c  r e s i s t a n c e s  of 
f i l t e r  cakes were c a l c u l a t e d  by t h e  method descr ibed  by WcCabe and Smith (10). 

The v i s c o s i t i e s  of t h e  mixtures  and f i l t r a t e s  were rreasured on 8 nl samples with 
a Brookfield Synchro-Lectric model LVT viscometer  i n  a Thermosel cons tan t  tempera- 
t u r e  uni t .  The s p i n d l e  model w a s  SC4 -18. The measurements were conducted a t  
room temperature and a t  a h igh  s h e a r  r a t e  o f  79.2 sec-' a t  60 rpm. P s e r i e s  o f  
v i s c o s i t y  de te rmina t ions  on t h e  gross  l i q u i d  product  over  a range of shear  ra tes  
a t  t h r e e  d i f f e r e n t  temperatures  had shown t h a t  t h e  apparent  v i s c o s i t y  is very 
s e n s i t i v e  t o  shear  r a t e  a t  low v a l u e s  of t h e  l a t t e r  ( f i g u r e  2 ) .  

The f i l t e r  assembly was t i g h t e n e d  wi th  a wrench b u t  t h e  

Resul t s  

The f i l t r a t i o n  r a t e s  are given as p l o t s  of  r e c i p r o c a l  f i l t r a t i o n  r a t e ,  At/Av, 
aga ins t  average f i l t r a t e  volume, C, i n  f i g u r e s  3, 4 ,  and 5. S p e c i f i c  cake r e s i s -  
t ances  c a l c u l a t e d  from t h e  s l o p e s  of  t h e  graphs i n  f i g u r e  5 a r e  piven i n  t a b l e  3. 
The f i l t r a t e s  ob ta ined  from t h e  e x p e r t r e n t s  shown i n  f i g u r e  5 were analyzed f o r  
ash,  organic  benzene i n s o l u b l e s ,  asphal tene ,  and pentane-soluble  o i l  and t h e  con- 
c e n t r a t i o n s  of t h e s e  components i n  l i g h t  o i l - f r e e  SYMTPOIL product  were calcu- 
l a t e d  by al lowing f o r  t h e  known q u a n t i t y  of  l i g h t  o i l  i n  t h e  f i l t r a t e .  
c a l c u l a t e d  a n a l y s i s  of t h e  recovered SYNTFOIL product  i s  piven i n  t a b l e  4 .  The 
v i s c o s i t i e s  of mixtures  of  gross  l i q u i d  product  and l i g h t  o i l ,  re f luxed  f o r  10 
minutes, and of t h e  f i l t r a t e s  ob ta ined  from them a r e  given i n  t a b l e  5 and p l o t t e d  
logar i thmica l ly  a g a i n s t  l o g  l i g h t  o i l  f r a c t i o n  i n  f i g u r e  6. 

The 

Discussion 

General ly ,  the  r e s u l t s  suggest  t h a t  t h e  p r o s s  l i q u i d  product  c o n t a i n s  f i n e  s o l i d s  
t h a t  block the  c a p i l l a r i e s  of f i l t e r  cakes and prevent  r a p i d  f i l t r a t i o n .  The 
s o l i d s  a r e  agglomerated by thermal  t rea tment  wi th  l i g h t  o i l  and cool ing  t o  room 
temperature .  Figh concent ra t ions  of  l i g h t  o i l  g i v e  very open f i l t e r  cakes capa- 
b l e  of extremely rap id  f i l t r a t i o n  r a t e s .  Addit ion of  l i g h t  o i l  a l s o  reduces t h e  
v i s c o s i t i e s  of  t h e  gross  l i q u i d  products  and f i l t r a t e s .  

Figure 3 shows t h a t  a 50 p e r  cent  mixture  o f  gross  l i q u i d  product  i n  l i p h t  o i l  
prepared without  s u f f i c i e n t  h e a t i n g  w a s  slow t o  f i l t e r .  
f i l t r a t i o n  r a t e  w a s  ob ta ined  by r e f l u x i n g  t h e  s l u r r y  f o r  1 0  rr inutes ,  where a spe-  
c i f i c  cake r e s i s t a n c e  of 3 x 10l1 f t / l b  (2 t e c h n i c a l  u n i t s )  was found. 

A marked improvement i n  

F igure  
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4 shows similar e f f e c t s  w i t h  a 20 p e r  cent  mixture  of  g r o s s  l i q u i d  product  i n  
l i g h t  o i l .  Elending f o r  5 minutes  gave a cake r e s i s t a n c e  l i t t l e  d i f f e r e n t  from 
t h a t  of t h e  shaken mixture .  Blending f o r  1 5  rr inutes  showed a marked improvement 
but  n o t  a s  g r e a t  as  t h a t  ob ta ined  by r e f l u x i n p  t h e  mixture  f o r  10 rr inutes ,  where 
a s p e c i f i c  cake r e s i s t a n c e  of 0 . 1  x 1 0 l 1  f t / l b  (0.06 t e c h n i c a l  u n i t s )  was a t t a i n e d .  

Comparison of  t h e  r e c i p r o c a l  f i l t r a t i o n  r a t e s  of 50  p e r  cent  t o  20 p e r  c e n t  mix- 
t u r e s  of gross  l i q u i d  product  i n  l i g h t  o i l ,  a s  s e e n  i n  f i g u r e  5 ,  h i g h l i g h t s  t h e  
marked dependence o f  t h e  f i l t r a t i o n  rate of r e f l u x e d  mixtures  on concent ra t ion .  
The f i l t r a t i o n  rate of t h e  10 p e r  c e n t  mixture  was too r a p i d  t o  measure and t h a t  
of t h e  60 per  cent  mixtures  was  very slow. The s p e c i f i c  cake r e s i s t a n c e s  found 
i n  t h e s e  tes ts  and g iven  i n  t a b l e  3 tend  t o  a lower l i m i t  of  0 .1  x lo1] f t / l b  
(0.06 t e c h n i c a l  u n i t s )  a t  30 p e r  c e n t  gross  l i q u i d  product  and l e s s .  The curva- 
t u r e  of  t h e  p l o t s  f o r  t h e  SO p e r  c e n t  and 40 p e r  c e n t  g r o s s  l i q u i d  product  con- 
c e n t r a t i o n s  shows t h a t ,  i n s p i t e  of agglomerat ion by thermal  t rea tment ,  c a p i l l a r y  
blockage did occur. Once c a p i l l a r i e s  blocked, they  could not  be  opened by washing. 

The r e s u l t s  i n  t a b l e  4 show t h a t  t h e  concent ra t ion  of  o r g a n i c  benzene i n s o l u b l e s  
i n  t h e  recovered SYNTHOIL product  i s  a l s o  markedly reduced by thermal  t r e a t r e n t  
wi th  l i g h t  o i l  followed b y  f i l t r a t i o n .  The odd hreakpoin t  i n  t h e  p l o t s  of l o g  
v i s c o s i t y  v e r s u s  log concent ra t ion  of  gross  l i q u i d  product  i n  r r ix tures  shown 
i n  f i g u r e  6 could  be  due t o  p r e c i p i t a t i o n  of  t h e  organic  benzene i n s o l u b l e s  and 
l a r g e r  asphal tene  molecules  (macromolecules) normally s o l u b l e  i n  t h e  products  of 
c o a l  l i q u e f a c t i o n .  
l i q u i d  product concent ra t ion  where t h e r e  is a sharp  decrease  i n  o r g a n i c  benzene 
i n s o l u b l e s  i n  t h e  recovered  SYNTHOIL product .  

It should be noted  t h a t  no  s o l i d  f i l t e r - a i d s  were added i n  these  tests,  t h e  
agglomerated s o l i d s  a c t i n g  a s  t h e i r  own f i l t e r  medium. 
graphs in  p l a t e s  1 and 2 ,  t h e  agglomerates appear  t o  be chain- l ike.  Nany f i n e  
p a r t i c l e s  are a l s o  c l e a r l y  v i s i b l e .  

The agglomerat ing a c t i o n ,  o r  t h e  a n t i s o l v e n t  c h a r a c t e r i s t i c s ,  of  t h e  l i g h t  o i l  
may be due t o  t h e  s a t u r a t e s  i n  i t .  
l y s i s  of t h e  l i g h t  o i l  showed i t  conta ined  4 4  p e r  c e n t  of  C5 t o  C16 s a t u r a t e s .  

The breakpoin t  occurs  a t  about 30 p e r  c e n t  t o  40 p e r  c e n t  gross  

From t h e  e l e c t r o n  micro- 

As given i n  t a b l e  2 ,  rrass spec t romet r ic  ana- 

Conclusions 

The f i n e l y  d iv ided  s o l i d s  i n  t h e  gross  l i q u i d  product  from t h e  SYNTHOIL 
process  are coagula ted  by h e a t i n g  a mixture  of  t h e  g r o s s  l i q u i d  product  and 
a process-derived l i g h t  o i l  a t  105' - 115OC f o r  10 p i n u t e s .  

The coagulated s o l i d s  a r e  amenable t o  r a p i d  s e p a r a t i o n  by f i l t r a t i o n  a f t e r  
t h e  mixture  is cooled .  

The concent ra t ion  of ash  i n  t h e  product  o i l  i s  not  s e n s i t i v e  t o  t h e  con- 
c e n t r a t i o n  of t h e  p r o s s  l i q u i d  product  i n  t h e  F i x t u r e  ( s e e  t a b l e  4 ) .  

The f i l t r a t i o n  r a t e  o f  a mixture  i s  s e n s i t i v e  t o  t h e  concent ra t ion  of t h e  
gross  l i q u i d  product  i n  i t  ( see  t a b l e  3 ) .  The f i l t r a t i o n  r a t e  o f  a r r ixture  
conta in ing  60 p e r  cent g r o s s  l i q u i d  product  w a s  t o o  slow f o r  p r a c t i c a l  pur- 
poses. 
qua te  r a t e  of f i l t r a t i o n .  

The mixture  must conta in  a minimum of 50 p e r  c e n t  l i p h t  o i l  f o r  ade- 

1 1 2  
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I Table 1 

Solvent Analysis of the Gross Liquid Product 

Weipht p e r  cent a 
8 

Organic benzene inso lub les  8 . 1  

Asp ha1 t ene’ 26 .3  

0112 61.0 

Ash 4.6 a 
m Asphaltene is so lub le  i n  benzene but insoluble i n  pentane. 

U 

I 

I 
II 

1 
I 
I 
I 

O i l  i s  s o l u b l e  both i n  benzene and pentane. 
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Table 2 

Analysis  of Light  O i l  

ASTK d i s t i l l a t i o n  D-158 

Volume p e r  c e n t  Temperature, 
d i s t i l l e d  O C  

60 ____________ 169.0 
70 __-________- 179.5 
80 ------____-- 193.0 
go  ------------ 213 .0  

229.0 95 ------____-- 
End p o i n t  ------ 232.0 

Recovery: 96 p e r  cent  
Residue: 3 p e r  cent  
Loss : 1 p e r  cent  

Mass spec t romet r ic  a n a l y s i s  

Coqonent  Weight p e r  c e n t  

44.0 
2 1 . 3  

0.2 
7.9 

7 . 1  
0.5 
4.5 
1 . 6  

12 .7  
- 

Tota l :  99.8 
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Table 3 

S p e c i f i c  Res i s tances  of F i l t er  Cakes from Hixtures o f  Gross 
Liquid Products and Light O i l  Refluxed f o r  10 Vinutes 

I 
I 

Gross l i q u i d  product i n  
mixture, weight per  cent  

10 

20 

30 

40 

5 0  

60 

S p e c i f i c  cake r e s i s t a n c e  
f t / l b  x 10" Technical u n i t s  

- I /  - I /  

0.1 0.06 

0.1 0.07 

0.5 0.3 

3.2 2.0 

- 2 /  - 2/  

'/ F i l t r a t i o n  r a t e  was t o o  rapid f o r  r a t e  measurement. 

2/ F i l t r a t i o n  r a t e  was t o o  slow f o r  ra te  measurement. 

- 

- 

1 
I 
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Table 4 

Analysis o f  Light Oil-Free SYNTHOIL Product Recovered 
from F i l t r a t e  

(Calculated from ana lyses  of  t h e  f i l t r a t e s  and 
the known q u a n t i t i e s  of l i g h t  o i l  i n  them). 

*Gross l i q u i d  product i n  Analysis  o f  Recovered Syntho i l  Product 
mixture, weight per cent  Ash Organic Benzene Asphaltene Oil 

inso lub les  

10 0 . 0 3  0.2 27.0 72.8 

20 c0.02 0 . 4  24.3 75.3 

30 0.04 0.4 26.8 72.8 

40 0.05 1 . 4  29.5 69 .1  

50 0.01 2.5 3 1 . 3  66.2 

* The mixtures were re f luxed  f o r  10 minutes. 
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Table 5 

V i scos i ty  o f  Mixtures and F i l t r a t e s  
(Mixtures re f luxed  f o r  10 minutes) 

Gross l i q u i d  product V i s c o s i t y  o f  V i scos i ty  of 
in  mixtures, weight per cent  mixture, cp f i l t r a t e ,  c p  

0 (neat  l i g h t  o i l )  - 
10 2 . 5  

20 3 . 4  

30  4 . 6  

40 8 .6  

50 2 7  

60  129 

70 800 

80 4,090 

* N .  D. = Not determined 

1 . 6  

1 . 8  

2 . 2  

3 . 0  

5 . 1  

13 

6 5  

N .  D.* 

N. D." 
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‘/e in od sheathed thermocouple 

Tubing connector 

‘/s x 1/2 in pipe bushing 

‘/4 in tubing connector 

‘/2 x 114 in pipe reducer 

600rnl beaker 

I ‘/4 in pipe cap (Brass) 

Teflon seal I/ein th’k 
62 mesh %steel gauze 

/,\ \ 

Figure I .- Apporotus to measure filtration rates. 
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SPINDLE REVOLUTIONS PER MINUTE 
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SHORT CONTACT TIME COAL LIQWFACTION 
1. Techniques & Product Dis t r ibu t ions*  

D. D. Whitehurst &E. 0. Mitchel l  

Mobil Research and Development Corporation 
Princeton, N e w  J e r s e y  

INTRODUCTION 

I n  our inves t iga t ion  of t h e  na ture  and o r i g i n  of asphal tenes  i n  pro- 
cessed coa ls  w e  have concentrated on t h e  chemistry and k i n e t i c s  of  
r e a c t i o n s  accompanying t h e  d isso lu t ion  of coals .  These i n v e s t i g a t i o n s  
have been f a c i l i t a t e d  by t h e  development of two new techniques f o r  
the  s tudy of c o a l  l iquefac t ion  r e a c t i o n s  and t h e i r  products.  F i r s t ,  
we have designed and operated a 300-1 batch autoclave system capable  
of such rap id  i n j e c t i o n ,  sampling, and quenching, t h a t  c o n t a c t  t imes  
a s  s h o r t  a s  15 seconds can be achieved. Second, we have developed a 
rap id  b u t  d e t a i l e d  high pressure  l i q u i d  chromatographic procedure f o r  
c l a s s i f y i n g  c o a l  l i q u i d  products i n t o  t e n  f r a c t i o n s  of known chemical 
func t iona l i ty .  

I n  t h i s  repor t  we w i l l  descr ibe t h e  design and operat ion of t h e  s h o r t  
contac t  time reac tor  and show its c a p a b i l i t i e s , a n d  t h e  types  of infor- 
mation we have obtained,by giving t h e  d e t a i l s  of s e v e r a l  runs.  W e  
w i l l  then present  some of our e a r l y  key f ind ings  on t h e  chemistry and 
k i n e t i c s  of t h e  solvent-refined c o a l  process.  The development and use 
of t h e  f r a c t i o n a t i o n  procedure w i l l  be presented elsewhere 

The type of coa l  l iquefac t ion  method being s tudied  is  exemplified by 
t h e  solvent-refined coa l  process i n  which a s l u r r y  of c o a l  i n  a sol-  
vent  derived from t h e  coa l  i n  t h e  process  i s  passed through a r e a c t o r  
i n  which it i s  heated i n  t h e  presence of H2 under condi t ions  s u f f i c i e n t  
t o  l iquefy  the  coal  and p a r t i a l l y  desu l fur ize  t h e  products .  
acted residue i s  removed and the  remainder d i s t i l l e d  t o  produce a 
v a r i e t y  of products,  including t h e  so lvent  which i s  recycled.  

Coal Conversions: Techniques 

(1). 

The unre- 

Coal Preparat ions - Coals obtained f o r  study i n  t h i s  p r o j e c t  have 
been s tored  i n  wet lump form i n  an i n e r t  atmosphere. A l l  c o a l  prepa- 
r a t i o n s  were conducted under a subcontract  with t h e  Department of A e r o -  
space and Mechanical Sciences,  Pr inceton Universi ty ,  p r o j e c t  t i t l e d  
"Mechanisms of Coal Dissolut ion and Asphaltene Formation, " M. Summer- 
f i e l d ,  p r i n c i p a l  inves t iga tor .  P r i o r  t o  gr inding each sample was placed 
i n  an Oven a t  125OC f o r  1 hour i n  a C 0 2  atmosphere and allowed to  c o o l  
as the  oven cooled. Fragments over 0.5 cm diameter ( f o r  which it was 
assumed no p r i o r  oxidat ion had occurred) were t r a n s f e r r e d  t o  a w a t e r -  
cooled ro ta ry  c u t t e r  and ground i n  a C 0 2  atmosphere f o r  from 0.25 t o  2 
min. ~ l l  subsequent operat ions ( including screening and s l u r r y  formu- 
l a t i o n )  were performed i n  an i n e r t  atmosphere. 

- * This work was c a r r i e d  out  under a jointly-sponsored c o n t r a c t  
between Mobil Research and Developinent Corporation and t h e  E l e c t r i c  
Power Research I n s t i t u t e ,  Contract  #RP-410-1/2. 
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port ions i n  var ious s i z e  ranges were obtained by pass ing  t h e  c o a l  
through a series of s tandard screens shaken by an e l e c t r i c  screen 
v ibra tor  f o r  3 hours-  Agglomeration was prevented by p lac ing  rub- 
ber  s toppers  on each screen. S i z e  d i s t r i b u t i o n s  were determined 
from the  y i e l d  of c o a l  on each screen. 

The coa ls  used i n  t h e  runs described i n  t h i s  paper were West Ken- 
tucky 9,14 (a high v o l a t i l e  B bituminous coa l )  and Wyodak ( a  sub- 
bituminous c o a l ) .  Proximate and u l t i m a t e  analyses  a r e  given i n  
Table 1. P a r t i c l e s  ranged i n  s i z e  from -1 u m  t o  625 y m  ( t h e  ma- 
j o r i t y  being 45-150 v m ) .  

Conversion Apparatus and Procedure - A schematic diagram of t h e  
high pressure autoclave system i s  given i n  Figure 1. The autoclave 
was a conventional 300-ml s t a i n l e s s  s t e e l  autoclave manufactured by 
Autoclave Engineering, E r i e ,  Pennsylvania (#MAIW-5400) with f i x e d  
head, removdble lower u n i t ,  and magnedrive s t i r r e r :  a l l  e x t e r n a l  
connections were through t h e  head. Connections included 1/4" sample 
i n j e c t i o n  l i n e ,  a 1/8" l i q u i d  sample withdrawal l i n e  f i t t e d  with a 
metal  f i l t e r ,  and a 1/16" s t a i n l e s s  s t e e l  shielded dual thermo- 
couple f o r  reading and c o n t r o l l i n g  temperatures, a l l  below t h e  li- 
quid l e v e l .  A l s o  a t tached were gas i n l e t  and gas sampling l i n e s  
above t h e  l i q u i d  l e v e l .  The stirrer d r i v e  was a Cole Palmer Con- 
s t a n t  Speed and Torque Control u n i t  which allowed recording of 
motor torque during a run. The s t i r r i n g  blade was s p i r a l  shaped and 
a s  l a r g e  as p o s s i b l e  t o  produce m a x i m u m  a g i t a t i o n ;  v i s c o s i t y  was 
monitored by measuring t h e  s t i r r e r  torque.  
i n s i d e  the  v e s s e l  i n  d i r e c t  contac t  with the  conten ts .  W e  have in-  
corporated a cool ing water r e s e r v o i r  pressured t o  200 p s i  with N2 t o  
give a high coolant  flow r a t e .  The i n j e c t i o n  system cons is ted  of a 
b a r r e l  with a f l o a t i n g  p i s t o n  i n s e r t  having "0" r i n g  s e a l s .  

To i n i t i a t e  a run a small  amount of solvent  was pumped up i n t o  t h i s  
b a r r e l  from below, then s l u r r y  was forced i n  from below by means of 
a l a r g e  metal  syr inge,  followed by a l i t t l e  more so lvent  so t h a t  no 
s l u r r y  remained i n  t h e  valve.  With t h i s  sequence so lvent  was in- 
j e c t e d  a f t e r  t h e  s l u r r y  t o  f l u s h  a l l  t h e  c o a l  i n t o  t h e  vesse l .  Above 
t h e  p i s t o n  was a reservoi r  of squalane ( e a s i l y  de tec ted  by  our analy- 
t i c a l  system i n  case leaks  occurred) which was pressured  with N2 j u s t  
before  the  i n j e c t i o n .  A l l  l i n e s  throughout the system were f i t t e d  
with appropriate  vents ,  rupture  d i s c s ,  drop-out p o t s ,  check valves ,  
f i l t e r s ,  p ressure  gauges, e t c .  

I n  a t y p i c a l  run, 60 g solvent  was placed i n  t h e  vesse l ,  t h e  u n i t  was 
sea led ,  f lushed twice with H , pressure- tes ted wi th  H 2  a t  t h e  intended 
r e a c t i o n  pressure ,  and vente2 t o  200 p s i .  Heating with an e l e c t r i c  
h e a t e r  and s t i r r i n g  (1200 rpm) were then i n i t i a t e d .  A s  t h e  des i red  
operat ing temperature was approached ( t y p i c a l l y  a f t e r  about 1 h r .  ) 
t h e  i n j e c t i o n  system was sequent ia l ly  loaded with 1 5  g so lvent ,  40 g 
1:l solvent  c o a l  s l u r r y ,  and 5 g so lvent .  The t i m e  between i n j e c t o r  
loading and i n j e c t i o n  was kept  a s  s h o r t  a s  p o s s i b l e  t o  minimize s l u r r y  
s e t t l i n g .  If t h e  run was t o  be very s h o r t ,  the  H2 p ressure  was in-  
creased so t h a t  t h e  d e s i r e d  pressure was reached a f t e r  i n j e c t i o n ,  other- 
wise it was ad jus ted  a f t e r  i n j e c t i o n .  

When t h e  temperature l i n e d  out 1 0 ° C  above t h e  d e s i r e d  temperature,  a 
so lvent  sample was taken from t h e  vesse l  to e s t a b l i s h  t h e  pre- injec-  
t i o n  solvent  composition. 

A cool ing c o i l  was mounted 

The i n j e c t o r  was pressured t o  -100 p s i  
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above the  ves se l  and the  contents  forced i n t o  the  vesse l  i n  about 
1 sec. The temperature drop under these  condi t ions ,  depending upon 
the  temperature and the  exact  amounts of ma te r i a l  i n  t he  ves se l  and 
in j ec to r ,  was genera l ly  50-115OC. Recovery t o  t h e  des i r ed  tempera- 
t u r e  required about .5-1 min; r eac t ion  time was assumed t o  s t a r t  
when t h e  temperature had recovered t o  10°C below t h e  des i r ed  r e a c t i o n  
temperature. A t y p i c a l  time-temperature p r o f i l e  i s  shown i n  F igure  
2 .  Liquid and gas  samples were occas iona l ly  taken during a run: 
pressure was adjusted i f  s i g n i f i c a n t  drops occurred during sampling. 

T O  end a run,  t h e  hea te r  was removed and simultaneously cool ing  water  
flow was s t a r t e d .  The temperature t y p i c a l l y  dropped about 100°C 
within 10 sec. 
to r a i s e  the  pressure  t o  -1200 p s i .  
duced t o  -10 RPM and the  gas  vented over a per iod  of 5 min. through a 
dry ice t r a p  i n t o  an 18 1 evacuated r e se rvo i r .  
t a ined  water, some solvent ,  and some l i g h t  coa l  products. Water was 
determined volumetr ical ly .  The l i g h t  components w e r e  d i s t i ngu i shed  
from solvent  by gas  chromatography. The gas  r e se rvo i r  pressure  w a s  
noted and a sample taken f o r  mass spectroscopy. 

The autoclave vesse l  was then cooled to  room temperature and opened. 
The conten ts  w e r e  removed and s o l i d s  washed ou t  with pyr id ine ;  s o l i d s  
adhering t o  sur faces  w e r e  loosened with a brush. The mixture of 
s o l i d s  and l i q u i d  was passed through a Soxhlet thimble; the thimble 
contents  w e r e  washed with pyridine which was then condined w i t h  t h e  
l i q u i d  por t ion .  The s o l i d s  w e r e  then  ex t rac ted  wi th  pyr id ine  for 16 
h r s .  and t h a t  pyr id ine  added t o  the  o ther  l i qu ids .  The r e s idue  was 
d r i ed  a t  125°C i n  a vacuum oven and s to red  under Ar u n t i l  f u r t h e r  
charac te r iza t ion  was ca r r i ed  out. 

The pyridine was removed from the  combined l i q u i d s  with a r o t a r y  
evaporator. The r e s u l t i n g  mixture of so lvent ,  SRC, and l i g h t  organic  
coa l  products was subjected t o  a vacuum d i s t i l l a t i o n  a t  1 2  nun p ressure .  
A first c u t  was taken a t  13OOC ( t r u e  b o i l i n g  p o i n t  26OOC). I f  t h e  
solvent  was our synthe t ic  solvent ,  t h i s  was i n  t h e  f i r s t  cu t :  t h e  bo i l -  
ing  poin t  of 2-methylnaphthalene is  240'C. A second cu t  was taken a t  
2OOOC ( t r u e  b o i l i n g  poin t  343OC, 650'F). The res idue  was the  SRC. 
Within each d i s t i l l a t e ,  product was d is t inguished  from so lvent  by g a s  
chromatography. The second cu t  was usua l ly  so small  t h a t  it had t o  be 
removed from the  condenser with THF. 

The i n j e c t o r  system was then f lushed with THF t o  remove unin jec ted  
coa l  which was d r i ed  and weighed t o  complete the  mass balance.  

Temperature and pressure were recorded throughout t h e  autoclave run 
on a s t r i p  cha r t .  

A l l  s l u r r i e s  f o r  conversions were about 1:1 coal- to-solvent  by weight 
and w e r e  made up a t  l e a s t  24 h r s .  i n  advance of a run t o  insure  equi- 
l i b ra t ion .  

We have r ecen t ly  converted t o  a new in j ec t ion  system us ing  t h e  same 
b a r r e l  bu t  no p i s ton .  Ins tead ,  t h e  s l u r r y  was dr iven  d i r e c t l y  i n t o  
the  autoclave with H2 .  I n j ec t ions  w e r e  found t o  be e a s i e r  and more 
complete with t h i s  method. The s l u r r y  was simply poured i n t o  the  in-  
j ec to r ,  a so lvent  l aye r  was added, pressure  was appl ied ,  and the  in-  
j ec t ion  made. Washing was as  descr ibed above. 

The temperature was adjusted t o  125OC and H2 was added 
The s t i r r i n g  speed was then re- 

The t r a p  then con- 
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The products of a run were separated Ly- t h e  work-up i n t o  t h e  follow- 
ing  f r a c t i o n s :  H2S,  H 2 0 ,  CO, C02, CH4, C2-C5 ( f u l l y - i d e n t i f i e d  by 
mass spec) ,  C6-2570F ( t h e  contents  of t h e  t r a p ,  cor rec ted  f o r  H 0 
and s o l v e n t ) ,  257-650°F ( the  overhead from t h e  d i s t i l l a t i o n ,  cor rec ted  
f o r  solvent)  , SRC (pyridine-soluble ,  650°F+), and res idue  (pyridine-  
i n s o l u b l e ) .  Elemental analyses of t h e  SRC and res idue  were determined 
by Galbrai th  Laborator ies ,  Knoxville, Tennessee. 

2 

Synthet ic  Recycle Solvent - I n  t h e  choice of a reac t ion  solvent ,  
t h r e e  f a c t o r s  were considered. F i r s t ,  t h e  coa l  products must be d i s -  
t inguishable  from t h e  solvent .  Second, the solvent  must have, as 
n e a r l y  a s  poss ib le ,  p r o p e r t i e s  s imi la r  t o  t r u e  recyc le  so lvents  i n  
t e r m s  of chemical f u n c t i o n a l i t y ,  H-transfer p r o p e r t i e s ,  and a b i l i t y  t o  
s o l u b i l i z e  products.  Third,  t h e  solvent  m u s t  provide a means by which 
t h e  ex ten t  of H-transfer  and t h e  occurrence of thermal or  catalyzed 
s i d e  r e a c t i o n s  (such a s  cracking and isomerizat ion)  could be evaluated. 

The following s y n t h e t i c  solvent composition w a s  chosen: -2% 4-pico- 
l i n e ;  -17% p c r e s o l ;  -43% t e t r a l i n ;  -38% 2-methylnaphthalene. This  
mixture has t h e y r o p e r  amounts of b a s i c  n i t rogen ,  phenol, and hydro- 
aromatics.  
solvent .  

A paper i s  i n  prepara t ion  descr ibing i n  d e t a i l  t h e  r e a c t i o n s  of t h i s  
so lvent  mixture under c o a l  l iquefac t ion  condi t ions,  with and without 
c o a l  or coa l  products  present .  Much has been learned about t h e  che- 
mis t ry  of t h e  SRC process  from t h i s  system. A brief d iscuss ion  w i l l  
be presented h e r e  t o  expla in  t h e  hydrogen consumption d a t a  given i n  
t h e  next  sect ion.  

By following t h e  so lvent  composition, w e  can measure t h e  thermal back- 
ground r e a c t i o n s  by observing the  isomerizat ion of t e t r a l i n  t o  methyl- 
indane. This is not  a f f e c t e d  by the  presence of coa l .  The hydrogen- 
t r a n s f e r  r a t e s  a r e  a f f e c t e d  by coa l ,  poss ib ly  by c a t a l y s i s  by  c o a l  
minerals.  This  is measured by observing t h e  formation of methyl te t ra-  
l i n  from methylnaphthalene (by t r a n s f e r  from t e t r a l i n  t o  form naph- 
t h a l e n e ) .  Correct ion can be made f o r  t h e  reac t ion  i n  t h e  absence of 
c o a l ,  e i t h e r  by c a l c u l a t i o n s  based on methylindane formation o r  by  com- 
par i son  t o  blank runs with solvent  alone. Hydrogen consumption from 
t h e  solvent  by c o a l  o r  i t s  products i s  determined by  observing t h e  
formation of naphthalene and cor rec t ing  f o r  t h e  hydrogen only t r a n s -  
f e r r e d  t o  make m e t h y l t e t r a l i n ,  and t h e  naphthalene produced through 
thermal reac t ions .  The so1vent :coa l  r a t i o s  a r e  high,  and tempera- 
t u r e s  and H-consumption low. Our r e s u l t s  a r e  t h e r e f o r e  n o t  a f fec ted  
by solvent  hydrogen deple t ion  or  an approach t o  thermodynamic equi l ib-  
r i a .  

Coal Conversions: Product Dis t r ibu t ions  

Three key f a c t o r s  i n  c o a l  l iquefac t ion  processes  f o r  which d a t a  and 
understanding a r e  p a r t i c u l a r l y  important are: 1. the r a t e  of conver- 
s ion  t o  soluble  products  and t h e  maximum y i e l d  obta inable ,  2 .  s u l f u r  
removal, and 3 .  t h e  hydrogen consumption required t o  achieve a high 
y i e l d  of low s u l f u r  product.  [Our r e s u l t s  on t h e  chemical na ture  of 
t h e  S R C ’ s  w i l l  be presented  elsewhere (1) .I 

I n  order  to  der ive  t h e  k i n e t i c s  of t h e  conversion of c o a l  t o  soluble  

I t  is more aromatic and lower b o i l i n g  t h a n  a r e a l  recyc le  

130 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

, 



I' 

I 

II 

I 

I) 

I' 

I 

I 

B 

I, 

I' 

I 

I 

I: 

1' 
I 

I: 

1 

I 

form it i s  necessary t o  develop understanding of r eac t ions  which 
occur very r a p i d l y  during the  i n i t i a l  t ransformations of t h e  coa l .  
Most commercial opera t ions  o r  p i l o t  s tud ie s  now be ing  operated can 
provide da ta  only  of products  t h a t  r e s u l t  from extended r eac t ions  
of coal  and some process  opt imizat ions may not  be observable  under 
these  condi t ions.  It  has  been repor ted  (2)  t h a t  c o a l  can be d is -  
solved r a t h e r  r ap id ly  a t  temperatures 2800OF. The s h o r t e s t  times 
t h a t  were def ined w e r e  2-5 min. I t  was a l s o  noted t h a t  t h e  y i e l d  
of soluble product could ac tua l ly  dec l ine  on extended r eac t ion  a t  
high temperature due t o  char formation. 

The emphasis of t h e  work descr ibed i n  t h i s  r e p o r t  w a s  on developing 
understanding of the chemical na ture  of t he  i n i t i a l l y - s o l u b l e  coa l  
products and mechanisms by which they a r e  formed and in te rconver ted .  
Our i n i t i a l  e f f o r t s  have focused on conversion of c o a l  under mild 
condi t ions (u80OaF), where the  r a t e  of formation of char i s  r a t h e r  
low. This  w i l l  provide the  background information needed t o  s tudy 
coa l  conversion a t  higher  temperatures (charr ing condi t ions)  which 
i s  ona of the  ob jec t ives  of fu tu re  work. 

A series of  conversions of West Kentucky and Wyodak coa l s  was car -  
r i ed  out  a t  800°F, 1000-1300 psig H2 i n  our syn the t i c  solvent .  
balances of t hese  runs a r e  shown i n  Table 2. Product composition 
f o r  these runs i s  summarized below. 

The 

Kentucky Coal 

Run No.  Ext 10.00 9.00 7.00 12.00 
T i m e  (mins.) .oo -50 1.30 40.00 417.00 

SRC Yield 28.00 46.80 76.10 80.11 61.05 
% 0 SRC 9.47 6.68 7.25 5.15 2.93 
% S SRC 2.17 1.51 1.40 1.31 -63 
112 Consp. . 00 -13 .34 .89 1.59 

% Sol.  28.00 50.00 18-20 92-52 96-10 

Wyodak Coal 

Run N o .  E x t  19-00 31.00 
T i m e  (mins. ) 
% Sol .  
SRC Yield 
% 0 SRC 
% S SRC 
H2 COnSp. 

. 00 1.30 137.50 
11.50 45.97 91.52 
11.50 38.53 70.03 
12.20 11.75 5.08 

.70 .53 -37 

.00 .41 2.46 

I t  can be seen from t h e  above da ta  t h a t  conversion of the coa l  t o  
>9Ph soluble  fo rn  occurs very r ap id ly  ( w e  es t imate  -3 min fo r  west 
Kentucky and -20 min f o r  Wyodak). 

I n  order t o  achieve >go"/, s o l u b i l i t y ,  t h e  oxygen content  of t he  West 
Kentucky SRC had only t o  be reduced t o  about 6 w t .  %. The oxygen 
content  sys temat ica l ly  became lower with increas ing  contac t  t i m e  and 
there  appear t o  be two forms of oxygen which a re  k i n e t i c a l l y  d i s t i n c t .  
One form ( 4 0 %  of a l l  the  oxygen) i s  very r ead i ly  l o s t .  The o the r  
form requi res  more vigorous treatment t o  e l imina te  it. This  i s  shown 
i n  Figure 3, where the log of the  % oxygen remaining in  West Kentucky 
coa l  products is plo t ted  aga ins t  time ( t h i s  assumes f i r s t - o r d e r  de- 
pendence) - 
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The organic s u l f u r  con ten t  o f  SRC appears t o  be l i n e a r l y  r e l a t e d  t o  
the  oxygen content  of SRC. This i s  shown-in Figure 4. Again, 40”/, 
of t h e  organic s u l f u r  i s  e a s i l y  removed, b u t  the r e s t  is more d i f f i -  
cu?t .  Thus, merely d i s so lv ing  the  coa l  i s  no t  s u f f i c i e n t  t o  lower 
t h e  s u l f u r  content  t o  acceptable  l e v e l s ,  a t  l e a s t  no t  f o r  West Ken- 
tucky 9.14. 

The ni t rogen con ten t  of a l l  SRC’s w a s  not  s u b s t a n t i a l l y  a f f e c t e d  by 
solvent  r e f in ing  of the coal .  Thus, c a t a l y t i c  processing may b e  
needed t o  lower n i t rogen  content ,  i f  t h i s  i s  required f o r  end use. 

The time-yield behavior f o r  Wyodak and West Kentucky c o a l s  appears 
t o  be d i f f e r e n t .  There may, however, be a common f e a t u r e  i n  t h a t  
t h e  maximum y i e l d  of SRC appears t o  be co-incident with t h e  min i -  
mum t i m e  required f o r  >9C% conversion t o  so lub le  form. This  i s  il- 
l u s t r a t e d  i n  Figures  5 and 6. It  can b e  seen t h a t  t he  y i e l d  of 
SRC from West Kentucky 9,14 coal  con t inua l ly  drops a f t e r  5-10 min. 
of react ion.  This  loss i n  y i e l d  i s  no t  due t o  char  formation, 
however, but  i s  the r e s u l t  of converting SRC t o  so lven t  and l i g h t e r  
products. 

As can be seen i n  Figure 6,  one s i g n i f i c a n t  k i n e t i c  parameter t h a t  
can be used as an a l t e r n a t i v e  t o  time i s  the  percent 0 converted to  
C02 and H20. This parameter is not meaningful when comparing two 
d i f f e r e n t  coals ,  however, a s  t he  amount and chemical type of oxygen 
can vary widely. 

The hydrogen consumption observed f o r  a given c o a l  gene ra l ly  in- 
c r eases  with inc reas ing  degree of s o l u b i l i z a t i o n .  However, t h e  
y i e l d  of SRC vs .  hydrogen consumption goes through a maximum. This 
i s  shown i n  Figure 7. Solvent y i e l d s  become appreciable  only with 
high hydrogen consumption and methane formation appears t o  be a 
major f a c t o r  i n  high hydrogen consumption a t  high conversion l e v e l s .  

Only l i m i t e d  d a t a  a r e  p re sen t ly  ava i l ab le  on the  e f f e c t  of tempera- 
t u r e  on the  r e a c t i o n  k i n e t i c s  o r  s e l e c t i v i t y .  This aspect  of t h e  
work i s  present ly  being pursued. One comparison was made of t h e  con- 
ve r s ion  of W e s t  Kentucky 9,14 coa l  a t  800°F and 850°F a t  30 sec con- 
t a c t  time. The product balances a r e  shown i n  T a b l e  3 .  

I t  can be seen t h a t  even a t  t h i s  short  con tac t  time, major changes 
i n  t he  product are observed on increasing t h e  temperature by N50°F. 
The ove r -a l l  conversion increased by 2@4 and the  y i e l d  of SRC was in- 
creased by about 10%. Increased solvent  range ma te r i a l  y i e l d s  w e r e  
a l s o  observed. Because the  oxygen conversion w a s  s t i l l  below 4PL. no 
add i t iona l  hydrogen consumption was noted. 

A b r i e f  s e r i e s  of runs was made t o  examine the  r e l a t i v e  importance 
o€ H2 and of so lven t  H-donor capaci ty  i n  t h e  e a r l y  s t ages  of l ique-  
fact ion.  The r e s u l t s  a r e  presented i n  T a b l e  4. I t  is apparent t h a t  
i n  the absence of H2 gas ,  and H-donor so lven t ,  hea t ing  t h e  coa l  i n  
pyridine t o  800°F under N 2  pressure f o r  e i t h e r  1.3 o r  60 min d id  not 
i nc rease  the pyridine s o l u b i l i t y  (Soxhlet e x t r a c t i o n )  above t h a t  ob- 
served f o r  untreated coa l .  From run 18 it can b e  seen t h a t  t h e  use 
of 132 without a H - t r a n s f e r  agent r e su l t ed  i n  a small i nc rease  i n  solu- 
b i l i t y .  I n  Run 16 t h e  use  of a H-donor solvent  without H2 gave a sub- 
s t a n t i a l  ixcrease,  approximately douhl i n g  t h e  conversion over 

I 

I 

I 

I 

I 

I 

132 



I 

I 

I 

I 

I 1  

I' 

I 

1 
I 

I 

I 

I 

I' 

I 

I 

I 

1 

ex t r ac t ion  alone. 
t i m e s  t he  conversion. 

These r e s u l t s  suggest t h a t  i n  t h e  ea r ly  s t ages  of l i q u e f a c t i o n  t h e  
a v a i l a b i l i t y  of a H-transfer agent  i s  the most important f a c t o r ,  
although H 2  gas does have an e f f e c t .  The possible  importance of 
mass t r a n s f e r  of l i q u i d  so lven t  and product molecules t o  and from 
t h e  r e a c t i v e  su r face  i s  c l e a r l y  indicated.  complete l i que fac t ion  of 
Kentucky 9,14 coa l  i n  t h e  absence of H2 appears f e a s i b l e  i n  the  p r e  
Sence of a good H-donor. 

I n i t i a l  Products i n  Solut ion 

Information has been obtained on two add i t iona l  facets of coa l  li- 
quefaction: 1. the  na tu re  of t h e  f i r s t  so lub i l i zed  species ,  and 2. 
t he  p o s s i b i l i t y  of m a s s  t r a n s p o r t  l imi t a t ions  on escape of t h e  i n i -  
t i a l  products from t h e  p a r t i c l e s .  

T o  i nves t iga t e  these  a reas ,  w e  needed a Frocedura f o r  d i s t i ngu i sh ing  
between coal  t h a t  has  been dissolved and is r e a c t i n g  b u t  s t i l l  re- 
mains within p a r t i c l e s ,  and species  t h a t  have escaped t o  t h e  bulk 
solvent.  Accordingly, w e  have attached a f i l t e r ,  below t h e  l i q u i d  
level  i n s i d e  t h e  autoclave,  t o  t h e  l i p i d  sampling l i n e .  We can, 
t he re fo re ,  withdraw s o l u t i o n  samples during a run, and t h e s e  samples 
can contain only t h a t  port ion of SRC product t h a t  is  ou t s ide  t h e  
coal  pa r t i c l e s .  (This i s  a l s o  use fu l  i n  scoping conversion vs. time 
to  e s t a b l i s h  appropriate  quench t i m e s  f o r  o the r  runs.)  The SRC con- 
t e n t  of these samples was determined by high pressure l i q u i d  chroma- 
tography. W e  used pu r i f i ed  SRC's from previous high and low conver- 
s ion  runs t o  c a l i b r a t e  the system. A highly-polar so lven t ,  pyridine,  
and a non-activat.ed, t r imethyls i ' ly la ted s i l i c a ,  were used t o  ensure 
complete e l u t i o n  of SRC. Corrections were made f o r  the s y n t h e t i c  
solvent ,  which gives  a very low response t o  our moving h o t  w i r e  de- 
t e c t o r .  

The r e s u l t s  of run AC-31 (Wyodak coal ,  800OF) a r e  r epor t ed  i n  Table 
5. (The observations of molecular weight d i s t r i b u t i o n  changes as 
determined on these samples by g e l  permeation chromatography w i l l  be 
discussed below. ) 

W e  f ind t h a t  a t  l e a s t  i n  t he  f i r s t  four minutes of run AC-31 t h e r e  i s  
less SRC observed i n  so lu t ion  than w e  know had been produced. I n  run 
AC-19, 1.3 min long, 38.5% of the coal was converted t o  SRC; a f t e r  
-3 min i n  AC-31 only 2/3rds of t h i s  amount was observed i n  so lu t ion .  
I t  appears t he re fo re  t h a t  i n  the  i n i t i a l  s t ages  of t h e  r eac t ion  a 
s i g n i f i c a n t  portion of t h e  product remains within t h e  c o a l  p a r t i c l e s .  
I t  must be pointed ou t  t h a t  t he  SRC i n  run AC-19 was obtained a f t e r  
exhaustive pyridine ex t r ac t ion .  The above conclusion i s  va l id  un le s s  
w e  make the  unexpected f inding t h a t  t he  syn the t i c  so lven t  a t  800°C 
i s  a poorer solvent  f o r  SRC than pyridine a t  t y p i c a l  ex t r ac t ion  con- 
d i t i o n s  ( < l O O ° C ) .  

There i s  therefore  a s t rong ind ica t ion  t h a t  even i n  a f a s t - s t i r r e d  
r eac to r  with a good H-transfer  solvent ,  there may b e  r eac t ions  occur- 
r i n g  i n s i d e  coal  p a r t i c l e s  t h a t  could be d i f f e r e n t  from those occur- 
r i n g  outs ide.  The r e s u l t s  of i n i t i a l  s tud ie s  i n d i c a t e  t h a t  SRC con- 
t a l n s  a bimodal molecular weight d i s t r i b u t i o n .  

For cornparison, use of Ha and H-donor gave 2.6 

There i s  a high 
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molecular weight component (>2000 M W ) ,  or very s t rong ly  associated 
complexes of smaller very funct ional  molecules, which i n  the e a r l y  
s t a g e s  represent  up t o  40”L of the product appearing i n  solut ion.  
The r e l a t i v e  concentrat ion of this material then r ap id ly  dec l ines ,  
producing material i n  t h e  300-900 molecular weight range. This i s  
shown i n  Figure 8. For the  conversion of Wyodak c o a l  i n  which t h e  
contents  of t he  autoclave w e r e  sampled with t i m e  and analyzed by 
GPC, t he  r e s u l t s  are shown i n  Table 5. These show t h a t  t he  absolute  
y i e l d  of t h i s  high molecular weight ma te r i a l  (weight % of t h e  c o a l  
f ed )  decreases throughout t h e  run. Liquid chromatographic study of 
t h e  high molecular weight ma te r i a l  shows t h a t  i t  i s  very p o l a r  and 
h igh ly  functional.  Furthermore, w e  f i n d  t h a t  t h e  THF so lub le  por- 
t i o n  of the pyridine e x t r a c t  of W e s t  Kentucky coal  shows none of 
this high molecular weight mater ia l :  t he  THF inso lub le  po r t ion  of 
t h e  e x t r a c t  contains  a s i g n i f i c a n t  amount of high molecular weight 
ma te r i a l .  In add i t ion ,  GPC examination of SRC’s f r o m  our autoclave 
runs with Kentucky c o a l  show high molecular weight ma te r i a l  i n  low 
conversion runs, bu t  very l i t t l e  i n  high conversion runs. The key 
p o i n t  i s  t h a t  on pyridine ex t r ac t ion  o r  a t  very low conversion, t he  
c o a l s  show s i g n i f i c a n t  amounts of high molecular weight ma te r i a l s  
w h i c h  a r e  consumed rap id ly  on fu r the r  conversion ( t i m e s  g r e a t e r  than 
-3 min). 

CONCLUSIONS AND WORK I N  PROGRESS 

From the  da t a  presented h e r e  w e  conclude t h a t  c o a l  d i s s o l u t i o n  i s  
very f a s t  and r equ i r e s  very l i t t l e  hydrogen consumption. The pre- 
s e n c e  of H2 gas i n  the e a r l y  s t ages  of conversion i s  not  c r i t i c a l ,  
b u t  a good H-donor so lven t  must be present.  Su l fu r  and oxygen are 
removed i n  a k i n e t i c a l l y - p a r a l l e l  fashion. About 40% of each may be 
removed r ead i ly  and r a p i d l y  with l i t t l e  or  no H-consumption: there-  
a f t e r ,  considerably more hydrogen i s  consumed than the  stoichiometry 
r equ i r e s  fo r  the production of H2S and H20. The i n i t i a l  products of 
coa l  d i s so lu t ion  contain s i g n i f i c a n t  amounts o f  h igh  molecular weight 
ma te r i a l  which i s  r ap id ly  converted t o  low molecular weight products. 
The h ighes t  SRC y i e l d  i s  obtained e a r l y  i n  the reac t ion  process: i m -  
provement o f  SRC q u a l i t y  i s  accompanied by a decrease i n  y i e l d  and 
a 1&ge increase i n  hydrogen consumption. 

Our present  work includes more de t a i l ed  chemical a n a l y s i s  of t h e  SRC, 
extension of our s t u d i e s  t o  more c o a l s  and a wider range of condi- 
t i o n s ,  and an inves t iga t ion  of possible  mass t r a n s p o r t  l i m i t a t i o n s .  
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Run Number 
Solvent 
C o a l  

Table 2 

Run Balances f o r  Coal Conversions a t  800'F 

Temperature, O F  

Pressuce, p s i q  fi 1 
Duration ( f eed ) ,  2min. 
Y-nn_p Conversion, w t -  % 
Solvent/Coal 

H S  
2 

Water 
co 

c02 
c1 
c -c 2 5  
(C -257'F) 
(2$7-650°F) 
SRC 
MAF Residue 
Balance 
Ash in  Residue 

Duration (So lv ) ,  Min. 
4-Picoline 
E-Cresol 
Methyl Indane 
T e t r a l i n  
Naphthalene 
Methyl T e t r a l i n  
2-Methyl Naph khalene 
H ConsumFtion 2 

FOOTNOTE : 

10.00 9.00 7.00 12.00 19.00 31.00 
Synth Synth Synth Synth Synth Synth 

WKy 14 WKy 1 4  WKy 1 4  WKy 14 Wyodak Wyodak 

800.00 
L348.00 

.50 
50.00 

4.65 
.24 

4.39 
-10 

-49 
.17 

2.51 
.34 
- 0 0  

46.78 
49.76 

104.78 
19.30 
17.00 

1.90 
16.10 

-97 
41.00 

2.24 
-09 

37.67 
-13 

5.00 

800.00 
1300.00 

1.30 
78.2@ 

6.66 
20 

3.46 
-00  

s 54 
-18 

36 
-14 
- 0 0  

76.12 
21.80 

102.80 
31.20 
15.00 

1.90 
16.10 

f 92 
41.22 

2.10 
- 2 8  

37.48 
-34  

798.00 
1160.00 

40.00 
92.52 

4.56 
-61 

4.87 
-16 

-83  
1.18 
1.60 
-22 

2.89 
80.11 

7.46, 
100.00 
53.08 
42.00 

1.87 
16.11 
1.88 

33.41 
8.64 
1.44 

36.62 
-89 

11-00 

800.00 806.00 
1O30.00 1419.00 
417.00 1.30 

95.10 45.97 
9.06 8.48 

-00 -01  
5.16 4.21 

- 3 1  - 2 8  

1.65 1.61 
8.57 -17 

8.47 -21  
1.14 .14 
9.40 -77 

61.05 38-53 
3.93 54.03 

100.00 99.96 
52.50 8.20 

429.00 32.00 
3.20 2.01 

15.80 16.21 
6.50 1.31 

25.30 40.02 
14.50 2.32 
4.70 -30 

29.60 37.76 
1.59 -41  
8.00 

800 - 00 
1072 - 00 
137.50 

91.52 
6.17 

- 0 0  

4.59 

1.28 
6.04 
2.50 
4.53 
. 14 

2.38 
70.03 
8.48 

100.00 
37.21 

149.50 
1.28 

13.07 
2.59 

25.22 
18.13 
2.37 

37.35 
2.46 
10.00 

5)  G a s  a n a l y s i s  queskionable I: 
8 )  Piston p r e s s u r e  r e s i s t e d  syr inqe ;  ba lance  fo rced  t o  t o t a l  recoverad - -  

products - 
10)  Balance f c rced ;  sarnples removed dur ing  run. 
ll! Water con ten t  bssed on oxygen balance.  
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Table 3 

The Effec t  of Temperature on Liauefact ion of W. Kentuckv Coal 

Run N u m b e r  

Solvent  
Coal 

Temperature, OF 
Pressure,  psig, 
Duration (fees), m i n .  
MAF Conversion, wt. % 

H2 

H2S 

c02 

Water 
co 

" 
h 
c -c 
(C6-257'F) 
(257-650°F) 

2 5  

SRC 

'Residue 

Balance 
Ash i n  Residue 

Duration (Solv) ,  Min. 

4-P ico 1 ine  
E-Cresol 
Methyl Indane 
T e t r a l i n  
Naphthalene 
Methyl T e t r a l i n  
2-Methyl Naphthalene 

FOOTNOTE : 

10.00 

Synth 

WKy 14 

800 - 00 

1348.00 
-50 

50.00 

24 
4.39 

- 10 

- 49 
- 17 

2.51 
34 

- 00 

46 - 78 
49.76 

104-78 

19 - 30 
17.00 

1-90  

16.10 
-97 

41.00 

2.24 
-09 

37.67 

5-00  

14.00 

Synth 
WKy 1 4  

847.00 
1012 - 00 

-50 
70.07 

-10 
3.65 
-21 
-83  * 

1.25 
2.71 

-63  
4.38 

56.31 

28.93 
100.00 

16.93 
15.00 
2.14 

16.98 

1.93 
39.55 

1 . 8 2  

-26 

37.31 

7.00 

G a s  ana lys i s  ques t ionable  
Mat ba l .  low; b a l  forced t o  t o t a l  recovered prods; gas ana lys i s  poor 
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Table 5 

Wvodak SRC i n  Solut ion D u r i q q  Run AC-31 

Time, Min. 

1 . 2 0  

3.60 

6.00 

19 - 50 

38.00 

74.00 

137.50 

W t .  Percent of Oricrinal Coal 
Low Molecular H i g h  Molecular 

Weiqht W e  isht T o t a l  

16.86 10.97 27.80 

15.41 6.13 * 21.53 

44.32 8.48 52.80 

44.99 6.70 51.69 

65.71 6.87 72.64 

66.45 4.79 71.24 

70.54 4.03 74-57 

1 4 2  



Run Number 
Solvent 
Coal 

Tem?srature, OF 
Pressure ,  psig H2 . 
Durztion ( feed) ,  m i n .  
r w  Conversion, w t .  % 
Solvent/Coal 

H2S 

c02 

Water 
co 

c -c 2 5  
(C6-257'F) 

(257-650'F) 
SRC 
I4.W Residue 
Balance 
A s h  i n  Residue 

Duration (Solv),  Min. 
&Picol ine 
E-Cresol 
Methyl Indane 
T e t r a  l i n  
Naphthalene 
Methyl T e t r a l i n  
2-Methyl Naphthalene 
H Consumption 

FOOTNOTE : 
2 

Table 4 

C r i t i c a l i t y  of Solvent and Hvdrosen 

16.00 9-00 17.00 
Synth Synth Pyrd 

WKy 14 WKy 14 WKy 14 

800.00 800.00 
- 0 0  1300.00 

1 . 2 8  1.30 
65.36 78.20 

5.04 6.66 
1.00 -20 

5.28 3.46 

. 00 00 
1-90 .54 

-53 - 18 
2.43 -36 

-16 .14 
-58 - 0 0  

58.58 76.12 
37.35 21.80 

107.81 102.80 
20.63 31.20 
21.00 15.00 

1 . 7 8  1.90 
15.43 16.10 

1.79 -92 
38.95 41.22 

2.86 2.10 
- 1 2  - 2 8  

39.03 37.48 
.29 -34 

800.00 - 00 
1.28 

30.95 
5.17 
-00 

4.75 

-00 

-00 
-00 

-00 
-11 

-05 
26.00 
69.05 

100.00 
10.97 
18.00 

-00  
-13  
00 

-37 
- 0 2  
-00  
-27 
-00  

9.00 

12.00 7 - 0 0  
Pyrd Synth 

WKy 1 4  WKy 1 4  

800.00 798-00 
809.00 1160.00 

1.18 40.00 
40.13 92.52 
5.10 4.56 

- 0 0  -67 

4.59 4.87 
-05 -16 
-05 -83 
.OO 1-18 
-05 1-60  

-00 - 22 
-48 2.89 

28.56 80.11 
59.87 7.46 
93.65 100.00 
12.30 53.08 
22.00 42.00 

- 0 0  1.87 
-02 16.11 
-00  1.88 
-25 33.41 
-00 8.64 
-00  1.44 
-18 36.52 
- 0 0  -89 

9.00 11-00 

3.00 
P yrd 

WKy 14 

795 - 0 0  
.oo 

60.00 
29.78 
5 -00 

-00  

-00  

.oo 
1.40 
1.32 
2.01 

.oo 
12.11 
19.67 
63.49 

100.00 
12.02 
60.00 

.oo 
-00 
-00  
.oo 
-00 
f 00 
* 00 
.oo 

2.00 

2) Balance forced: f eed  no t  i n j ec t ed  Sut p r e s e n t  du r ing  heat-up. 
9 )  A 0 assumed t o  f o r c e  balance 17; sane H 0 amount assumed f o r  18. 
11) H 0 content based on oxygen balance. 2 2 

2 
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I n t r o d u c t i o n  

A major  o b s t a c l e  t o  t h e  advancement  o f  c o a l  c o n v e r s i o n  t e c h n o l o g y  
has  been t h e  l a c k  o f  e f f e c t i v e  means f o r  a n a l y z i n g  t h e  h i g h l y  complex 
m i x t u r e s  o c c u r r i n g  i n  c o a l  c o n v e r s i o n  p r o c e s s e s .  High p r e s s u r e  l i q u i d  
ch romatography  ( H P L C )  i s  a r e c e n t l y  d e v e l o p e d  a n a l y t i c a l  t o o l  t h a t  
t y p i c a l l y  p r o v i d e s  r a p i d ,  r e p r o d u c i b l e  a n a l y s i s  o f  complex s y s t e m s  
( 1 , 2 ) .  Using H P L C ,  p r e p a r a t o r y  e x p e r i m e n t s  can  be pe r fo rmed  t o  s e p -  
a r a t e  50-100 mg s a m p l e s  o f  r e l a t i v e l y  p u r e  compounds from a complex 
m i x t u r e  - a l l o w i n g  s u b s e q u e n t  p o s i t i v e  i d e n t i f i c a t i o n  o f  t h e  compounds 
by o t h e r  means such  a s  i n f r a r e d  o r  u l t r a v i o l e t  s p e c t r o s c o p y ,  and m e l t -  
i n g  p o i n t .  T h i s  a s s e t  o f  H P L C  ( i e . ,  p r e p a r a t o r y  s c a l e  ch romatography)  
i s  one  o f  t h e  main a d v a n t a g e s  t h a t  i t  o f f e r s  o v e r  comparab le  a n a l y t i -  
c a l  methods .  Because  H P L C  does  o f f e r  p o s i t i v e  i d e n t i f i c a t i o n  o f  i n d i -  
v i d u a l  s p e c i e s ,  i t  i s  a v e r y  e f f e c t i v e  t o o l  f o r  c h a r a c t e r i z i n g  and 
q u a n t i f y i n g  p r o c e s s  s t r e a m s  i n  c o a l  l i q u e f a c t i o n  p r o c e s s e s ,  and p ro -  
v i d e s  a means f o r  d e v e l o p i n g  a more fundamen ta l  u n d e r s t a n d i n g  o f  such  
p r o c e s s e s .  

The p r e s e n t  work d e m o n s t r a t e s  t h e  f e a s i b i l i t y  o f  employ ing  H P L C  
t o  c h a r a c t e r i z e  c r e o s o t e  o i l ,  a c o a l - d e r i v e d  l i q u i d  used  a s  a s t a r t  
u p  s o l v e n t  i n  coa l  l i q u e f a c t i o n  p r o c e s s e s  such  a s  t h e  S o l v e n t  R e f i n e d  
Coal (SRC) p r o c e s s .  C h a r a c t e r i z a t i o n  o f  t h e  c r e o s o t e  o i l  i s  done by 
H P L C  d u r i n g  hydrogenationlhydrodesulfurization o f  t h e  o i l ;  and i s  t h e n  
used  t o  f o l l o w  t h e  c a t a l y t i c  e f f e c t s  of  a commerc ia l  Co-Mo-A1 c a t a l y s t ;  
a c o a l  m i n e r a l ,  i r o n  p y r i t e ;  c o a l  a s h ;  and a c t u a l  S R C  m i n e r a l  r e s i d u e  
f rom t h e  W i l s o n v i l l e  p i l o t  p l a n t .  Each of t h e s e  a g e n t s  has  a s i g n i -  
f i c a n t  e f f e c t  on t h e  h y d r o g e n a t i o n  a n d ,  e x c e p t  f o r  p y r i t e ,  on t he  
h y d r o d e s u l f u r i z a t i o n  o f  c r e o s o t e  o i l  unde r  c o n d i t i o n s  s i m i l a r  t o  t h o s e  
i n  t h e  SRC p r o c e s s .  E v i d e n c e  t h a t  c o a l  m i n e r a l s  have a C a t a l y t i c  
e f f e c t  on h y d r o g e n a t i o n  of c o a l  has  been  r e p o r t e d  ( 3 , 4 ) .  However, 
s p e c i f i c a l l y  which compounds i n  r e c y c l e  o r  p r o c e s s  s o l v e n t  a r e  m o s t  
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a f f e c t e d  b y  h y d r o g e n a t i o n  i n  t h e  p r e s e n c e  o f  coa.1 m i n e r a l s  h a s  n o t  
b e e n  p r e v i o u s l y  s t u d i e d .  A l s o  t h e  e f f e c t  o f  c o a l  m i n e r a l  c a t a l y -  
s i s  on  r a t e  o f  r e m o v a l  o f  v a r i o u s  h e t e r o a t o m  compounds - p a r t i c u l a r l y  
s u l f u r  b e a r i n g  compounds s u c h  as d i b e n z o t h i o p h e n e  - ' h a s  n o t  b e e n  
s t u d i e d .  HPLC p r o v i d e s  a t o o l  f o r  m o n i t o r i n g  c h a n g e s  i n  m a j o r  c o n -  
s t i t u e n t s  o f  c o a l - d e r i v e d  l i q u i d s  d u r i n g  hydrogenationlhydrodesul- 
f u r i z a t i o n ,  a n d  c a n  b e  u s e d  t o  s t u d y  t h e  s e l e c t i v i t y  o f  c a t a l y t i c  
a g e n t s  f o r  a c c e l e r a t i n g  r e a c t i o n s  i n v o l v i n g  s p e c i f i c  s p e c i e s  o f  c o a l -  
d e r i v e d  l i q u i d s  - as i s  d e m o n s t r a t e d  h e r e .  

E x p e r i m e n t a l  

A a r a t u s  A M o d e l  ALC/GPC-201 h i g h  s p e e d  l i q u i d  c h r o m a t o g r a p h  F-----T* W a t e r s  s s o c i a t e s ,  . M i l f o r d ,  Mass . )  was u s e d  t h r o u g h o u t  t h i s  s t u d y .  
The f o l l o w i n g  a c c e s s o r y  h a r d w a r e  was u s e d :  a M o d e l  6 0 0 0  s o l v e n t  d e -  
l i v e r y  s y s t e m ,  a M o d e l  660  s o l v e n t  p r o g r a m m e r ,  a n d  a M o d e l  U 6 K  i n -  
j e c t i o n  s y s t e m .  I n  a d d i t i o n ,  a M o d e l  GM77 U V / V I S  d e t e c t o r  ( S c h o e f f e l  
I n s t r u m e n t  C o r p o r a t i o n ,  Westwood,  N.J.) was u s e d ;  t h i s  d e t e c t o r  was 
c h o s e n  b e c a u s e  i t  h a s  a c o n t i n u o u s l y  v a r i a b l e  U V  s o u r c e .  A f t e r  
t h o r o u g h  e x p l o r a t o r y  s t u d i e s ,  a w a v e l e n g t h  s e t t i n g  f o r  t h e  d e t e c t o r  
O f  232 nm was f o u n d  t o  p r o v i d e  t h e  b e s t  o v e r a l l  s e n s i t i v i t y  a n d  s t a -  
b i l i t y  f o r  d e t e c t i o n ;  t h i s  s e t t i n g  was u s e d  t h r o u g h o u t  t h e  s t u d y .  

R e a g e n t s .  The a c e t o n i t r i l e  u s e d  i n  t h i s  s t u d y  was o f  s p e c t r o q u a l i t y .  
The c r e o s o t e  o i l  was o b t a i n e d  f r o m  S o u t h e r n  S e r v i c e s ,  I n c . ,  a t  t h e  
S R C  p i l o t  p l a n t  l o c a t e d  a t  W i l s o n v i l l e ,  A labama.  S o u t h e r n  S e r v i c e s ,  
I n c . ,  o b t a i n e d  t h e  o i l ,  c r e o s o t e  o i l  24-CB,  f r o m  t h e  A l l i e d  C h e m i c a l  
Company. The o i l  h a s  a b o i l i n g  p o i n t  r a n g e  o f  175O t o  4OO0C a n d  a 
s p e c i f i c  g r a v i t y  o f  1 . 0 9 6  a t  2OoC. H y d r o g e n  was o b t a i n e d  f r o m  L i n d e  
H y d r o g e n  i n  6000 p s i  g r a d e ,  w i t h  a p u r i t y  o f  9 9 . 9 9 5 % .  

A c o m m e r c i a l  Co-Mo-A1 c a t a l y s t  (Comox-451)  was o b t a i n e d  f r o m  W .  R. 
G r a c e  and Company, D a v i d s o n  C h e m i c a l  D i v i s i o n ,  B a l t i m o r e ,  M a r y l a n d .  
T h i s  c a t a l y s t  i s  c o m m e r c i a l l y  p r o d u c e d  b y  L a p o r t e  I n d u s t r i e s  o f  E n g -  
l a n d .  O u r  a n a l y s i s  o f  t h e  c a t a l y s t  showed t h a t  i t  c o n s i s t s  o f  3 . 7 %  C O O  
a n d  12 .8% MoO3, a n d  t h e  c a t a l y s t  was s p e c i f i e d  b y  t h e  m a n u f a c t u r e r  t o  
h a v e  a s u r f a c e  a r e a  o f  300  m2/g a n d  a t o t a l  p o r e  v o l u m e  o f  0 . 6 6  m l / g .  
The  p y r i t e  u s e d  i n  t h e s e  e x p e r i m e n t s  was o b t a i n e d  f r o m  M a t h e s o n  Coleman 
a n d  B e l l  C h e m i c a l  Company, N o r w o o d ,  O h i o .  Our  a n a l y s i s  o f  t h e  p y r i t e  
showed  t h a t  i t  was 9 0 - 9 5 %  p u r e ,  t h e  d i f f e r e n c e  b e i n g  p r i m a r i l y  s i l i c a .  
C o a l  a s h  was o b t a i n e d  b y  b u r n i n g  a m i x t u r e  o f  K e n t u c k y  No. 9 / 1 4  c o a l  
m i x t u r e  ( 7 . 2 %  a s h )  i n  a m u f f l e  f u r n a c e  a t  1OOOoC. A n a l y s i s  o f  t h e  
a s h  gave  an  i r o n  c o n t e n t  o f  1 3 . 7 % .  S R C  s o l i d s  w e r e  o b t a i n e d  f r o m  t h e  
f i l t e r  c a k e  f r o m  t h e  W i l s o n v i l l e ,  A labama S R C  P i l o t  P l a n t .  A n a l y s i s  
o f  t h e  m a t e r i a l  g a v e  an  a s h  c o n t e n t  o f  5 5 . 2 %  a n d  a s u l f u r  c o n t e n t  O f  
1 3 . 6 %  The r e p o r t e d  a n a l y s i s  o f  t h i s  m a t e r i a l  showed t h a t  i t  was 3 0 %  
f i l t e r  a i d  ( d i a t o m a c e o u s  e a r t h )  ( 5 ) .  A l l  m a t e r i a l s  w e r e  g r o u n d  a n d  
s c r e e n e d ;  a n d  o n l y  - 3 2 5  mesh ( 4 5  m i c r o n )  s i z e  m a t e r i a l  was u s e d .  

H i q h  P r e s s u r e  L i  u i d  C h r o m a t o  r a  h . Two 4mm ( I D )  X 30 cm m i c r o b o n -  
d a p a k / C 1 8  c o 1 u m n h G s  Ass:c i ! t is ,  M i l f o r d ,  M a s s . )  w e r e  u s e d  i n  
s e r i e s  f o r  s e p a r a t i o n  o f  t h e  c r e o s o t e  o i l  c o m p o n e n t s .  The m o b i l e -  
p h a s e  was a 4 5 : 5 5  v o l u m e - t o - v o l u m e  a c e t o n i t r i l e - w a t e r  m i x t u r e .  T h e  
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f low r a t e  was n o n l i n e a r l y  ( c u r v e  8 on t h e  660 s o l v e n t  programmer)  
programmed t o  i n c r e a s e  from 0 .6  t o  0 . 8  ml/min i n  1 . 5  hours i n  s u c h  
a way t h a t  t h e  m a j o r  p o r t i o n  o f  t h e  i n c r e a s e  t a k e s  p l a c e  i n  t h e  l a s t  
45 m i n u t e s  o f  t h e  p rogram.  T h i s  a l l o w s  f o r  t h e  most e f f i c i e n t  u s e  o f  
t h e  t i m e  n e c e s s a r y  f o r  e l u t i o n  by m i n i m i z i n g  d e a d - t i m e  and a x i a l  
d i f f u s i o n  - w h i l e  k e e p i n g  r e s o l u t i o n  a t  a miximum d u r i n g  t h e  i n i t i a l  
p o r t i o n  of t h e  s e p a r a t i o n .  Sys tem p r e s s u r e  was k e p t  below a m a x i m u m  
o f  2200 p s i .  

The sample  was d i s s o l v e d  i n  p u r e  a c e t o n i t r i l e  (4mg/ml) p r i o r  t o  
i n j e c t i o n ,  and n o r m a l l y  a b o u t  10 p1 o f  t h e  r e s u l t i n g  s o l u t i o n  was i n -  
j e c t e d  f o r  a n a l y s i s .  R e t e n t i o n  t i m e s  r anged  f rom a s  s h o r t  a s  a few 
m i n u t e s  f o r  t h e  more p o l a r  compounds t o  a s  much a s  s e v e r a l  h o u r s  f o r  
t h e  more n o n p o l a r  compounds ,  which a r e  t y p i c a l l y  t h e  h i g h e r  m o l e c u l a r  
w e i g h t  c o n s t i t u e n t s .  

P r o c e d u r e .  C r e o s o t e  o i l  w a s  t r e a t e d  f o r  t w o  hour s  a t  425OC u n d e r  a n  
i n i t i a l  p r e s s u r e  o f  3000 p s i g  o f  hydrogen ,  i n  t h e  p r e s e n c e  o f  13% by 
w e i g h t  of e i t h e r  Co-Mo-A1 c a t a l y s t ,  i r o n  p y r i t e ,  c o a l  a s h ,  o r  S R C  
s o l i d s .  T r e a t m e n t  was a l s o  made w i t h o u t  any c a t a l y t i c  a g e n t s  p r e s e n t .  
The r e a c t i o n  m i x t u r e s  were  s t i r r e d  c o n t i n u o u s l y  a t  2000 rpm i n  a b a t c h  
a u t o c l a v e  ( A u t o c l a v e  E n g i n e e r s ,  E r i e ,  P A . ) .  A f t e r  two hour s  of r e a c -  
t i o n ,  s a m p l e s  o f  t h e  p a r t i a l l y  h y d r o g e n a t e d  and h y d r o d e s u l f u r i z e d  o i l  
were  t a k e n .  Then ,  a l i q u o t  amounts  o f  these  s a m p l e s  were d i s s o l v e d  i n  
a c e t o n i t r i l e  ( 4 m g / m l ) ,  f i l t e r e d  t h r o u g h  0 . 5 ~  f i l t e r s  ( M i l l i p o r e  I n t e r -  
t e c h ,  I n c . ,  B r a d f o r d ,  M A . )  t o  remove any  s o l i d s ;  and a f t e r  f i l t r a t i o n ,  
10111 p o r t i o n s  o f  t h e  f i l t r a t e  were  a n a l y z e d  by H P L C .  To  e l i m i n a t e  
u n a v i o d a b l e  v a r i a t i o n s  due t o  d i f f e r e n c e s  i n  t h e  amount o f  s a m p l e  
i n j e c t e d ,  b e n z o f u r a n  was used  a s  an i n t e r n a l  s t a n d a r d .  

Computer O e c o n v o l u t i o n .  A s  i s  s e e n  i n  F i g u r e  1 t h e  chromatograms 
o b t a i n e d  i n  t h i s  work gave  peaks  t h a t  se ldom had b a s e - l i n e  r e s o l u t i o n  
- a common problem i n  ch romatography  - a n d ,  t o  be  a c c u r a t e ,  i t  was 
n e c e s s a r y  t o  d e c o n v o l u t e  t h e  ch romatograms .  T o  t h i s  e n d ,  a s p e c i a l -  
i z e d  computer  program was d e v e l o p e d  ( 6 )  based  o n  t h e  method o f  Mar- 
q u a r d t  ( 7 ) .  

R e s u l t s  a n d  D i s c u s s i o n .  

Typ ica l  ch romatograms  o f  t h e  p r o d u c t  f rom t h e  v a r i o u s  t r e a t m e n t s  
o f  t h e  c r e o s o t e  o i l  a r e  shown i n  F i g u r e  1.  Good s e p a r a t i o n  o f  t h e  
mul t i componen t  s y s t e m  was o b t a i n e d  by v a r y i n g  t h e  a c e t o n i t r i l e / w a t e r  
r a t i o  i n  t h e  e l u t i n g  s o l v e n t :  t h e  bes t  r e s o l u t i o n  r e s u l t e d  w i t h  a 
45 :55  volume- to-volume a c e t o n i t r i l e - w a t e r  m i x t u r e .  P r e p a r a t o r y  s c a l e  
co lumns  were used t o  o b t a i n  s u f f i c i e n t  amounts  o f  t w e l v e  
s t i t u e n t s  t o  p e r m i t  t h e i r  p o s i t i v e  i d e n t i f i c a t i o n  by i n f  
t r o s c o p y .  These  m a j o r  c o n s t i t u e n t s ,  which compose 50 .3% 
t h e  o r i g i n a l  c r e o s o t e  o i l ,  were  o f  i n t e r e s t  i n  t h i s  p r e l  
( T a b l e  1 ) .  

a r o m a t i c s  'and h e t e r o a t o m  compounds.  Compounds of t h e  f i  
The components  f a l l  i n t o  b a s i c a l l y  two c a t e g o r i e s :  

m a j o r  con-  
a r e d  s p e c -  
by w e i g h t  o f  
minary  w o r k  

p o l y n u c l e a r  
s t  t y p e  - 
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n a m e l y ,  n a p h t h a l e n e ,  a c e n a p h t h e n e ,  p h e n a n t h r e n e ,  a n d  a n t h r a c e n e  - 
a r e  a n g u l a r  p o l y c y c l i c  a r o m a t i c s .  T h e s e  compounds ,  a n d  compounds  
l i k e  them,  a r e  c o n s i d e r e d  t o  p l a y  a n  i m p o r t a n t  r o l e  i n  h y d r o g e n  t r a n s -  
f e r  r e a c t i o n s  o c c u r r i n g d u r i n g  c o a l  l i q u e f a c t i o n ,  e . g .  a s  i n  t h e  S R C  
P r o c e s s  ( 8 , 9 , 1 0 ) .  Compounds o f  t h e  s e c o n d  t y p e  - n a m e l y ,  d i b e n z o t h i o -  
p h e n e .  c a r b a z o l e  a n d  n a p h t h o n i t r i l e  - a r e  o f  i n t e r e s t  b e c a u s e  t h e s e  
c o n s t i t u e n t s ,  d u r i n g  c o m b u s t i o n  o f  c o a l ,  f o r m  p o l l u t a n t s ,  S O 2  a n d  
N O x .  D e t e r m i n a t i o n  o f  t h e  d e g r e e  t o  w h i c h  t h e s e  c o n s t i t u e n t s  a r e  
r e m o v e d  w i t h  p r o c e s s i n g  i s  t h e r e f o r e  m o s t  i m p o r t a n t  f o r  p r o c e s s  a n -  
a l  y s  i s . 

The r e s u l t s  f r o m  t h i s  w o r k  a n d  t h o s e  f r o m  p r e v i o u s  a n a l y s i s  
u s i n g  gas  c h r o m a t o g r a p h y  a r e  c o m p a r e d  i n  T a b l e  2 .  I n  e v a l u a t i n g  t h i s  
c o m p a r i s o n ,  i t  s h o u l d  be  n o t e d  t h a t  t h e  c r e o s o t e  o i l  i s  somewha t  u n -  
s t a b l e :  a f t e r  s t a n d i n g  f o r  l o n g  p e r i o d s  o f  t i m e  ( s e v e r a l  m o n t h s )  some 
c o n s t i t u e n t s  do i n d e e d  p r e c i p i t a t e  f r o m  s o l u t i o n .  F o r  t h i s  r e a s o n  
some d i s c r e p a n c i e s  e x i s t  b e t w e e n  o u r  g a s  c h r o m a t o g r a p h i c  a n a l y s i s ,  
t h a t  p e r f o r m e d  b y  A l l i e d  C h e m i c a l  Company, a n d  t h a t  p e r f o r m e d  b y  
S o u t h e r n  S e r v i c e s .  

T a b l e  1 l i s t s  t h e  a n a l y s i s  o f  t h e  c r e o s o t e  o i l  a f t e r  t h e  v a r i o u s  
t r e a t m e n t s .  O b v i o u s l y ,  h y d r o g e n a t i o n  a n d  h y d r o d e s u l f u r i z a t i o n  o f  t h e  
c r e o s o t e  o i l  a t  425OC i n  t h e  p r e s e n c e  o f  an  i n i t i a l  h y d r o g e n  p a r t i a l  
p r e s s u r e  o f  3000  p s i g  c a u s e s  a s i g n i f i c a n t  d e c r e a s e  ( 2 0 % )  i n  p e r c e n t  
b y  w e i g h t  o f  t h e  a n a l y z e d  c o m p o n e n t s .  C u r r e n t l y ,  p r e p a r a t o r y  s c a l e  
w o r k  i s  i n  p r o g r e s s  t o  d e t e r m i n e  w h a t  compounds a r e  p r o d u c e d  by t h i s  
t r e a t m e n t .  I n  t h e  p r e s e n c e  o f  t h e  v a r i o u s  c a t a l y t i c  a g e n t s ,  e v e n  m o r e  
r e d u c t i o n  ( 3 4 % ,  when p y r i t e  i s  p r e s e n t ,  t o  4 9 % ,  when a c t u a l  S R C  m i n -  
e r a l  r e s i d u e  i s  p r e s e n t ,  a s  c o m p a r e d  t o  20%,  when n o  c a t a l y s t  i s  
p r e s e n t )  i n  t h e  w e i g h t  p e r c e n t  o f  t h e  a n a l y z e d  c o m p o n e n t s  r e s u l t s  
d u r i n g  h y d r o g e n a t i o n  o f  t h e  o i l .  A p p a r e n t l y  t h e n ,  t h e s e  a g e n t s  ( C o -  
Mo-A1,  p y r i t e ,  c o a l  a s h ,  a n d  S R C  m i n e r a l  r e s i d u e )  d o  i n d e e d  c a t a l y z e  
h y d r o g e n a t i o n  o f  t h e  o i l ,  a n d  t h e  i n c r e a s e  i n  h y d r o g e n  c o n s u m p t i o n  
o b s e r v e d  when t h e y  a r e  p r e s e n t  i s ,  i n  f a c t ,  due t o  g r e a t e r  h y d r o g e n -  
a t i o n  o f  t h e  o i l ,  r a t h e r  t h a n  r e d u c t i o n  o f  t h e  a g e n t , i t s e l f ,  w i t h  
h y d r o g e n  t o  p r o d u c e  a r e d u c e d  f o r m  o f  t h e  a g e n t ,  w a t e r ,  h y d r o g e n  
s u l f i d e ,  e t c .  

d i f f e r e n c e s  i n  t h e  f i n a l  c o n c e n t r a t i o n  o f  m a j o r  c o n s t i t u e n t s  o f  t h e  
o i l  when h y d r o g e n a t e d  i n  t h e  p r e s e n c e  o f  t h e  d i f f e r e n t  c a t a l y t i c  
a g e n t s .  F o r  e x a m p l e :  A s s u m i n g  t h a t  t h e  d i s a p p e a r a n c e  o f  t h e  m a j o r  
c o n s t i t u e n t s  i s  due  t o  h y d r o g e n a t i o n ,  t h e n  C o - M o - A l ,  c o a l  a s h ,  a n d  
S R C  m i n e r a l  r e s i d u e  show a d e c i s i v e  p r e f e r e n c e  f o r  a c c e l e r a t i n g  
h y d r o g e n a t i o n  o f  n a p h t h a l e n e ,  1 - m e t h y l n a p h t h a l e n e ,  a n d  2 - m e t h y l n a p h -  
t h a l e n e ;  w h e r e a s  p y r i t e  f a v o r s  h y d r o g e n a t i o n  o f  a c e n a p h t h e n e  and ,  
t o  a l e s s e r  e x t e n t ,  a n t h r a c e n e .  A l s o ,  i n  t h e  p r e s e n c e  o f  c o m m e r c i a l  
Co-No-A1 c a t a l y s t ,  t h e  c o n c e n t r a t i o n  o f  d i b e n z o t h i o p h e n e ,  a m a j o r  
o r g a n i c  s u l f u r  c o m p o n e n t ,  i s  r e d u c e d  t o  a much g r e a t e r  e x t e n t  t h a n  
when t h e  o t h e r  c a t a l y s t s  w e r e  p r e s e n t .  I n  f a c t ,  t h e  c o n c e n t r a t i o n  
o f  d i b e n z o t h i o p h e n e  was r e d u c e d  e s s e n t i a l l y  t o  z e r o  when Co-Mo-A1 
was p r e s e n t .  S i n c e  Co-Mo-A1 i s  an e x c e l l e n t  c a t a l y s t  f o r  h y d r o d e -  
s u l f u r i z a t i o n  r e a c t i o n s ,  t h e s e  r e s u l t s  a r e  n o t  s u r p r i s i n g .  M o s t  
i n t e r e s t i n g l y ,  h o w e v e r ,  t h e  t r e n d  i n  d i b e n z o t h i o p h e n e  r e m o v a l  i s  

As shown i n  T a b l e  1, HPLC o f f e r s  s u f f i c i e n t  s p e c i f i c i t y  t o  d e t e c t  
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e x a c t l y  t h e  same a s  t h a t  found  by a n a l y s i s  o f  t o t a  
namely ,  Co-Mo-A1 > >  c o a l  a s h  > SRC m i n e r a l  r e s i d u e  
o n l y .  C a r b a z o l e ,  on t h e  o t h e r  hand ,  has  e s s e n t i a l  
c e n t r a t i o n  a s  t h a t  i n  t h e  o r i g i n a l  o i l ,  d e s p i t e  t h  
whereas  t h e  n a p h t h o n i  t r i  l e s  a r e  c o m p l e t e l y  removed 
Mo-A1. coa l  a s h ,  o r  S R C  m i n e r a l  r e s i d u e  i s  p r e s e n t  

s u l f u r  ( 4 ) :  
> p y r i t e  > H 2  
y t h e  same con-  

c a t a l y s t  u s e d ;  
when e i t h e r  Co- 

C o n s l u s i o n s  

The H P L C  p r o c e d u r e  d e s c r i b e d  h e r e  p e r m i t s  a n a l y s i s  o f  m a j o r  con-  
s t i t u e n t s  o f  c r e o s o t e  o i l  i n  a b o u t  two h o u r s .  No e x t e n s i v e  sample  
p r e p a r a t i o n  i s  r e q u i r e d ;  and  t h e  method i s  q u a n t i t a t i v e  - t h e  r e s u l t s  
compar ing  w e l l  w i t h  t h o s e  o b t a i n e d  u s i n g  g a s  ch romatography .  U s i n g  
p r e p a r a t o r y  c h r o m a t o g r a p h y ,  s amples  o f  e s s e n t i a l l y  p u r e  compounds 
can  be s e p a r a t e d  f r o m  c r e o s o t e  o i l  and p o s i t i v e l y  i d e n t i f i e d  by 
s u b s e q u e n t  a n a l y s i s .  As a r e s u l t ,  w i t h  H P L C  n e i t h e r  t e n t a t i v e  i d e n -  
t i f i c a t i o n  a s ,  for  e x a m p l e ,  by " s p i k i n g "  - i . e .  a d d i t i o n  of known com- 
pounds t o  t he  m i x t u r e  s o  a s  t o  d e t e r m i n e  t h e  peaks  i n  the ch romato -  
gram of t h e  m i x t u r e  c a u s e d  by d i f f e r e n t  c o n s t i t u e n t s  - n o r  an  expen-  
s i v e ,  s o p h i s t i c a t e d  gas-chromatograph/mass-spectrometer s y s t e m  a r e  
r e q u i r e d .  Hence H P L C  o f f e r s  a s i m p l e  and power fu l  t e c h n i q u e  f o r  
a n a l y s i s  o f  complex m i x t u r e s  l i k e  c r e o s o t e  o i l .  

Acknowledgments 

the  N a t i o n a l  S c i e n c e  F o u n d a t i o n  unde r  G r a n t  No. 38701 ,  by A u b u r n  U n i -  
v e r s i t y  E n g i n e e r i n g  Exper imen t  S t a t i o n ,  and by t h e  Alabama Mining  
I n s t i t u t e .  The a u t h o r s  a r e  e s p e c i a l l y  i n d e b t e d  t o  S o u t h e r n  S e r v i c e s ,  
I n c . ,  f o r  s u p p l y i n g  v a r i o u s  m a t e r i a l s  and t o  W .  R .  Grace  Co. f o r  
s u p p l y i n g  Co-Mo-A1 c a t a l y s t .  

The r e s e a r c h  r e p o r t e d  h e r e  i s  s u p p o r t e d  by t h e  R A N N  d i v i s i o n  o f  

148 



1. 

2 .  

3 .  

4. 

5 .  

6 .  

7 .  

8 .  

9 .  

L O .  

L i t e r a t u r e  C i t e d  

C .  Zweig a n d  J .  Sherma,  Ana l .  Chem., 5, 73R ( 1 9 7 4 ) .  

W .  A .  Da rk ,  s. w., A u g u s t ,  50 ( 1 9 7 5 ) .  

C .  H .  Wrigh t  and D .  E .  S e v e r s o n ,  &, E. Fuel  Chem. P r e p r i n t s ,  
16  ( Z ) ,  6 8  ( 1 9 7 2 ) .  - 

A .  R .  T a r r e r ,  J .  A .  G u i n ,  J .  W .  P r a t h e r ,  W .  S .  P i t t s ,  and  J .  P .  
H e n l e y ,  &, -. Fuel Chem. P r e p r i n t s ,  T h i s  volume ( 1 9 7 6 ) .  

p r e p a r e d  by S o u t h e r n  S e r v i c e s ,  I n c . ,  Bi rmingham,  Alabama ,  , 
f o r  t h e  E l e c t r i c  Power R e s e a r c h . I n s t i t u t e ,  EPRI i n t e r i m  
r e p o r t  1 2 3 4 ,  May, 1 9 7 5 .  

Auburn ,  Alabama, P e r s o n a l  Communica t ion .  

S t a t u s  R e p o r t  o f  W i l s o n v i l l e  S o l v e n t  R e f i n e d  Coal P i l o t  P l a n t ,  

W .  S .  P i t t s ,  Depa r tmen t  o f  Chemical E n g i n e e r i n g ,  Auburn U n i v e r s i t y ,  

D .  M .  M a r q u a r d t ,  J .  z. I n d u s t .  App l .  M a t h ,  11, 4 3 1  ( 1 9 6 3 ) .  

H .  G .  J .  P o t g i e t e r ,  E, 52, 134  ( 1 9 7 3 ) .  

L .  A .  Heredy and P .  F u g a s s i ,  "Coal S c i e n c e " ,  A . C . S .  Advances  i n  

E .  E .  Dona th ,  " C h e m i s t r y  o f  Coal U t i l i z a t i o n , "  H .  H. Lowry, E d . ,  

C h e m i s t r y  S e r i e s ,  55, 4 4 8  ( 1 9 6 6 ) .  

John Wi ley :  New York, 1 9 6 3 ,  Chap. 2 2 ,  p .  1 0 6 3 .  

149 



.-( 

W 
1 
m 
I- 

- 
.r 
0 

aJ 
c, 
0 
VI 
0 
a, 
L 
u 
-0 
aJ 
c, 
5 
al 
L 
I- 

,-+ 
0 

VI 

VI 
.r 

h - 
5 

< 
V 
-1 
a 
I 

W 

0 

be 

P 
3 

u 

m 

TI 
c 
2 
0 
Q 
E 
0 
u 

w -  N W 
* b . - O m - * * h . 4 0  
O b O 4 m w N w m - l L o  

0 0 * 0 N * N m 0 h . - (  
. . . . . . . . . . .  

J 

. . . . . . . . . . .  
o o h o b w ~ m o m -  

4- W 
4 N N O m O W N P -  W 
W b ' n . 4 N O N N N b W  

o o W o m m ~ l n 4 N . - (  
. . . . . . . . . . .  

4 

aJ 
7 

.r 
L W 
c, c w  
'r a w e  
c --.-aJ w 
5 
e * 
c 
a 
m 
sal 
1 -  

N O  
N 

o m  
c n  
5 L  

5 
- i U  

m 
W 

Lo 
N 

4 
u3 

W 
N 

01 
m 

CI 
N 

W 
m 

m 
m 

m 
N 

0 * 

N 
m 
0 
Lo 

7 

m 
c, 
0 
I- 

* L R  5 v  
m ~ O O P I  
u n u  v m  

o u o o o  
c c c e s  

5 m 5 m  

c c c c c  
a J a J a J a J a J  
m)o)o,o,o 
0 0 0 0 0  
L L L L L  
o o u o o  
h h h h h  
c-ccrc 
r r r r c  
* w c , c , c ,  

- 3 3 3 3 3  
.r .r .r .r fr 

.r 
o o m o u u  

a J a l a J w w  
-c,c,c,** 

150 



TABLE 2 

C o m p a r i s o n  o f  C r e o s o t e  O i l  A n a l y s e s  

Compound 

1 and  2 - n a p h t h o n i t r i l e  
c a r b a z o l e  
n a p h t h a l e n e  
2 - m e t h y l c a r b a z o l e  
1 - m e t h y l n a p h t h a l e n e  
2 - m e t h y l n a p h t h a l e n e  
a c e n a p h t h e n e  
f 1 u o r e n e  
d i  b e n z o t h i  o p h e n e  
p h e n a n t h r e n e  
a n t h r a c e n e  

W t  
A B 

0 . 3 2  
2 . 2  
5 . 1  9 . 0 8  
1 . 7  
0 . 3 8  3 . 5 5  ~.~~ 

1 . 3  1 0 . 2  
6 .0  9 . 7 3  

1 0 . 3  5 . 5 4  
0 . 5 2  0 . 9 4  

1 8 . 6  1 7 . 9 2 a  
4 .3  

% 
C 

0 . 6 1  
0 . 4 2  

0 . 1 1  
5 . 2 3  
8 .00  
6 . 2 8  
5 . 2 2  
1 . 0 1  

12 .45  
1 . 8 6  

8 .92  

D 

1 0 . 0  

3 . 0  
8 . 0  
5 . 0  
5 . 0  

1 7 . 0 a  

A - A l l i e d  C h e m i c a l  Company b y  g a s  c h r o m a t o g r a p h y  
B - S o u t h e r n  S e r v i c e s  b y  gas  c h r o m a t o g r a p h y  ( A S T M  0 2 8 8 7 )  
C - A u b u r n  U n i v e r s i t y  b y  HPLC 
D - A u b u r n  U n i v e r s i t y  b y  gas  c h r o m a t o g r a p h y  

a - i n c l u d e s  b o t h  p h e n a n t h r e n e  a n d  a n t h r a c e n e  



OIL+H2+ PYRITE 

n 

I I 

1 I I I 

120 90 60 3 0  

01 L+ H2 + CO-Mo-AI 

Time (min) 
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F i g u r e  1 

C h r o m a t o g r a m s  o f  c r e o s o t e  o i l  w h i c h  s h o w  t h e  e f f e c t  o f  t h e  
v a r i o u s  t r e a t m e n t s .  P o s i t i v e l y  i d e n t i f i e d  c o m p o n e n t s  i n  o r d e r  o 
e l u t i o n  a r e :  

a .  
b .  

d .  
e .  
f .  
9 .  
h .  
i. 
j. 
k. 
1 .  
m .  
n .  

C. 

i n t e r n a l  s t a n d a r d  ( b e n z o f u r a n )  
1 a n d  2 - n a p h t h o n i t r i l e  
c a r b a z o l e  
n a p h t h a l e n e  
2 - m e t h y l c a r b a z o l e  
1 - m e t h y l n a p h t h a l e n e  
2 - m e t h y l  n a p h t h a l e n e  
d i b e n z o f u r a n  
b i p h e n y l  
a c e n a p h t h e n e  
f 1 u o r e n e  
d i b e n z o t h i o p h e n e  
p h e n a n t h r e n e  
a n t h r a c e n e  
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SHORT RESIDENCE TIME (SRT) COAL HYDROPYROLYSIS 

A. H. Pelofsky 
M. I. Greene 
C .  J. LaDelfa 
Energy Research Laboratory 
C i t i e s  Serv ice  R & D 
D r a w e r  7 
Cranbury, N .  J. 08512 

INTRODUCTION : 

For t h e  last two y e a r s ,  C i t i e s  Serv ice  R & D has  been i n v e s t i -  
ga t ing  t h e  S h o r t  Residence T i m e  (SRT) Hydropyrolysis Process  which 
n o n c a t a l y t i c a l l y  hydrogenates d r y  c o a l  t o  produce d i r e c t l y ,  i n  a 
one-step p r o c e s s ,  l i g h t  a romat ic  l i q u i d s  ( e s s e n t i a l l y  benzene) ,  
and h igh  Btu g a s  (CHL,, C,H,) (1) .  
coa l  are removed a s  H , S ,  NH,,H,O and COX. 
used t o  produce make-up hydrogen o r  hydrogas i f ied  f u r t h e r  i n  
another  r e a c t o r  t o  make a d d i t i o n a l  h igh  Btu g a s .  

I n  a d d i t i o n ,  heteroatoms i n  the  ' 
The product  char  can  be  

A cont inuous ,  bench-scale u n i t  t o  process  1 t o  2 l b / h r .  c o a l  
has been cons t ruc ted  a t  t h e  CSRhD l a b o r a t o r i e s  i n  Cranbury, N . J . ,  
and has  been i n  opera t ion  s i n c e  t h e  summer of 1975. Coal conver- 
s ions  of t h e  o r d e r  of  50-80 w t . %  MAF c o a l  have been r o u t i n e l y  
a t t a i n e d  with a l i g h t  aromatics  y i e l d  of t h e  order  of 12-16 w t . %  
MAF c o a l  and a gas  y i e l d  (C,+ C, ,and CO ) of t h e  o r d e r  of 34-68 w t z  
MAF Coal .  X 

EXPERIMENTAL PROGRAM: 

The C i t i e s  Serv ice  program w a s  as fo l lows:  

1. Design, c o n s t r u c t  and o p e r a t e  a 2 l b / h r .  exper imenta l  u n i t .  
2 .  

3 .  Derive mathematical  models t o  p r e d i c t  experimental  r e s u l t s .  
4. 
5. Define m e t a l l u r g i c a l  requirements .  

A r e l a t i v e l y  s imple f r e e - f a l l ,  d i l u t e  phase r e a c t o r  system w a s  

Perform cold  f low model s t u d i e s  t o  de te rmine  optimum 
nozz le  des igns .  

I d e n t i f y  s c a l e a b l e  c o a l  f e e d e r  des igns .  

designed t o  u t i l i z e  a s  s imple an appara tus  a s  p o s s i b l e  t o  prove o r  
d i sprove  t h e  i n t r i n s i c  chemistry f o r  producing l i g h t  a romat ics  d i r e c t l y  
from c o a l .  Operat ion of t h e  u n i t  has  demonstrated t h a t  c o a l  can b e  
converted d i r e c t l y  t o  l i g h t  aromatic  l i q u i d s  wi thout  the  in te rmedia te  
product ion of h igh  b o i l i n g  tars. 
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The bench-scale  u n i t ,  as designed,  is a l s o  being u t i l i z e d  t o  
c a r r y  out  the  fol lowing o b j e c t i v e s :  

1. Determinat ion of t h e  r o l e  of major process  v a r i a b l e s  on 

2 .  Development of commercially s c a l e a b l e  equipment necessary  

3 .  Development of a s imple ,  working k i n e t i c  model of SRT 

4 .  Determinat ion of t h e  c r i t i c a l  sca leup  parameters  and t h e i r  

conversion and s e l e c t i v i t y .  

f o r  t h e  s u c c e s s f u l  o p e r a t i o n  of an SRT Hydropyrolysis  u n i t .  

Hydropyrolysis experimental  d a t a .  

e f f e c t  on product  y i e l d s  and s e l e c t i v i t i e s .  

The u n i t  is performing e s s e n t i a l l y  t rouble- f ree  and i s  g i v i n g  
the necessary smooth opera t ion  requi red  t o  perform process  v a r i a b l e  
s t u d i e s .  About t h r e e  dozen runs  each of f o u r  t o  f i v e  hours  d u r a t i o n  
have been completed. 

DESCRIPTION: 

Figure 1 is a schematic of t h e  bench s c a l e  u n i t .  Hydrogen i s  
suppl ied from a tube t ra i ler  t o  a diaphragm compressor capable  of 
recompressing the  hydrogen t o  3000 p s i .  The hydrogen i s  then metered 
to  t h e  c o n t r o l l e r  v a l v e s  which c o n t r o l  t h e  f low of hydrogen t o  t h e  
prehea ter  and t o  t h e  quench c o o l e r .  These hydrogen s t reams then  
e n t e r  t h e  r e a c t o r  assembly a s  i n d i c a t e d  i n  t h e  schematic .  Dr ied ,  
pulver ized c o a l  i s  fed  batchwise t o  a hopper which i s  then  p r e s s u r i z e d  
to  r e a c t o r  p r e s s u r e  wi th  hydrogen. A s tar-wheel  f e e d e r  then d e l i v e r s  
the c o a l  through a s tandpipe  i n t o  t h e  r e a c t o r .  The c o a l  then mixes 
with t h e  hydrogen, which has  been heated t o  t h e  approximate r e a c t i o n  
temperatures d e s i r e d .  The mixing occurs  i n  a manner formulated t o  
achieve very high hea t ing  r a t e s  of t h e  c o a l  which i s  necessary f o r  a 
high degree of c o a l  conversion.  The c o a l  then f a l l s  i n  f r e e - f a l l  
through t h e  four-foot  r e a c t o r  p i p e  i n t o  t h e  char  p o t  d e v o l a t i l i z i n g  
as i t  t r a v e r s e s  t h e  r e a c t o r .  The temperature-time h i s t o r y  of t h e  
coa l  is c o n t r o l l e d  by t h e  i n t r o d u c t i o n  of a cold quenching medium 
(cryogenica l ly  cooled hydrogen) through a v a r i a b l e  length  probe w i t h i n  
the r e a c t o r .  
reac tor  l e n g t h  e a s i l y  thus  providing t h e  mechanism f o r  varying 
res idence  t i m e  without  changing t h e  r e a c t o r .  The e n t i r e  r e a c t o r  i s  
immersed i n  a n  a d i a b a t i c  enc losure  ( e l e c t r i c a l  f u r n a c e ) .  The r e s u l -  
t a n t  quenced hydrogen-product gas  mixture  e x i t s  t h e  char  po t  a t  a 
temperature between 440-880'F which is below t h e  r e a c t i o n  temperature  
of t h e  prodcc t  s t ream. The r e s i d u a l  char  remains i n  t h e  char  p o t  
u n t i l  removal a t  t h e  completion of a run .  The hydrogen-product gas  
stream then  passes  through t h r e e  s t a g e s  of i n d i r e c t  h e a t  exchange 
where t h e  l i q u i d  products  a r e  s e q u e n t i a l l y  condensed from t h e  hydrogen 
Stream. 
and +200"F by t h e  use  of s u i t a b l e  coolan ts .  The non-condensable 
hydrogen stream is then depressured ,  metered,  analyzed by gas  chroma- 
tography and then vented t o  t h e  atmosphere. 

The v a r i a b l e  length  probe al lows f o r  the  change i n  

Condensation temperature  can be c o n t r o l l e d  between -200'F 
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Figure  2 i s  a schematic of t h e  r e a c t i o n  s e c t i o n .  It shows t h e  
coa l  hopper d e l i v e r i n g  c o a l  t o  a s tar-wheel  f e e d e r  s i m i l a r  i n  des ign  
t o  one t h a t  has  been used f o r  a number of y e a r s  by t h e  P i t t s b u r g h  
Energy Research Center. The c o a l  flows from t h e  s t a r - f e e d e r  i n t o  
the  r e a c t o r  i n  which hot  hydrogen i s  made t o  i n t i m a t e l y  mix wi th  t h e  
co ld  c o a l .  The c o a l  then  f r e e - f a l l s  through t h e  r e a c t o r  i n t o  t h e  
char  p o t  where t h e  products  are s e p a r a t e d  from t h e  char  by t h e  u s e  
Of a s imple f i l t e r .  The r e a c t o r  c o n t a i n s  a v a r i a b l e  l e n g t h  quench 
probe which has  been per fec ted  by Cities Serv ice  and a l lows  f o r  t h e  
res idence  time t o  be  e x p l i c i t l y  def ined  by moving t h e  probe t o  
varying lengths  w i t h i n  t h e  r e a c t o r .  For t h e  i n i t i a l  s t u d i e s ,  hydro- 
gen was used as a quench medium because i t  d i d  n o t  complicate  t h e  
a n a l y s i s  of t h e  products .  

Table 1 shows t h e  range of o p e r a t i n g  c o n d i t i o n s  s t u d i e d  us ing  
North Dakota l i g n i t e .  Although Western Kentucky bituminous c o a l  
has been run ,  t h i s  paper w i l l  be  confined t o  d iscuss ions  on l i g n i t e .  
The Table  shows c o a l  has  been r u n  cont inuous ly  from 1.25-8.0 hours .  
Most of the  r u n s ,  however, have been i n  t h e  4-5 hour range.  The 
r e a c t o r  temperatures  were var ied  from 1150" t o  1575°F average 
hydrogen-coal temperatures .  This  r e a c t o r  temperature  was i n d i r e c t l y  
measured from t h e  s k i n  tempeiature  of t h e  r e a c t o r  by us ing  a 
mathematical model generated by C i t i e s  Serv ice .  The r e s i d e n c e  t i m e  
has  been v a r i e d  from 100-3000 mi l l i seconds  by t h e  use  of t h i s  
v a r i a b l e  length  quench probe.  One of t h e  more c r i t i c a l  parameters  on 
t h i s  Table i s  heatup r a t e ;  t h i s  parameter  has  been v a r i e d  from 
50,000-150,000F0/sec. 

Table 2 is t h e  a n a l y s i s  of t h e  l i g n i t e  t h a t  w a s  used.  Thc c o a l  
was d r i e d  t o  3% mois ture  before  i t  was used i n  t h e  experiment. 
Table 3 shows t h e  range of conversion and y i e l d s  obtained us ing  
North Dakota l i g n i t e .  
and t h e  l i q u i d  y i e l d s  have been as high as 16 w t . %  based on mois ture  
and a s h  f r e e  c o a l .  This  l i q u i d  is e s s e n t i a l l y  94% pure  benzene wi th  
smaller amounts of naphthalene and an thracene .  Above about a 1200°F 
r e a c t o r  temperature ,  only l i g h t  a romat ic  l i q u i d s  a r e  produced. The 
gas produced i s  e s s e n t i a l l y  composed of methane and ethane.  These 
products  a r e  i d e n t i f i e d  by using a gas  chromatographic system 
designed so t h a t  a thermal conduct iv i ty  d e t e c t o r  is i n  s e r i e s  w i t h  
the  flame d e t e c t o r .  Using t h i s  system, carbon ba lances  a r e  c a l c u l a t e d  

Carbon conversion df 80% have been achieved 

The fol lowing are t h e  p i l o t  p l a n t  achievements t o  da te :  

1. Continuous, s t e a d y - s t a t e  o p e r a t i o n  wi th  c o a l  feeding  f o r  8 .0  hours .  
2. No p r e s s u r e  drop bui ldup i n  nozz les ,  r e a c t o r s  o r  recovery 

system. 
3. Prehea t ing ,  r e a c t i n g  and quenching of coal--hydrogen mixtures  

a t  t o t a l  res idence  times of less than  one second. 
4 .  Coal heatup rates of t h e  order  of 50,000-100,000F0/sec. 
5. Quenching of r e a c t i o n  products  w i t h i n  r e a c t o r  v e s s e l .  
6. No tar formation wi th  p r i n c i p a l  hydrocarbon products  be ing  

7.  
benzene, methane, e thane.  
Exceeded Fisher  assay c o a l  and carbon conversions a t  a l l  
t h r e e  opera t ing  s e v e r i t i e s .  
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TABLE 1 

RANGE OF OPERATING CONDITIONS STUDIED 

NORTH DAKOTA LIGNITE 

RUN TIME (COAL) 

REACTOR TYPE 

HYDROGEN/COAL RATIO 

AVERAGE PARTICLE S I Z E  

COAL HEATUP RATE 

AVERAGE REACTOR TEMPERATURE 

REACTOR PRESSURE 

AVERAGE PARTICLE RESIDENCE TIME 

M7iXIMUM VAPOR RESIDENCE TIME 

QUENCH TEMPERATURE 

159 

1.25 - 8.0 HOUR 

FREE-FALL 

0.18 - 2 .0  LB/LB. 

50 - 4 5 0  MICRONS 

5 0 , 0 0 0  - lSO,OOOFo/SEC. 

1150 - 1575OF 

5 0 0  - 3000 PSI 

1 0 0  - 3000 MSEC. 

0.8 - 1 4  SECONDS 

4 5 0  - 1000°F 



TABLE 2 

NORTH DAKOTE LIGNITE COAL ANALYSIS 

I. ULTIMATE WT. % MAF 

CARBON 

HYDROGEN 

NITROGEN 

SULFUR 

OXYGEN 

68.1% 

4.6 

1.3 

1.6 

24.4 

11. PROXIMATE (AS RECEIVED) WT.% 

MOISTURE 38.8% 

ASH 6.1 

VOLATILE MATTER 25.7 

FIXED CARBON 29.4 
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TABLE 3 

RANGE OF CONVERSION AND YIELDS OBTAINED 

NORTH DAKOTE LIGNITE 

CONVERSION 

COAL 

CARBON 

DEVOLATILIZATION 

DEOXYGENATION 

YIELDS , 

GAS (‘25, COX) 

LIQUIDS (C6+) 

LIQUOR 

HYDROGEN CONSUMPTION 

SELECTIVITY TO PRODUCTS 

LIQUIDS (C,’) 

GAS (Cg, COX) 

PRINCIPAL PRODUCTS 

GAS - 
METHANE 

ETHANE 

co (C02) 

‘JH8 

40 - 85 WT.% MAF BASIS 

25 - 80 WT.% 

60 - 99 WT.% 

3C - 99 WT.% 

Q 

14 - 65 WT.% 

4 - 16 WT.% 
1.1 - 1.4 BBL/TON 

12,000 - 40,000 SCF/TON 
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15 - 50 WT.% 
85 - 50 WT.% 

LIQUIDS 

BENZENE 

NAPHTHALENE 

TOLUENE 

ANTIIRACENE/PIIENANTIIRENE 



RESULTS : 

A pproximately t h r e e  dozen runs  have been made wi th  t h e  exper i -  
mental system. F igure  3 shows t h e  carbon s e l e c t i v i t y  t o  g a s  and 
l i q u i d  as a f u n c t i o n  o f  carbon conversion.  
of approximately 45%, carbon s e l e c t i v i t y  t o  l i q u i d s  of 43% is 
a t t a i n e d .  As carbon convers ion  i n c r e a s e s ,  the  l i g n i t e  is hydrogasi-  
f i e d  with t h e  p r i n c i p a l  product  be ing  methane. These r e s u l t s  were 
obtained wi th  s h o r t  r e s i d e n c e  t i m e s  i n  t h e  order  of 500 mil l i seconds .  
A s  the  r e s i d e n c e  t i m e  i s  increased ,  t h e  BTX is cracked t o  coke and 
hydrogen r a t h e r  than  converted d i r e c t l y  t o  methane. A s  a r e s u l t ,  
i f  t h e  l i q u i d  product  i s  n o t  removed, t h e r e  is a decided decrease  
i n  carbon convers ion  because t h e  l i q u i d  ends up as coke which is 
deposi ted onto  t h e  remaining char .  K i n e t i c  c a l c u l a t i o n s  v e r i f y  
t h e s e  assumptions. 

A t  a carbon conversion 

Figure 4 shows t h e  e f f e c t  of r e a c t i o n  temperature  on carbon con- 
vers ions  a t  res idence  t i m e  i n  t h e  o r d e r  of 500 mil l i seconds .  A t  
t h e s e  medium p r e s s u r e s ,  t h e  carbon conversion i s  asymptot ic  a t  about  
46 w t .  %. 

Figure 5 d e p i c t s  a fami ly  of curves  f o r  t h e  h y d r o g a s i f i c a t i o n  
of l i g n i t e .  I t  shows how t h e  heatup ra es e f f e c t  carbon conversion.  
The Ci t ies  Service.  d a t a  f a l l  above IGT"' d a t a  because t h e  heatup 
r a t e s  a r e  h igher .  

Figure 6 c o n t a i n s  t h e  same d a t a  a s  F igure  5 ,  b u t  depic ted  
d i f f e r e n t l y .  It shows t h a t  as you i n c r e a s e  t h e  r e a c t i o n  temperature  
and a l s o  i n c r e a s e  t h e  h e a t i n g  r a t e ,  carbon conversion i n c r e a s e s .  

DISCUSSION: 

The experimental  r e s u l t s  achieved t o  d a t e  sugges t  t h a t  non- 
catalyt ic  hydropyrolys is  of c o a l  t o  methane and BTX is t e c h n i c a l l y  
f e a s i b l e .  S u f f i c i e n t  d a t a  has  been accumulated t o  e x p l i c i t l y  d e f i n e  
t h e  opera t ing  c o n d i t i o n s  necessary  t o  d e s i g n  a commercial u n i t  t h a t  
w i l l  r e a c t  l i g n i t e  t o  methane and BTX. In t h e  commercial des ign ,  
i t  is  a n t i c i p a t e d  t h a t  an e n t r a i n e d  f low r e a c t o r  would be used.  
The advantage of  t h i s  process  is t h a t  no f u r t h e r  h y d r o t r e a t i n g  of 
l i q u i d  products  is necessary  and t h a t  t h e  products  can be s o l d  "as 
is" from t h e  p l a n t .  
a n  optimum flow d i a g r a m ' f o r  t h i s  process .  Two schemes w i l l  be  shown. 

S e v e r a l  cases  have been developed t o  determine 

Figures  7 and 8 are process  f low diagrams of p o s s i b l e  r o u t e s .  
F igure  7 shows a scheme whereby t h e  c h a r  is g a s i f i e d  wi th  steam and 
oxygen. In both  schemes, 16,800 T/D of MAF l i g n i t e  a r e  d e l i v e r e d  t o  
t h e  SRT r e a c t o r ,  324 MM SCFD of CH,: 10,600 B/D BTX, 235 T/D NH3 and 
126 T/D S are produced. The o v e r a l l  thermal  e f f i c i e n c y  f o r  F igure  7 ,  
i . e . ,  B T U ' s  ou t  over  BTU's i n  on a n i t r o g e n  and s u l f u r - f r e e  b a s i s  i s  
68%. 
In t h i s  scheme c o a l  i s  requi red  t o  supplement t h e  char  so t h a t  hydro- 
gen and oxygen can b e  produced. 

Approximately 10,000 SCF of CHI, a r e  produced per  ton of c o a l .  
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Figure  8 is a f low diagram whereby hydrogen i s  produced by steam 
reforming some of t h e  methane t h a t  is produced. In  t h i s  c a s e ,  the  
char i s  g a s i f i e d  wi th  a i r  and t h e  r e s u l t i n g  150 BTU/SCF gas  is used 
t o  f i r e  t h e  reformer.  The thermal  e f f i c i e n c y  of t h i s  scheme is  62% 
but t h e  c a p i t a l  investment  i s  much less s i n c e  an oxygen p l a n t  i s  
not  requi red .  
duced. though both schemes a r e  economically a t t r a c t i v e ,  t h e  scheme 
shown on Figure  8 seems t o  be t h e  p r e f e r r e d  r o u t e  n o t  on ly  because 
of t h e  lower c a p i t a l  investment  b u t  also because air-blown char  
g a s i f i c a t i o n  is much s impler  than char  g a s i f i c a t i o n  wi th  oxygen and 
steam. 

Approximately 9000 SCF of CH /ton of c o a l  are pro- 

A t  p r e s e n t ,  C i t i e s  Serv ice  i s  planning t o  r e t a i n  a n  independent 
engineer ing f i rm t o  make a d e t a i l e d  engineer ing a n a l y s i s  s o  t h a t  
a l l  a l t e r n a t i v e s  can be  eva luca ted .  
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Introduction 

There has been considerable i n t e r e s t  i n  investigation of the  k ine t ics  of coal 
d i sso lu t ion  and heteroatom removal i n  the presence of donor solvents a n d  hydrogen 
gas. This i n t e re s t  stems not only from an i n t r i n s i c  des i r e  t o  understand the process 
be t t e r  from a fundamental viewpoint, but a l so  from a need t o  obtain data and know- 
ledge from which coal l iquefac t ion  processes may be in t e l l i gen t ly  designed. If 
r e l i a b l e  k ine t ics  expressions can be obtained, the  e f f e c t s  of various operating ' 

variables quantified,  and the  trends be t te r  established, then data taken in lab- 
ora tory  experiments can be more confidently extrapolated t o  other conditions with 
a minimum of experimental inves t iga t ion .  

From work in  t h i s  laboratory (1,Z) and t h a t  of o thers  (3,4,5,6) a f r z e  radical 
mechanism .for the  d isso lu t ion  of coal in hydrogen donor solvents can be postulated. 
The i n i t i a l  d i sso lu t ion  of the coal so l id  i s  thermally i n i t i a t e d ;  however, the net 
r a t e  of depolymerization f o r  a given coal depends upon the  nature of the solvent and  
i t s  effectiveness i n  s t ab i l i z ing  the f r ee  rad ica ls .  The higher the hydrogen donat- 
i n g  a b i l i t y  of the so lvent ,  the  more e f f ec t ive  the  solvent i s  in terminating rad ica ls  
and promoting coal so lva t ion .  This i s  shown by the f a c t  t ha t  hydrogenated recycle 
solvent has been found to f a c i l i t a t e  coal solvation much more readi ly  than untreated 
solvent (18). The overall  r a t e  l imi t ing  s t ep  in the process appears to  be the re- 
hydrogenation of the donor vehicle.  This l a t t e r  process can, hotJever, be aided 
s igni f icant ly  by the ac t ion  of coal mineral matter (73). The separation of these 
two s teps ,  hydrogen t r ans fe r  and solvent rehydrogenation, may provide the key t o  a n  
improved SRC type process, allowing grea te r  reactor throughput and operation a t  lower 
temperatures and pressures. 
version process a t  Cresap, West Virginia. 

Considerable research has been conducted concerning the k ine t ics  o f  coal .solvation 
and su l fur  removal. Although performed in the  absence of a solvent,  the recent study 
of the  nonispthermal k ine t ics  of coal hydrodesulfurization reported by Yergey, a l .  
( 9 )  i s  of i n t e re s t .  These inves t iga tors  divided the su l fu r  in coal in to  f i v e  c lasses  
of  Organic I ,  11, 111, Py r i t i c ,  and Sul f ide ,  and determined pre-exponential and a c t i -  
vation energies for the reac t ion  of each of these f i v e  types.  O f  par t i cu la r  i n t e re s t  

Such an arrangement would be similar t o  the coal con- 
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was the  reverse reaction of H S with the  organic matter of coal to  produce the 
Organic I 1 1  c lass  of coal-confained su l fu r .  Liebenburg and Potgieter ( l o ) ,  and 
POtgieter ( l l ) ,  have recently reported s tudies  on the  uncatalyzed hydrogenation 
of coal and o n  the k ine t ics  of conversion of t e t r a l i n  during the hydroliquefaction 
of coal. 
e f f ec t s  in batch autoclave k ine t ics  s tud ies  a n d  suggested sampl ing techniques t o  
avoid these. 
from the uncatalyzed hydrogenation of coal in t e t r a l i n  were reported and several 
d i f f e ren t  kinetic mechanisms were postulated.  Wen and Han (12) have a l so  de te r -  
mined r a t e  constants using coal 1 iquefaction and desulfurization d a t a  gathered 
primarily from studies by Pittsburgh and Midway Coal Mining C o . ,  the University of 
Utah, and the Colorado School of Mines. These researchers were able t o  f i t  data 
from these sources w i t h  a n  empirical expression fo r  the  r a t e  of coal d i sso lu t ion ;  
however, no kinetic expression was obtained f o r  desu l fur iza t ion ,  probably because 
of lack of su f f i c i en t  da ta .  Furthermore, the  e f f ec t  of hydrogen par t ia l  pressure 
was n o t  firmly es tab l i shed ,  and i t  i s  l i ke ly  tha t  the d i f f e ren t  type reac tors  a n d  
experimental procedures employed in the  three  labora tor ies  made the data cor re la t ion  
more d i f f i c u l t .  Coal l iquefaction data using creosote o i l  together w i t h  a CO-stream 
gas phase have been reported by Handwerk, c. (13) a t  the Colorado School o f  
Mines. I n  these experiments i t  was established tha t  reaction temperature had a 
stronger e f f ec t  o n  desu l fur iza t ion  than did hydrogen par t ia l  pressure; however, 
reaction ra te  expressions were n o t  reported. Similar investigations employing 
synthesis gas, with the  addition of an external ca t a lys t ,  have been reported 
by Fu and I l l i g  (14)  and Appell, e t  a l .  (15).  
the University of Utah s tudies  onTyzocracking  and heteroatom removal (16,17) a r e  
representative of batch autoclave s tudies  in the presence of a n  added ca t a lys t ,  
although in these par t icu lar  s tud ies  a coal-derived o i l  was used as a s t a r t i ng  
matcrial ra ther  t h a n  a coal-solvent s lu r ry .  Given e t  a l .  (18) a t  the Pennsylvania 
S ta t e  University, in cooperation with Gulf ResearchnFDevelopment Company, have 
reported recent r e su l t s  of t h e i r  e f fo r t s  t o  co r re l a t e  coal l iquefac t ion  behavior 
with chemical and physical cha rac t e r i s t i c s  of the coal.  Although t h e i r  r e su l t s  are 
enlightening, i t  appears t h a t  f u r the r  work will be required t o  f irmly es tab l i sh  the 
r e l a t ion  between d i f f e ren t  cha rac t e r i s t i c s  of the  coal and 1 iquefaction behavior, i n  
view of the large number of in te rac t ing  variables which a re  present. Thus, desp i te  
the f a c t  t h a t  numerous s tudies  have been reported concerning l iquefaction k ine t ics ,  
i t  appears tha t  the  reaction-dissolution process i s  s t i l l  not completely understood 
and tha t  fur ther  investigation i s  needed. 

They concluded t h a t  heating and cooling could cause considerable spurious 

Kinetic r a t e  constants f o r  the  formation of asphalt  and o i l  f rac t ions  

With regard t o  c a t a l y t i c  s tud ies ,  

In contrast  t o  t he  la rge  amount of research on the  k ine t ics  of coal solvation 
and su l fur  removal, there  i s  a d i s t i n c t  lack of re la ted  information on the  k ine t ics  
of hydrogen consumption during the coal solvation process. 
consumption i s  important in the  SRC process where i t  i s  des i rab le  to  minimize the  
consumption of cos t ly  hydrogen and maximize the  yield of the SRC bo i le r  fue l .  
production of highly hydrogenated products including C1-C4 gases decreases SRC 
y ie ld  and increases the  consumption of hydrogen. 
use in power plants does not require extensive hydrogenation. 
note tha t  SRC product usually conta.ins a s l i g h t l y  lower hydrogenlcarbon r a t i o  ( H / C  = 
0.75) t h a n  the feed coal i t s e l f  (H/C=0.8)(19,26). 
gases (H/C=6.6), water, and l i g h t  l iqu ids  (H/C=1.5) can be minimized, the  SRC process 
has  the  potential t o  be se l f - su f f i c i en t  in hydrogen which can be recovered from l igh t  
l iqu ids  and  gases by steam reforming, i f  necessary. The SRC p i lo t  p lan ts  operated a t  

The r a t e  of hydrogen 

The 

The synthesis of bo i le r  fuel fo r  
I t  i s  in te res t ing  t o  

Thus, i f  the production O F  l i g h t  
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Wilsonville, Alabama, and  Tacoma, Washington, currently consume about two weight 
percent of hydrogen per pound of NAF coal feed. Controlling solvent composition 
a n d  process conditions t o  optimize se lec t ive ly  the production of SRC product would 
l imi t  hydrogen consumption t o  a minimum a n d  s t i l l  produce an environmentally 
acceptable boi le r  fue l .  
r a t e  expressions a re  needed t o  provide models f o r  process scale-up, simulation, and 
optimization. 
consumption i n  the d isso lver  stage of the SRC process. 

Reaction Kinetics Experiments 

Reagents and Materials. Kentucky No. 9/14 coal mixture was crushed; and the -170 
mesh f rac t ion  - having the screen analysis shown in Table 1 ,  and the  elemental 
analysis in Table 2 - was used. The creosote o i l  used in this work was furnished 
by Southern Services,  Inc . ,  and was used as received from Wilsonville. 
analysis of this creosote o i l  by gas chromatography i s  given i n  Table 1 .  The o i l  
i s  d i s t i l l e d  from coal tar in the boi l ing  range 175O t o  350OC. 
nally obtained from Allied Chemical Company as creosote o i l  24-CB; and has a carbon- 
to-hydrogen r a t io  of 1.25 (90.72% C a n d  6.059: H ) ,  a spec i f i c  gravity of 1.10 a t  
25OC, and a boiling point range of 350 t o  650OF. 
r a t i o  was used in a l l  experiments reported,  and a l l  coal was dried overnight a t  
lOOOC and 25 inches of Hg vacuum before use. 
Hydrogen in 6000 psi grade and had a pur i ty  of 99.995%. 
was obtained from Matheson Coleman and Bell (FICB) and used w i t h o u t  f u r t h e r  pu r i f i -  
cation. 

Procedures. 
i n to  a 300 cc. magnedrive autoclave from Autoclave Engineers, Inc. 
car r ied  o u t  a t  reaction times of 15 ,  30, 60, a n d  120 minutes and a t  reaction 
temperatures of 385, 400, 410, and 435OC; a s t i r r e r  s e t t i ng  of 1000 rpm was used 
in ala the runs, with the exception of one run in which a s t i r r e r  s e t t i n g  of 2000 
rpm was used t o  evaluate mass t r ans fe r  e f f ec t s .  
per minute was used - requiring only about three minutes f o r  heat-up within the zone 
in which s ign i f i can t  reaction occurs (above 37OoC) and a to ta l  heat-up time of about 
30 - 35 minutes. 
and a t  reaction temperature more hydrogen was added t o  give .the desired i n i t i a l  
hydrogen gar t ia l  pressure.  
within i 3  C ;  a n d  upon completion, the f ina l  hydrogen par t ia l  pressure (ps i a )  was 
determined from gas analysis and t o t a l  pressure measurement. 

-_ Solubi l i ty  of Hydrogen in Coal Liquids 

Data on the s o l u b i l i t y  of hydrogen in  the coal-solvent s lu r ry  and a knowledge 
of the Henry's law constant i s  necessary i n  the  k ine t ic  modeling t o  follow hydrogen 
consumption. 
analysis of subsequent hydrogen recovery and downstream hydrogenation uni t s  in the  
coal processing t r a i n .  

complex mixture cons is t ing  largely of par t i  a1 ly hydrogenated polynuclear aromatic 
compounds, capable of t ransfer r ing  hydrogen t o  the coal s t ruc tu re .  
chemical composition of t he  steady-state recycle solvent i s  dependent upon the 
charac te r i s t ics  of the feed coal and operational conditions. 
the composition given in Table 1 was used as the s t a r t -up  solvent a t  the SRC p i l o t  
illant in Wilsonville, Alabama, and i s  reasonably representative of the steady-state 

Before optimum conditions can be se lec ted ,  hwever ,  k ine t ic  

This work repor t s  t he  development of such a model f o r  hydrogen 

Typical 

The o i l  was o r ig i -  

A 3:l solvent-to-coal weight 

Hydrogen was obtained from Linde 
Practical  grade mesitylene 

For each run, a 30 gm. of coal/90 gm of solvent s lu r ry  was charged 
Reactions were 

A heat-up r a t e  of about 20OC 

Pr ior  t o  heat-up 400 psig of hydrogen was charged t o  the reactor 

During each run reaction temperature was held constant 

In addi t ion ,  hydrogen so lub i l i t y  data are of importance f o r  design and  

The coal-derived process so lvent  f o r  l iquefaction operations i s  typ ica l ly  a 

The exact 

The creosote o i l  haviiig 
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recycle solvent. 
used f o r  the k ine t ics  modeling in this investigation. 

previously reported a t  coal l iquefaction conditions. Peter and Weinert (20) have 
determined hydrogen so lub i l i t y  in  slack wax, a paraffin o i l ,  under s imi l a r  condi- 
t ions as encountered here. Eakin and Devaney (21) have measured hydrogen so lubi l -  
i t i e s  i n  paraf f in ic ,  naphthenic, and aromatic solvents as a ternary system w l t h  
hydrogen su l f ide  in the temperature range from looo t o  4OO0F and a pressure range 
from 500 t o  2000 psia. 
the Henry's law constants f o r  hydrogen so lub i l i t y  i n  squalane and octamethylcyclotetra- 
si loxane between 250 and 20OoC. The work presented here provides data on hydrogen 
so lub i l i t y  in creosote o i l  solutions a t  the high pa r t i a l  pressures of hydrogen and 
high temperatures used in  coal l iquefaction reactors.  
applied d i rec t ly  to  coal conversion systems. 

Solubi l i ty  data f o r  hydrogen i n  t h i s  o i l  a re  determined and 

Determinations of the so lub i l i t y  of hydrogen in coal l iqu ids  have not  been 

Chappelow and Prausnitz ( 2 2 )  have a l so  made measurements o f  

T h u s ,  these data may be 

Hydrogen Solubi l i ty  Experiments 

The equilibrium ce l l  used was a one gallon Autoclave Engineers 316 Sta in less  
Steel magnedrive autoclave. Equilibrium pressures were monitored with a Heise 
Bourdon-tube gauge which had been ca l ibra ted  against  a deadweight gauge. 
temperature of the ce l l  was measured with a Type K thermocouple inser ted  in to  a 
thermowell extending i n t o  the l iquid phase. Temperature was controlled within 
t l % .  

The 

Gases encountered in this experiment were analyzed f o r  H 2 ,  Ai r ,  CH4,  C02, H2S, 
C2H6, C3H8, i - C  H n-C4H10, i-C5H12, and n-C5H12. Hydrogen analyses were carried 
out on a Varian Model 920 areograph using a 15 foot  column packed with 75% molecular 
s ieve  13X and 25% molecular seive 5A. The column was operated isothermally a t  lOOOC 
with nitrogen as a c a r r i e r  gas (40 ml/min). The o ther  gases were analyzed on a 
Varian model 1800 areograph using a 15 foot  column packed with Porapak Q ,  80-100 
mesh. 
12'C/min. Helium was used as a ca r r i e r  gas (40 ml/min). 
equipped with thermal conductivity detectors.  

The column temperature was programmed between 40° and 23OoC a t  approximately 
Both chromatographs were 

The creosote o i l  was charged in to  the autoclave and the system purged by 
evacuation. 
added t o  an amount determined by observation of the pressure. Hydrogen pressure 
was found t o  reach an equilibrium s t a t e  i n  less  than 5 seconds by standard s t e  - 
response tes t ing .  S t i r r i n g  was carried on during the e n t i r e  process (2000 rpmy, 
except during sample withdrawal. 

The autoclave was then brought t o  the desired temperature and hydrogen 

Samples of the vapor were withdrawn from the top of the autoclave and analyzed 
by gas chromatography. 
the gauge pressure and the vapor pressure of the creosote o i l  (Figure 1 ) ,  the 
pa r t i a l  pressure of hydrogen in the vapor was calculated.  

s t e e l  bomb. 
which the volume of the dissolved gases were measured. 
the gases were passed t o  a gas chromatograph f o r  analysis.  

From the analysis of the vapor  phase and the knowledge of  

Liquid samples were withdrawn from the bottom of the autoclave in to  a s t a in l e s s  
The bomb was then f i t t e d  t o  an evacuated glass rack, (Figure 2 ) ,  in 

After volume measurement 
From th i s  ana lys i s ,  
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-knowing the barometric pressure,  ambient temperature, and to t a l  gas volume - the 
weight of hydrogen dissolved in the creosote o i l  was computed using the ideal gas 
law. 
and the sol ubi 1 i ty ca lcu la ted  as grams $/gram o i l .  

By weighing the loaded bomb the weight of the o i l  was determined in fe ren t i a l ly ,  

Result of Hydrogen So lub i l i t y  Experiments. 

To verify the l i qu id  sampling and analytical  procedures the s o l u b i l i t y  of 
H in mesitylene was determined a t  4OO0F (204OC) a t  par t ia l  pressures of hydrogen 
bgtween 500 a n d  2000 ps ia .  
hydrogen in mesitylene i n  t h i s  work t o  the l i t e r a t u r e  values (21) i s  given in Figure 
3 .  
cent,  thus confirming the  techniques used here. 

Experimental data f o r  the so lub i l i t y  of hydrogen in creosote o i l  were obtained 
a t  temperatures of 1000, 2000, 300°, and 4OO0C a t  pa r t i a l  pressures of hydrogen 
ranging from 500 t o  3000 ps ia ;  and the resu l t ing  data is shown i n  Figure 4. Hydrogen 
so lub i l i t y  exhib i t s  an in t e re s t ing  inverse temperature behavior, with so lub i l i t y  a t  
400% being grea te r  than values a t  100°C a t  the same pressure. 

The major sources o f  e r ro r  i n  t h i s  work a re  associated w i t h  t r ans fe r  of l iqu id  
sample from the autoclave to  the gas burette.  
determination of the weight of o i l  withdrawn was the l ea s t  accurate s t ep  in the 
experiment. Minor e r ro r s  r e s u l t  from uncertainties i n  the temperature of the 
equilibrium ce l l  and  the  measurement of dissolved gas volume. As a r e s u l t  of these 
f ac to r s ,  the present da ta  are estimated from l e a s t  squares analysis t o  have an 
experimental accuracy of 4-6% in so lub i l i t y  a t  a given pa r t i a l  pressure o f  hydrogen. 

I t  i s  apparent from these data tha t  hydrogen i s  appreciably soluble in creosote 
o i l .  
2000 psig approximately one-third of the to t a l  hydrogen gas present i s  dissolved 
in the l iquid phase. 

were run in which a s l u r r y  of 3:l r a t i o  of solvent t o  coal was used instead of 
creosote o i l .  
ninutes a t  temperature. 
phase, the hydrogen s o l u b i l i t y  was e s sen t i a l ly  the same - t h a t  i s ,  within experimental 
e r r o r  - as t h a t  i n  creosote o i l  alone a t  the same conditions. Thus the hydrogen 
so lub i l i t y  data i n  Figure 4 may also be used in the subsequent study of coal liquefac- 
t ion k ine t ics .  

Control l ing Regimes in Coal Liquids Hydrogenation 

The three-phase - solid-coal , hydrogen-gas, and donor-solvent - reaction 
system present in the SRC process i s  subjec t  t o  several possible mass transport  
e f f ec t s .  The f a c t  t h a t  coal pa r t i c l e s  readily d is in tegra te  in the presence of an 
appropriate donor solvent (1 )  and t h a t  i n i t i a l  pa r t i c l e  s i ze  seemingly has l i t t l e  
e f f e c t  upon the r a t e  of solvation (23) ind ica tes  t h a t  pore diffusion and f lu id-  
so l id  mass t r ans fe r  play minor roles in the SRC process - though additional 
research i s  des i rab le  t o  f u l l y  subs tan t ia te  t h i s  ten ta t ive  conclusion. 
the r a t e  of gaseous hydrogen consumption might be controlled,  a t  l e a s t  pa r t ly ,  by 

A comparison of the data obtained fo r  s o l u b i l i t y  of 

The measured values agree w i t h  the previously reported values within a few per 

The sample bomb was massive and 

Thus i n  a batch autoclave with equal volumes of gas and l iqu id  a t  4OO0C and 

In order t o  determine the e f f e c t  of coal on the hydrogen s o l u b i l i t y ,  experiments 

The data were taken a t  4OO0C and 2500 psia t o t a l  pressure a f t e r  30 
Assuming a l l  the organic coal matter t o  be in the l iqu id  

Nonetheless, 
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mass t r a n s f e r  across t h e  g a s - l i q u i d  i n t e r f a c e .  When g a s - l i q u i d  mass t r a n s f e r  c o n t r o l s  
the o v e r a l l  r e a c t i o n  r a t e ,  t he  most i m p o r t a n t  f a c t o r  i s  t he  i n t e r f a c i a l  area,  which i s  
governed by the a g i t a t i o n  r a t e .  To t e s t  f o r  t h e  presence o f  mass t r a n s f e r  r e g u l a t i o n ,  
experiments were performed u s i n g  au toc lave  s t i r r i n g  speeds o f  1000 and 2000 rpm 
r e s p e c t i v e l y  (24) .  
d i f ference i n  t h e  n e t  r a t e  o f  hydrogen consumption, thus i n d i c a t i n g  t h e  absence 
of mass t r a n s f e r  r e s i s t a n c e  f o r  the hydrogenat ion r e a c t i o n .  
prov ided by F igu re  5 where, a f t e r  i n j e c t i n g  a p u l s e  o f  hydrogen gas, a new quasi -  
e q u i l i b r i u m  s t a t e  i s  r a p i d l y  e s t a b l i s h e d ,  immediate ly  f o l l o w i n g  hydrogen s a t u r a t i o n  
o f  the l i q u i d  phase. The da ta  o f  F igu re  5 were o b t a i n e d  by a l l o w i n g  the r e a c t i o n  
m ix tu re  o f  e q u i l i b r a t e  a t  405OC and 700 p s i g  hydrogen p ressu re .  The pressure was 
then increased ve ry  r a p i d l y  t o  1870 p s i g ,  by opening and c l o s i n g  the  hydrogen i n l e t  
valve. 
transducer. The r a p i d  approach t o  e q u i l i b r i u m  shown i n  F i g u r e  5 i n d i c a t e s  t h a t  
a t  any g iven t ime ,  the  gas and l i q u i d  phases are i n  e q u i l i b r i u m  wi th  r e s p e c t  t o  
hydrogen concen t ra t i on ,  un less the  r e a c t i o n  i s  ve ry  f a s t  indeed. 

A t h i r d  and f i n a l  c r i t e r i o n  f o r  t he  absence o f  mass t r a n s f e r  i n f l u e n c e  upon 
the  hydrogen consumption r a t e  i s  t he  magnitude of t h e  a c t i v a t i o n  energy subsequently 
determined. The a c t i v a t i o n  energy o f  21 kcal /mole determined e x p e r i m e n t a l l y  i s  
i n d i c a t i v e  o f  k i n e t i c  c o n t r o l  r a t h e r  than d i f f u s i o n a l  c o n t r o l .  Thus, i t  appears 
t h a t  mass t r a n s f e r  i s  n o t  r a t e  c o n t r o l l i n g  i n  the  n o n c a t a l y t i c  (excep t  f o r  m ine ra l  
m a t t e r  e f f e c t s )  hydrogenat ion of coa l  s o l u t i o n s  and t h a t  lumped parameter, homogeneous- 
phase r e a c t i o n  r a t e  express ions are adequate f o r  k i n e t i c s  modeling. 

Reaction K i n e t i c s  Mode l i ng  

The purpose of t h i s  s e c t i o n  i s  t o  determine t h e  magnitude o f  t h e  parameters 
i n ,  an approp r ia te  k i n e t i c  r a t e  express ion f o r  hydrogen consumption. 
balances f o r  hydrogen i n  t h e  gas and l i q u i d  phases i n  t h e  b a t c h  au toc lave  may be 
w r i t t e n :  

The e x p e r i m e n t a l l y  measured gas phase coinposi ti on i n d i c a t e d  no 

F u r t h e r  evidence i s  

The pressure r i s e  and decay was f o l l o w e d  by a Leeds and Nor thropp p ressu re  

M a t e r i a l  

dH 3 = -m 

d t  

L =  - r v  t i  
dH 

A L  
d t  

The mass t r a n s f e r  t e r m  
l i q u i d  phase as the  r e a c t i o n  proceeds and hydrogen i s  depleted.  
r e a c t i o n  r a t e  r A  must be determined f r o m  exper imen ta l  data. 
1 and 2 e l i m i n a t e s  the  mass t r a n s f e r  term m and y i e l d s  Equa t ion  3 f o r  the r a t e  o f  
disappearance o f  t o t a l  hydrogen: 

a l l ows  f o r  t he  t r a n s f e r  o f  hydrogen f rom t h e  gas t o  the 
The form o f  t h e  

A d d i t i o n  o f  Equat ions 
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For a f i r s t  order reaction of dissolved hydrogen i n  the l iqu id  phase, the  form of 
rA is 

rA = kLHL/VL (4 )  

Using the so lub i l i t y  data presented in Figure 4 we may determine the Henry's law 
constants fo r  use in the r e l a t ion :  

(5) fl = S/P 
H2 

Representative values o f  B are  given i n  Table 4. 
with the experimental parameters t o  y ie ld  Equation 6. 

Equation 5 may be used together 

a = H L / H T  

Values of ~1 f o r  the experimental temperatures used herein are presented in Table 5. 
Employing the assumption of quasi-equilibrium discussed previously, Equations 3 ,  4, 
and 6 may be solved to  y i e l d  the s ign i f i can t  r e su l t :  

- = Hc = - HT - exp (-a kL t) 

"LO HGO HTO 
(7 )  

Note tha t  the so lub i l i t y  of hydrogen en ters  the k ine t ics  model th rough  the parameter 
u. 
as a function of time during the reaction. A comparison of Equation 7 with the 
experimental data i s  presented in  Figure 6. The sa t i s f ac to ry  f i t  ve r i f i e s  the 
assumption of f i r s t -o rde r  k ine t ics  made in Equation 4. 
the slopes are presented in  the Arrhenius p lo t  of Figure 7 ,  where a n  activation 
energy of 21 kcal/mole f o r  the hydrogenation reaction has been determined. The 
complete experimental data f o r  this investigation i s  recorded elsewhere ( 2 5 ) .  
t o t a l  amount of hydrogen consumed by the reaction a t  any time may be found according 
t o  

Equation 7 gives the amount of hydrogen present in e i t h e r  the gas or liquid phase 

Values o f  k L  obtained from 

The 

H c  = HTO [1-exp(a kL t ) ]  ( 8 )  

Concl usi ons 

The ra te  of consumption of hydrogen i n  coal solvation can be adequately 
described by a homogeneous k ine t i c  r a t e  expression f i r s t -o rde r  i n  dissolved 
hydrogen concentration. Mass t r ans fe r  influence appears t o  be negl ig ib le  and 
the overall hydrogen consumption r a t e  i s  governed by chemical k ine t ics  alone. 
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5 The reaction r a t e  constant has  a frequency fac tor  of 1.06 X 10 
an activation enerqy of 21 kcal/mole. 
are affected by the mineral matter present i n  the coal,  which can catalyze 
hydrogenation ac t iv i ty  (8). 

and may be represented adequately by a Henry's law coef f ic ien t .  
exhib i t s  an inverse temperature-sol ubi l i  t y  behavior. 

per minute and 
I t  i s  l i ke ly  t h a t  these numerical values 

The so lub i l i t y  of hydrogen i n  coal l iquefaction solutions i s  appreciable 
The s o l u b i l i t y  

Notation 

H =  

m =  
P =  
s =  
rA = 
T =  
t =  
v =  
a =  
B =  

y =  
mass of hydrogen, g 
f i r s t  order r a t e  constant,  min-l 
ra te  o f  mass t r ans fe r  from gas t o  l i qu id ,  g/min. 
pressure, psia 
so lub i l i t y ,  g H /g o i l  
reaction r a t e  0% hydrogen i n  l i qu id  phase, g/min-cc 
temperature, O k  
time, min 
volume, cc 
parameter defined by Equation (5) 
Henry's law constant,  g H2/g o i l -ps i a  

Subscripts 

c = amount consumed by reaction 
g = in gas phase 
L = in l iqu id  phase 
T = to ta l  amount in both places 
o = amount a t  t = 0 
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TABLE 1 

Gas Chromatographic Analysis o f  Creosote Oil 

I: 
Compound Weight % 

coumarone .10 b: p-/cymene .02 
i ndan .ll 
phenol 
o-cresol 

benzoni t r i l e  
p-cresol 
m-cresol 
o-et  hyl ani 1 i ne 
naphthal ene 
t hi anap hthene 

q;i no1 i ne 
2-methylnaphthalene 
isoquinoline 
1-methyl naphthal ene 
4-indanol 

2-methyl quinol i ne  
indole 
d i phenyl 
1,6-dimethylnaphthalene 
2,3-dimethylnaphthalene 

acenaphthene 
di benzofuran 
f l  uorene 
1-naphthoni t r i  1 e 
3-rnethyldiphenylene oxide 

2-naphthonitri le 
9,lO-di hydroanthracene 
2-rnethylfuorene 
diphenylene s u l f i d e  
phenant hrerie 

anthracene 
acr id ine  
3-methyl phenanthrene 
carbazole 
4,5-methylenephenanthrene 

2-rncthylanthracene 
9-methyl anthracene 
2-methyl carbazole 
f l  uorantlicne 
1 ,Z-bcnzodi phenyl m e  oxide 
pyrene 
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.12 

.05 

.12 
.37 
.16 
.03 

.OB 

.37 

.30 

.38 
* 55 

.42 

.21 

.49 

.39 

.19 

5.1 

1.3 

6.0 
6.7 

10.3 

1.7 
.18 

.14 

.85 

.52 

2.4 

18.6 

4.3 
.19 
.98 

2.2 
2.5 

.24 
1.2 
1.7 
5.5 

.96 
2.6 
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Table 2. Screen Analysis of Bituminous Kentucky No. 9/14 Coal EliXtUre 

Mesh Size of  i Retention 
Screen 

170 
200 
230 
270 
325 
400 
-400 

Total 

Table 3. Chemical Analysis o f  Bituminous Kentucky No. 9/14 Coa 

H 
C 
Total Sulfur 
Organic Sulfur 
FeS 
SulFate Sulfur 
Total Ash 

Table 4 

Henry's Law Constants f o r  Hydrogen i n  Creosote Oil 

TloC G7, g H2/4 oi l -ps ia  
- 
1000 
2000 
300° 
400° 

Tl°C 

3850 
400° 
410' 
4350 

5.95 
6.94 
7.75 
9.65 

Table 5 

a - 

0.183 
0.193 
0.196 
0.211 

1.23 
1.92 
1.09 
4.30 
17.94 
10.86 
62.65 
99.99 . 

Mixture 

4.9 
6718 
2.55 
1.63 
0.79 
0.13 
7.16 
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SOLUBILITY OF HYDROGEN 
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rn EAKIN AND DEVANEY (21) 
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Gareth 0. Mitchell, Alan Davis, and William Spackman 

The Pennsylvania S ta te  University, Coal Research Section, 
517 Deike Building, University Park, Pennsylvania 

16802 

Introduction 

Previous optical  s tud ies  of coal d i sso lu t ion  have shown tha t  the grain s i z e  of 
the organic consti tuents decreases with increasing reaction temperature (1 ,  2 ) .  
investigations were concerned mainly w i t h  chemical aspects of coal hydrogenation as a 
function of hydrogen t r ans fe r  and thermal degradation; however no attempt was made t o  
r e l a t e  these parameters t o  the changing physical character of coal macerals. 
char" components produced during hydrogenation a re  known to  be op t i ca l ly  d iss imi la r  

t o  t h e i r  original coal consti tuents.  Therefore, i t  wi l l  be necessary t o  understand 
the physical mechanisms involved i n  maceral dissolution as  well as the properties of 
these "char" or residue consti tuents before the chemical aspects of hydrogenation can 
be given adequate consideration. 

A morphological characterization of so l id  residues will  be a foundation for  
determining the various physical mechanisms involved i n  coal maceral degradation. 
Comparison of the  petrography of a feed coal to  t h a t  of i t s  so l id  residue derived 
from hydrogenation i s  not s u f f i c i e n t  f o r  determining the  or ig in  of residue compo- 
nents. Understanding these o r ig ins ,  however, can be achieved by in te rpre t ing  the 
progressive d is in tegra t ion  of coal macerals. These intermediate steps were observed 
i n  optical  studies of residues produced by progressive batch hydrogenation and serve  
to  associate the original feedcoal macerals to  residue components derived from con- 
tinuous-fl ow reaction. 

Optical s tud ies  reveal t ha t  residue consti tuents a r e  formed as a r e s u l t  of i n -  

These 

The 

complete hydrogenation, repolymerization o r  carbonization. Those coal macerals which 
pass through the process unreacted o r  exhibit ing only s l i g h t  morphological a1 te ra t ion  
are readily ident i f ied .  
by studying low temperature batch hydrogenation residues and are  described on the 
basis of t he i r  morphology, r e l a t ive  re f lec tance ,  anisotropy, and grain s i z e .  

Other consti tuents a re  re la ted  t o  t h e i r  precursory macerals 

Sample Ori g i  n 

Residues from two coal hydrogenation systems were used in th i s  study. An experi- 
mental batch hydrogenation system u t i l i zed  20 g of minus 20 mesh coal with four parts 
by weight of t e t r a l i n  in a s t a in l e s s  s t ee l  reaction vessel (nitrogen atmosphere). 
These preparations were reacted in a f lu id ized  sand bath for  three hours a t  a selected 
constant temperature i n  the  range of 3OO0-450"C a t  25OC increments ( 3 ) .  
t ion vessel contents were extracted in benzene and the resu l t ing  insoluble f rac t ion  
was dr ied ,  embedded i n  epoxy r e s in ,  and polished. 

T h i s  process used a feed r a t e  of 400 g / h r  of minus 200 mesh coal s lu r r i ed  in a 1 t o  3 
r a t i o  with solvent-recycle or anthracene start-up o i l .  
a pressure of 1500 P s i g  i n to  a reaction column with hydrogen. Reported reaction tem- 
peratures of 441°C and 427°C were given f o r  a residence time approximating 30 minutes. 
F i l t ra t ion  was conducted a t  regular in te rva ls  t o  determine the product balance f o r  
each r u n .  F i l t e r  cake materials were extracted in pyridine and the resu l t ing  residue 
was dr ied ,  embedded in epoxy r e s in ,  and polished. 

The reac- 

The second system employed was a proprietary continuous-flow bench-scale reactor.  

The s lur ry  was pumped under 
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Solids from a p i l o t  p lan t  continuous-flow reactor were a l so  subjected t o  optical  
observation. 

Comparative Optical Results 

The petrography of feed coals used f o r  conversion i n  these hydrogenation systems 
are  summarized i n  Table I .  
( see  Fisher et al. ( 4 )  and Davis e t  aZ. ( 5 ) )  appear i n  varying concentration. The 
reac t ive  maceral content of the Indiana # 6 ,  West Kentucky #14, and I l l i n o i s  #6 feed 
coals a r e  re la t ive ly  high while those fo r  the Indiana #1 Block and the Australian 
Callide feed coals a r e  subs t an t i a l ly  lower. These feed coals a r e  h i g h  v o l a t i l e  b i -  
tuminous i n  rank with the exception of the  subbituminous A Callide seam. 

The more reac t ive  coal cons t i tuents ,  v i t r i n i t e  and ex in i te  

V i t r in i t e  Contributions t o  Residues 
Table I1 presents the  proposed residue c l a s s i f i ca t ion  and disassociation mechanisms 

which l i nk  the residue components t o  t h e i r  original macerals. 
t r i bu t ion  to  hydrogenation so l id  residues i s  obtained from v i t r i n i t e .  
this maceral exhib i t s  a capacity t o  swell o r  cont rac t  within the temperature range of 
1 iquefaction i s  well documented. However, the appearance of unreacted v i t r i n i t e  i n  
these residues may present an inconsistency with the  properties of v i t r i n i t e  i n  the  
temperature range of l iquefaction. Plate I ,  Figure ( a )  shows a pa r t i c l e  o f  v i t r i n i t e  
containing a spore exine ( spo r in i t e )  remaining i n  continuous-flow hydrogenation a f t e r  
reaction of the West Kentucky #14 feed coal a t  441OC. Typically, v i t r i n i t e  t h a t  may 
be distinguished in these residues shows some thermal contraction o r  expansion along 
bedding planes. However, t he  pa r t i c l e  i l l u s t r a t e d  here a t ta ined  onlya s l i g h t  granu- 
l a r i t y  along one of i t s  edges. 
thermal degradation of v i t r i n i  t e  suggests t ha t  reported reaction temperatures may n o t  
be accurate. 

The most diverse con- 
The f a c t  t ha t  

The incomplete hydrogenation and a p p a r e n t  lack of 

P la te  I ,  Figure ( b )  shows two additional v i t r in i te - res idue  components formed as 
reaction temperatures increase t o  350°C i n  the batch hydrogenation of t he  Indiana #1 
Block feed coal. 
"v i t rop la s t " ,  [v i t ro  - derived from v i t r i n i t e ,  r e f e r s  t o  the original material and 
p l a s t  - derived from plasty ( a  combined form meaning from the  Greek p las tos ,  formed 
and 
"granular residue" category a re  depicted in Table 11. 
a p l a s t i c  or once-plastic thermal degradation product o f  v i t r i n i t e .  
ized by flow-structure a s  well as the  spherical morphology seen in Plate I ,  Figures 
( b ) , . ( d ) ,  a n d  ( e ) .  
i n g  inclusions of other residue components and as angular fragments. 
t i on  i s  often d i f f i c u l t  due t o  i t s  gradual t r ans i t i on  t o  semi-coke. 

The appearance of a spherical morphology which i s  here called 

plassein, t o  mold)] and a submicron material which will be assigned t o  the 
The term "v i t roplas t"  describes 

I t  i s  character- 

Vi t roplas t  a l so  appears as broad (>loop)  isotropic areas contain- 
I t s  ident i f ica-  

The dissolution o f  v i t r i n i t e  during hydrogenation i s  demonstrated by Plate I ,  
Figure ( c ) .  The batch hydrogenation of the Indiana #6 feed coal a t  325°C exhib i t s  the 
t r ans i t i on  from s l i g h t l y  thermally a l te red  v i t r i n i t e  t o  the v i t roplas t  flow s t ruc ture  
and spherical morphology referred to  above. The lower reflectance of v i t rop la s t  is an 
indication o f  the disruption of the  v i t r i n i t e  lamellae and the resu l t ing  amorphous 
crystallography. Vitroplast  formation may also occur during continuous-flow reaction, 
an example of which i s  i l l u s t r a t e d  in Plate I ,  Figure ( d )  (West Kentucky #14 residue 
a t  441OC). 

The granular residue seen in Plate I ,  Figure (b)  i s  submicron i n  s i z e  (0 .3-1 .0~) ,  
approximately spherical i n  shape, and appears blue and red i n  polarized re f lec ted  
l i g h t .  I t s  appearance on the  surface of v i t r i n i t e  during progressive hydrogenation 
resembles the genesis of micr in i te  from weakly r e f l ec t ing  vitrinite d u r i n g  metamorphic 
coa l i f ica t ion  as discussed by TeichmUller (6 ) .  
analyses of the submicron cons t i tuents  from the continuous-flow residue of I l l i n o i s  #6 
coal indicate t h a t  approximately 11 percent of the  pa r t i c l e s  tes ted  were organic. 

Qua l i t a t ive  electron microprobe 
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The remainder of the granular residue i s  consequently assumed t o  represent fragments 
Of f ine ly  dispersed clay. 
of the submicron f rac t ion  can be achieved. 

i t  i s  seen in the development of "cenospheres . This term was f i r s t  applied t o  
s t ruc tures  formed as a r e s u l t  of rapid heating of pulverized coal by Newall and 
Sinnat t  ( 7 )  and l a t e r  by S t ree t  e t  aZ. (8). 
fined as  a re t icu la ted  hollow sphere composed of ribs o r  frames and windows. 
drogenation residues simple cenospheres a re  often observed which lack r e t i cu la t e  
texture and the t h i n  membranes o r  windows. 
in the continuous-flow residue of the West Kentucky #14 feed coal (P la te  I ,  Figure ( d ) ) .  
Simple cenospheres are seen in close association with the spherical v i t rop la s t ,  and 
exhib i t  related morphologies. 
spheric s t ruc tures .  Plate I ,  Figure ( e )  suggests the development of gas bubbles i n  
the in t e r io r  of a v i t rop la s t  sphere from the continuous-flow residue of West Kentucky 
#14 coal (427OC). While in the p l a s t i c  s t a t e ,  gases formed by thermal cracking exe r t  
suf f ic ien t  pressure to  cause expansion and eventually lead t o  the formation of a 
highly r e t i cu la t e  hollow sphere as  seen in Plate I ,  Figure ( f ) .  

conditions i t  may swell and become p l a s t i c ,  forming both a fine-grained residue f rac-  
t i on ,  i ne r t  t o  fur ther  hydrogenation, and a p l a s t i c ,  low-viscosity phase ( v i t r o p l a s t )  
which i s  immiscible in the hydrogen-donating solvent.  The granular residue con- 
s t i t u t e s  a major portion (>50%) of these residues and may be considered as a semi- 
quant i ta t ive  category composed of both inorganic and organic cons t i tuents .  The v i t ro-  
p l a s t  i s  more variable in concentration, much l ike  the "unreacted v i t r i n i t e "  category. 
Quantitative data will be required t o  distinguish whether these varying concentra- 
t ions a re  due t o  charac te r i s t ics  of the feed coal o r  t o  the reaction conditions. 

especially when the v i t rop la s t ' s  reflectance increases above tha t  of the  precursor 
v i t r i n i t e .  The spherical v i t rop la s t  generally exhib i t s  reflectances above 1 .O per- 
cen t ,  although the  reflectance level i s  variable.  Presumably, the immiscibility of 
the disoriented v i t r i n i t e  lamellae and a subsequent loss o f  internal pore s t ruc tu re  
makes hydrogenation increasingly d i f f i c u l t .  
a f f e c t  the spherical v i t rop la s t ,  causing internal thermal cracking and expansion t o  
form cenospheres. 

as a r e su l t  of hydrogen s t rava t ion ,  temperature o r  pressure drops, o r  a c r i t i c a l  
accumulation of so l ids .  
formed spec i f ica l ly  by the  mesophase mechanism. Mesophase i s  a t r ans i en t  i n t e r -  
mediate stage between a unique f l u i d  system ( l iqu id  c rys t a l s )  of high molecular weight 
and a so l id  anisotropic carbon such as semi-coke (9) .  The i n i t i a l  appearance of meso- 
phase can be an anisotropic sphere formed by ttie lamellar stacking of t he  l iquid- 
c rys ta l  polymers para l le l  t o  the sphere 's  equator. A s l i g h t  increase i n  temperature 
can r e su l t  in t h i s  t rans ien t  phase being converted i r revers ib ly  in to  semi-coke. 
second mode of occurrence of mesophase which is  of greater significance t o  l ique- 
fac t ion  processes i s  the  adsorption of nematic l iqu id  c rys t a l s  on ine r t  surfaces.  
Marsh et u Z .  (10) have shown t h a t  l iqu id  c rys ta l  (mesophase) development can occur 
in the carbonization of some coals and coal t a r  pitches,  suggesting t h a t  during 
l iquefaction, coal-derived substances can repolymerize t o  form l iqu id  c rys t a l s .  

hydrogenation i s  seen in Plate 11, Figure ( a ) .  
reaction of an I l l i n o i s  #6 feed coal,  l iqu id  c rys ta l s  are shown t o  have formed i n  
concentric layers on the surface of an inert par t ic le .  

More work i s  required before compositional d i f f e ren t i a t ion  

The continued degradation of v i t r i n i t e  a;d the spherical v i t rop la s t  derived from 
. 

Cenosphere is  a morphological term de- 
I n  hy- 

These l e s s  complex s t ruc tu res  a re  observed 

This association may be observed f o r  more complex ceno- 

Optical observation reveals t ha t  as  v i t r i n i t e  i s  subjected t o  increasing reaction 

Vitroplast  may not be as reactive t o  fur ther  hydrogenation as unaltered v i t r i n i t e ,  

A continued increase in temperature may 

During hydrogenation repolymerization of the v i t r in i te -der ived  l iqu ids  may occur 

T h i s  observation i s  confirmed by the presence of semi-coke 

A 
' 

The poten t ia l ly  de le te r ious  e f f ec t s  of nematic l iqu id  c rys ta l  nucleation during 
During a continuous-flow p i lo t  p lan t  

Whether polymerization occured 
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a t  t h e  su r face  o r  w i t h i n  t h e  surrounding f l u i d  can o n l y  be speculat ion.  
a r e s u l t  o f  l a m e l l a r  s t a c k i n g  and subsequent development o f  c r o s s - l i n k  bonding, an 
a n i s o t r o p i c  nuc leated carbon i s  formed which i s  i n e r t  t o  f u r t h e r  hydrogenation. 
development o f  t h i s  phase has been associated w i t h  r e a c t i o n  vessel cok ing  problems. 

However, as 

The 

L i  p t i  n i  t e  Con t r i bu t i ons  t o  Residues 

a l g i n i t e .  
nous coals .  
a systemat ic  s tudy w i l l  n o t  be covered here.  

. The l i p t i n i t e  group o f  macerals i nc ludes  s p o r i n i t e ,  r e s i n i t e ,  c u t i n i t e ,  and 
O f  these, s p o r i n i t e  appears i n  low concentrat ions i n  h igh  v o l a t i l e  b i t u m i -  

Due t o  t h e  v e r y  minor  concen t ra t i ons  o f  t h e  o t h e r  l i p t i n i t e  components, 

Teichmul ler  ( 6 )  suggests t h a t  m i c r i n i t e  forms from s p o r i n i t e  and o t h e r  l i p t i n i t e  
macerals du r ing  t h e  metamorphosis o f  coa l .  She contends t h a t  t h e  genesis o f  spore- 
de r i ved  m i c r i n i t e  occurs o n l y  d u r i n g  t h e  h i g h  v o l a t i l e  bituminous stage o f  c o a l i f i -  
c a t i o n .  This suggests t h e  p o s s i b i l i t y  t h a t  s p o r i n i t e  may break down i n t o  a g ranu la r  
res idue  c o n s t i t u e n t  as w e l l  as l i q u i d  by-products d u r i n g  hydrogenation. 
F igu re  (b )  e x h i b i t s  a megaspore ex ine  from the  Ind iana #1 Block coal which, as i n d i -  
cated by i t s  porous and g r a n u l a r  sur face,  may be forming t h i s  g ranu la r  m a t e r i a l  dur- 
i n g  t h e  course o f  c o a l i f i c a t i o n .  
remains o f  a microspore a f t e r  batch hydrogenation o f  t h e  same feed coal  a t  375OC. 
A h i g h  r e f l e c t i n g  g r a n u l a r  m a t e r i a l  i s  observed along i t s  swol len and p a r t i a l l y  re -  
acted c e n t r a l  c a v i t y .  
b i tuminous coals ,  a submicron g ranu la r  m a t e r i a l  may be generated from s p o r i n i t e  t o  
become a poss ib le  a d d i t i o n  t o  o t h e r  i n e r t  cons t i t uen ts .  

P l a t e  11, 

P l a t e  11, F igu re  ( c )  i s  a photomicrograph of  t h e  

One i m p l i c a t i o n  i s  t h a t  du r ing  hydrogenat ion o f  h i g h  v o l a t i l e  

I n e r t i n i t e  Residue Con t r i bu t i ons  

m a c r i n i t e ,  and m i c r i n i t e .  T h e i r  i ne r tness  r e l a t i v e  t o  o t h e r  macerals was determined 
through t h e i r  behavior  i n  ca rbon iza t i on ;  however, t he  t e r m  " i n e r t "  does n o t  adequately 
descr ibe t h e i r  p r o p e r t i e s .  
even i n  coke making (11) and t h e  same may be t r u e  f o r  l i q u e f a c t i o n .  

The group o f  coal  macerals known as i n e r t i n i t e  inc ludes f u s i n i t e ,  s e m i f u s i n i t e ,  

These macerals a re  considered by some t o  be semi - i ne r t  

The c l a s s i c  s tudy  by F i she r  et uZ. (4 )  and l a t e r  work by Davis et a t .  (5 )  
i n d i c a t e  t h a t  f u s i n i t e  i s  l e s s  s u i t a b l e  than  t h e  o t h e r  " i n e r t i n i t e s "  f o r  hydrogena- 
t i o n  and may i n  f a c t  be t o t a l l y  i n e r t  d u r i n g  l i q u e f a c t i o n .  
concen t ra t i on  i n  hydrogenat ion res idues and i s  g e n e r a l l y  more abundant than  i n  t h e  
o r i g i n a l  feed coa l .  The d i f f e r e n c e  i n  f u s i n i t e  concen t ra t i on  i s  a r e s u l t  o f  cont inu-  
ous c i r c u l a t i o n ,  mechanical abras ion,  and accumulation i n  t h e  t u r b u l e n t  f l o w  o f  con- 
t inuous- f low reac to rs .  F u s i n i t e  i s  u s u a l l y  r e a d i l y  apparent i n  i t s  d ispersed form 
as h i g h  r e f l e c t i n g  angu la r  fragments which o f t e n  e x h i b i t  remnant c e l l  s t r u c t u r e .  

I t  i s  observed i n  moderate 

Semi fus in i te  i s  t r a n s i t i o n a l  i n  r e f l e c t a n c e ,  morphology, and chemist ry  between 
v i t r i n i t e  and f u s i n i t e .  
carbonizat ion,  and may be v a l i d  f o r  t h e  l i q u e f a c t i o n  process. The A u s t r a l i a n  C a l l i d e  
seam which has an unusua l l y  h igh  concen t ra t i on  o f  s e m i f u s i n i t e  (Table I ) ,  was reac ted  
i n  t h e  batch hydrogenat ion system t o  i n v e s t i g a t e  s e m i f u s i n i t e ' s  p a r t i a l  r e a c t i v i t y .  
The coal gave a 40 pe rcen t  convers ion a t  400'C i n d i c a t i n g  t h e  p r o b a b i l i t y  t h a t  com- 
ponents o t h e r  than v i t r i n i t e  and e x i n i t e  were i nvo l ved  i n  the reac t i on .  
examinat ion o f  t he  C a l l i d e  res idue  subs tan t i a ted  t h e  p a r t i a l  r e a c t i o n  of semi fus in i t e .  
P l a t e  11, F igure (d )  shows s e m i f u s i n i t e  w i t h  s l i g h t l y  rounded edges and i r r e g u l a r l y  
shaped c e l l  lumenswhich may have begun t o  c l o s e  when t h e  s t r u c t u r e  became p l a s t i c .  
The res idue  a l s o  con ta ins  a h igh  concen t ra t i on  o f  s p h e r i c a l  v i t r o p l a s t .  Since t h i s  
coal has a very low v i t r i n i t e  content ,  and n o t i n g  t h e  c l o s e  assoc ia t i on  o f  t he  v i t r o -  
p l a s t  w i t h  the p l a s t i c i z e d  s e m i f u s i n i t e ,  i t  seems l i k e l y  that t h i s  v i t r o p l a s t  has 
been de r i ved  from s e m i f u s i n i t e .  
in ference as t o  t h e  source o f  t he  v i t r o p l a s t .  
of s e m i f u s i n i t e  must be determined by e m p i r i c a l  t e s t i n g  f o r  i n d i v i d u a l  coa ls .  

The p a r t i a l  r e a c t i v i t y  o f  s e m i f u s i n i t e  has been assumed f o r  

Op t i ca l  

However, i t  i s  n o t  poss ib le  t o  make a d e f i n i t e  
A t  t h i s  stage o f  research, t h e  r e a c t i v i t y  
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Another coal cons t i tuent  which i s  considered t o  be i n e r t  during carbonization i s  
macrinite. 
Block feed coal. Batch hydrogenation of t h i s  sample a t  450°C resulted i n  a 72 percent 
conversion, indicating again t h a t  some of the " ine r t "  consti tuents m u s t  have reacted. 
Microscopic observation of the progressive reaction residues suggests t h a t  w i t h  in- . 
creasing temperature, macrinite reac ts  and t h a t  by 425OC no dist inguishable residue 
analog remains. By adding macrinite t o  the  reac t ive  consti tuents ( v i t r i n i t e  and 
ex in i t e ,  Table I )  the percentage of reac t ive  macerals now closely corresponds t o  the 
72 percent to ta l  conversion. 
macrinite must be determined empirically f o r  each feed coal. 

t i l e  b i t u m i n o u s  coals i s  micrinite.  
hydrogenation i s  d i f f i c u l t  t o  assess.  
n i t e  and the granular material produced by the degradation of spor in i te  and weakly 
re f lec t ing  v i t r i n i t e  during hydrogenation. However, i t  i s  not known whether there  
a re  any chemical s imi l a r i t i e s  which could account fo r  micr in i te ' s  reaction during 
l iquefaction. 
reac t iv i ty  must be determined empirically f o r  each individual feed coal.  

Carbonized Residue Cons t i  tuen ts 

t ion  can be extensive. Any one of the residue components described above can develop 
anisotropic domains and, a t  the  same time, r e t a in  a d i s t i nc t ive  and cha rac t e r i s t i c  
morphology. The cenosphere i n  Plate I ,  Figure ( f )  i s  an example. The ou ter  wall has 
been carbonized to a fine-grained anisotropic mosaic. Similarly,  v i t rop la s t  may 
develop an anisotropy depending on temperature and time. 
t h i s  type of semi-coke and tha t  produced spec i f i ca l ly  as a r e s u l t  of a l iqu id  c rys ta l  
formation i s  important, although both types of semi-coke represent a loss  of reac t ive  
consti tuents and repolymerization. 
indicate tha t  reaction conditions were too severe,  o r  t h a t  reactor flow was not 
e f f i c i e n t  and t h a t  these par t ic les  were subjected t o  a longer residence time than 
reported. 

Table I reports a high percentage of t h i s  component in the  Indiana #1 

As w i t h  semifusinite,  the r e l a t ive  r eac t iv i ty  of 

Another consti tuent present i n  low concentrations in this  se r i e s  of high vola- 
Due t o  i t s  f ine  grain s i z e  (O.l-l.Ou), progressive 

There a re  physical s imi l a r i t i e s  between micri- 

As with the other members of the i n e r t i n i t e  group, micr in i te ' s  par t ia l  . 

The development of anisotropy i n  the insoluble organic consti tuents of hydrogena- 

The d i s t inc t ion  between 

The appearance of these carbonized par t ic les  may 

Summary and Conclusions 

I t  i s  evident from the  preceding discussion tha t ,  as  a r e su l t  of optical  s tud ies  
of the  residues obtained from progressive batch hydrogenation, ins ight  is gained in to  
the origin of residue components from continuous-flow liquefaction. The  r e su l t  of 
these optical studies i s  a c l a s s i f i ca t ion  of  organic so l id  residues (Table 1 1 ) ,  and 
some understanding of the physical d i s in tegra t ion  o f  coal macerals. Optical observa- 
t i o n  of these residues can a l so  provide an a l t e rna t ive  method of analyzing run con- 
d i t ions  and determing product balance f o r  continuous-flow systems. 

The chemical heterogeneity of coal macerals and the various mechanisms by which 
these macerals d i s in tegra te  a re  re f lec ted  in the morphologies and phases observed i n  
the insoluble residues. The f a c t  t h a t  v i t r i n i t e  i s  a complex organization of d i f f e r -  
en t  cross-1 inked polymers may account f o r  the formation of v i t rop la s t  and cenospheres 
ra ther  than the  s l i gh t ly  a l te red  v i t r i n i t e .  Optical examination of coal indicates 
t ha t  there are s l i g h t  differences i n  reflectance a n d  morphology between v i t r i n i t i c  
par t ic les  within the  same sample. The par t ia l  r eac t iv i ty  of semifusinite f o r  some 
coals i s  a fur ther  demonstration of the e f f ec t s  of chemical heterogeneity. 

Diversity o f  thermal environments during l iquefaction i s  de f in i t e ly  re f lec ted  by 

The var ia t ion  

these residues. 
t ha t  thermal conditions a re  too low. In cont ras t ,  the occurrence of semi-coke o r  
the development of anisotropic domains suggest more severe conditions. 

The appearance of unreacted or s l i g h t l y  a l te red  v i t r i n i t e  implies 
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in reflectance of the v i t rop la s t  spherical morphologies (Plate I )  may indica te  t h a t  
reaction temperatures a re  variable.  The lower r e f l ec t ing  spheres apparently have 
been l e s s  thermally a l t e r ed  than those of higher reflectance.  

e f f i c i e n t  operation of continuous-flow liquefaction processes. 
(mesophase) nucleation being responsible f o r  coking during reaction, the spherical  
v i t rop la s t  and cenosphere components a r e  a l so  a potential  problem. 
t r a t ion  of these phases could detrimentally a f f ec t  f i l t r a t i o n .  
shape could lead t o  a very t i g h t  packing during f i l t r a t i o n ,  resu l t ing  in decreased 
f i l t r a t i o n  rate. 

c lass i f ica t ion  of the organic and inorganic insoluble cons t i tuents ,  a means of systems 
product balance may be developed. Comparison of quant i ta t ive  point-count data derived 
from t h i s  c lass i f ica t ion  should a l so  a id  i n  determining the "optimum-yield'' r u n  con- 
di  t ions.  

: Further, the  c l a s s i f i ca t ion  indicates several consti tuents which may a f f ec t  the 
Besides l iqu id  c rys ta l  

Their nearly spherical  
Increased concen- 

The potential of residue microscopy i s  not y e t  fu l ly  realized. However, by 
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PLATE I: PHOTOMICROGRAPHS OF HYDROGENATION RESIDUES 

Figure (a). 

Figure (b). 

Figure (c). 

Figure (d). 

Figure (e). 

Figure (f). 

Unreocted vi t r in i te containing sporinite from continuous-flow reaction of the West Ken- 
tucky #14 (441OC). 
Vitroplast and granular residue produced i n  batch hydrogenation of lndiona #1 B lock  a t  
325OC. 
V i t r in i te  plast ic i ty and the formation of vitroplost ot 325OC. after batch hydrogenation 
of  lndiona #6 seam. 
Vitroplast and a simple cenosphere i n  the West Kentucky #14 residue (44loC, continu- 
ous-flow reactor). 
Vitroplost exhibi t ing gas bubble generation as a prelude to cenosphere formation. Con- 
tinuous-flow reaction of  West Kentucky #14 (427OC). 
Highly reticulote cenosphere with carbonized outer woll. Continuous flow reaction o f  
the West Kentucky #14 at  441OC. 
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Figure (a). 

Figure (b). 

Figure (c). 

Figure (d). 

1 

PLATE 11: PHOTOMICROGRAPHS OF HYDROGENATION RESIDUES 

The effect o f  l iqu id  crystal (mesophase) nucleation on calc i te causing semi-coke forma- 
tion. P i lo t  plant continuous-flow reaction of I l l i no is  #6 feed coal at  446OC. 
Sporinite observed in  the Indiana #1 Block feed coal, showing signs of disintegration 
during normal coalif ication. 

Remnant microspore exhibit ing granular residue formation i n  the 375OC batch hydrogen- 
at ion residue of the Indiana #1 Block. 
The apparent p las t i c i t y  and partial reaction of semifusinite from the 40OoC botch hydro- 
genation run using the Australian Col l ide seam. 
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PRGLIMINARY EXAMINATION OF COAL LIQUEFACTION PRODUCTS 

I. Schwager and T. F. Yen 

University of Southern Cal i forn ia  
Chemical Engineering Department 

University Park 
Los Angeles. Cal i forn ia  90007 

INTRODUCTION 

The three d i r e c t  general processes f o r  converting coals t o  l iqu id  fue ls  a re :  
catalyzed hydrogenation, staged pyrolysis,  and solvent refining (1,Z). 
processes resu l t s  i n  the  production of a coa l  l i qu id  which contains a va r i e ty  Of de- 
s i r ab le  and undesirable components. 
and aromatic hydrocarbons plus nonpolar nonhydrocarbons, and t h e  res iw-polar  non- 
hydrocarbons. 
molecular weicht highly aromatic so l ids ,  and t h e  carboids-polymerized coke-like 
materials.  The undesirable elements: metals,  s u l f u r ,  nitrogen, and oxygen a re  gen- 
e r a l l y  present i n  higher concentration i n  t h e  asphaltene and carboid f rac t ions .  
Under hydrogenolysis conditions,  the  conversion of coal t o  o i l  has been suggested t o  
proceed v i a  the  following sequence (3) 8 Coal-Asphaltene-Oil. Therefore, 
asphaltene generation and elimination a r e  of grea t  importance i n  t h e  l iquefac t ion  
process. A study of t h e  chemical and physical properties of asphaltenes may lead t o  
the  discovery of ways t o  reduce or eliminate asphaltene build-up i n  coa l  l i qu ids  and 
t o  thereby increase t h e  yields of des i rab le  coa l  l iquefac t ion  products, 
work, coa l  l iquids from representative l iquefac t ion  processes have been separated by 
solvent f rac t iona t ion ,  and the  f rac t ions  a re  being examined by various ana ly t ica l  and 
physical techniques. Pa r t i cu la r  a t t en t ion  is  being d i rec ted  toward asphaltene separ- 
a t ion ,  pur i f ica t ion  and characterieation. 

Each of these 

The des i rab le  coal l iqu ids  a re  t h e  oils-saturated 

The undesirable species a r e  the  asphaltenes and the  carbenes-high 

I n  t h i s  

RESULTS AND DISCUSSION 

A solvent f rac t iona t ion  scheme f o r  separating coa l  l i qu id  products i n t o  f i v e  
f rac t ions  ( o i l ,  r e s in ,  asphaltene,  carbene, and carboid) i s  shown i n  Figure 1. Rep- 
resentative coal l iqu id  samples produced v i a  the  three  d i r e c t  coal l iquefac t ion  pro- 
cesses were separated i n t o  t h e  f ive  f rac t ions  described above. The r e s u l t s  a r e  pre-  
sented i n  Figure 2. 
process (4), the product composition i s  about 61% o i l ,  22% res in ,  13% asphaltene,  
0.6% carbene, and 3% carboid. 
Corporation's COED process (5) has a product composition of about 26% o i l ,  48% r e s in ,  
15% asphaltene, 1% carbene and lock carboid. 
by Cata ly t ic  Inc. based on PAMCO's SRC process (6) affords about 4$ o i l ,  15% r e s in ,  
45% asphaltene, 2% carbene, and 9% carboid. 
i n  good agreement with those reported recent ly  f o r  solvent f rac t iona t ion  of a 
Synthoil ca t a ly t i c  hydrogenation product, and a non-catalytic SRC product (7). 
These workers found f o r  a Synthoil  product, 8 6  pentane soluble material ,  15% of 
pentane insoluble and benzene or toluene soluble mater ia l ,  and 55 of benzene insoluble 
material ,  
th ree  fractions.  
uble,  and named t h i s  f r ac t ion  'pre-asphaltenas' i n  t he  belief t h a t  it might be i n t e r -  
mediate between coa l  and c l a s s i c a l  asphaltenes. We f e e l ,  however, t h a t  t h e  benzene 
insoluble f rac t ions  may a r i s e  from reac t ive  coa l  depolymerization moieties which 
a re  not s tab i l ized  by hydrogenation, but a re  repolymerized i n t o  materials more d i f -  
f i c u l t  t o  degrade than the  or ig ina l  coa l  substance. More work wlll have t o  be done 

For the  catalyzed hydrogenation product produced i n  the  Synthoil 

The staged pyrolysis f i l t e r e d  product' from the  FMC 

The solvent refined coal (SRC) produced 

The r e su l t s  found i n  t h i s  work  a r e  

For an SRC product they  found 2@, 46% and 9% respectively f o r  t he  abwe 
They found t h e i r  benzene inso luble  f r ac t ion  t o  be pyridine 501- 

*The f i l t e r e d  product i s  t h e  pyrolysis product produced pr ior  t o  t he  f i n a l  hydro- 
The MC-COED Syncrude produced by hydrotreating the  f i l t e r e d  t r ea t ing  reaction. 

p r d u c t  a t  31OOpsi, 7759 cons is t s  of about 9% o i l ,  0.8% r e s in ,  and 0.2% asphaltene. 
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t o  elucidate the  or ig in  of t h i s  fraction. 

a r e  given i n  Tables I, 11, and 111. 
i n  Table N. 
i n  t h e  asphaltene a d  carboid f rac t ions .  

The analyses of t h e  s t a r t i n g  coal l i qu ids  and t h e  various solvent f rac t ions  
Semiquantitative Metal Analyses are presented 

It may be seen t h a t  heteroatoms and metals a r e  genera l ly  concentrated 

TABLE I. - S p t h o i l  Solvent Fractions Ultimate A n a l y s i s .  '$+ 

Fraction C H N S 0** Ash m*** 
Coal l j a u i d  87.26 8.44 0.94 0.10 3.26 0.69 > -  _.__ _ _  
O i l  87 174 9 ; s  0.60 0.43 ;I65 oio2 ) 260 
Resin 87.27 7.77 1.30 0.14 3.52 0.30 
Asphaltene 87.27 6.51 1.63 0.66 3.93 0.48 738 
Ca rbe ne 87.96 5.94 1.72 
Carboid 88.32 5.69 1.64 2.07 

3.64 0.56 
2.28 8.80 

*Moisture a d  ash f r e e  
**By difference 
*+*VPO i n  benzene 

TABBLE 11. - FMC-COED Solvent Fractions Ultimate Analysis, p. MW 

Fraction C H N S 0** Ash m*** 

Coal l i qu id  83.04. 7.68 1.09 1.11 7.08 0.28 
85.88 9.75 0.42 1.08 2.87 0*01} 310 O i l  

Asphaltene 82.14 6.47 1.70 2.58 7.11 0.79 458 

Carboid 78.47 5.65 1.95 1.85 12.08 1.31 

*Moisture and ash f r e e  
**By difference 
***VPO i n  benzene 

Resin 83.25 7.25 1.06 1.26 7.18 0.39 

Carbene 81.17 6.01 1.69 1.31 9.82 0.11 

TABLE 111. - Cat. Inc. SRC Solvent Fractions Ultimate Anal.ysis, $* 

Fraction C H N S Q** Ash m*** 
Coal l iqu id  
O i l  
Resin 
Asphaltene 
Carbqne 
Carboid 

88.71 
90.99 
89.88 
88.79 
89.77 
87.08 

5.53 
6.94 
6.64 
5.61 
5.03 
4.70 

1.26 
0.41 
0.84 
1.25 
1.11 
0.96 

0.19 
0.57 
0.00 
0.12 
0.26 
0.34 

4.31 
1.09 
2.64 
4.23 
3.83 
6.92 

0.29 
0.25 
0.05 
0.78 
0.40 
0.71 

747 

*Moisture and ash f r e e  
**By difference 
***VPO in benzene 
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Major 
Elements 

Si 
Fe 
A 1  
T i  
B 
Ca 
Mg 

TABLE IV. - Semiquantitative Metal Ana lp i s*  

Svnthoil ’ FMC-COED Cat. Inc. SRC 
Benzene Benzene Benzene 

Asphaltene Insoluble Asphaltene Insoluble Asphaltene Insoluble 

180 1800 21 0 100 55 130 
420 20 2 70 7 sa 

8 760 57 140 6 420 
130 

69 130 12 10 1 71 
60 77 81 72 5 18 

69 39 280 26 96 
140 3 

1 29 5 14 10 

*Results i n  ppn 

Table V. shows t h e  co lor  indices (8) ( in tegra ted  absorption of a species be- 
tween 7 5 0 ~  ard 400nm)of t h e  various solvent f r ac t ions  f o r  d i f f e ren t  coa l  l iqu ids .  
Since t h e  color index of an  aromatic molecule is a func t ion  of t h e  s i z e  of t h e  aromatic 
n-system, it appears reasonable t o  assume t h a t  t h e  increase-in the co lo r  irdices i n  
going from oil, t o  r e s i n  t o  asphaltene t o  carbene, r e f l e c t s  an increase i n  t h e  size 
of the  respective n-systems. 
f rac t ions  have not been determined yet. 
insoluble of t he  f rac t ions  it is expected t h a t  they  will exhib i t  high co lor  indices 
and molecular weights. 

The co lor  indices and molecular weights of t he  carboid 
However, as t hey  a re  t h e  darkest  a d  most 

TABLE V. - Color Indices,  I* of Sovent Fractions 

Fraction Synthoil FMC-COED C a t ,  Inc. SRC 

Oil 
Resin 
Asphalt e ne 
Carbene 
Carboid 

0.1 
1.7 

12.7 
24.7 - 

0.1 
I .8 
4.1 
5.3 - 

0.4 
1.5  

16.6 
48.5 - 

w 
*I 3 Adh i n  THF 

I 
Tables V I ,  and V I 1  show the  carbon aromat ic i t ies ,  fa  (9) and t h e  hydrogen per- 

centages by proton type (10) f o r  asphaltenes produced in t he  d i f f e r e n t  processes. 
aromaticit ies a r e  found t o  be s imi l a r  i n  t h e  preliminary measurements. 

Carbon 

The solvent refined coals y ie ld  asphaltenes which contain a higher percentage of 
aromatic protons r e l a t ive  t o  benzyl and saturated protons than do the  other types of 
l iquef ied  coals. 

Asphaltenes produced i n  t h e  Synthoil  process have been reported t o  cons is t  of 
ac id ic  a d  basic canponents (11). 
the  asphaltenes, dissolved i n  toluene, with d ry  HC1 gas. 
t a t e s  a s  an HC1 adduct i n  57% yield, a d  t h e  ac id i c  and neut ra l  components (4%) 
r e m a i n  in solution. 
f r ac t ions  by solvent e lu t ion  chromatography. 
e lu t ion  from s i l i c a  ge l  w%th benzene and d i e thy l  e the r  have d i f f e ren t  properties al- 
though they both may be freeze-dried t o  brown powders from benzene so lu t ions ,  

t i o n  of asphaltenes obtained using t he  eluents benzene and d ie thyl  ether.  
compares the co lor  i d i c e s  of t h e  solvent eluted f rac t ions  with those of t he  s t a r t i n g  
asphaltenes. 
than e i t h e r  the  s t a r t i ng  asphaltenes or t h e  benzene-eluted asphaltenes. 

These components have been separated by t r e a t i n g  
The basic component precipi-  

I n  this work we have fu r the r  separated asphaltenes i n t o  t w o  major 
The two major f rac t ions  obtained by 

Table V I I I .  gives t h e  t o t a l  weight $ asphaltenes recovered, and the  d i s t r ibu -  
Table IX, 

The co lo r  indices f o r  a l l  t h e  d i e thy l  ether-eluted f r ac t ions  a r e  lower 
This suggests 
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TABLE VI. - X-Ray Carbon Aromaticity&* 

Asphaltene Fraction Fraction 
Benzene Diethyl Ether 

Samples 

Synthoil 
FMC-COD 
PAMCO SRC 

0.49 
0.45 
0.48 

0.43 
0.43 
0.48 

0.39 
0.41 
0.52 

*fa = C A  C t o t a  = A002 A002 + Ar 
CA = n L b r  o'f aromat:c carbons 
C t o t a l =  number of t o t a l  carbons 
A002 = area under peak f o r  aromatic carbon; 
A, = area under peak f o r  sa tura ted  carbons 

TABLE VII. - LWR H-Percentages By Proton Type* 

Asphaltene Haromatic Hbenzy1** Hsat** 

Synthoil 
FMC-COED 
Cat. Inc .  SRC 
PAMCO SRC 

33 
37 
50 
45 

42 
43 
34 
78 

25 
20 
16 
17 

*Run on Varian T-60 NMR, Sd-ient 99.8% E C l 3  + 1% TMS 
**Separation point between Hbnzyl and H s a t  chosen a t  r = 8.27 

TABLE V I I I .  - S i l i c a  Gel Chromatography of Asphaltenes 

Asphaltene Tota l  W t  $ W t  $ with Solvent 
Sample Recovered Benzene Diethyl Ether 

Synthoil 
FMC-COED 
C a t .  Inc. SRC 
PAMCO SRC 

84 
88 
89 
88 

57 

51 
i2 

43 
62 
34. 
49 

a less extensive n -aromatic s t ruc ture  i n  these  f rac t ions .  A comparison of t h e  anal- 
yses and molecular weights of t he  various s i l i c a  gel chromatography f rac t ions  i s  pre- 
sented i n  Table X. 
suggesting r e l a t ive ly  more a l ipha t i c  carbons i n  t h i s  f rac t ion .  
t h e  aromaticity of t h e  d i e thy l  e t h e r  f r ac t ion  is  generally lower than t h e  benzene 
f rac t ion ,  except t h e  PAMCO sample which could be due t o  some odd ef fec t .  
of t h e  heteroatoms nitrogen and oxygen are a l s o  appreciably g rea t e r  i n  the  d i e thy l  
ether-eluted f rac t ions .  
gel, a d  the  expectation that s i l i c a  ge l  would preferen t ia l ly  adsorb basic molecules. 
This suggests t h a t  silica g e l  chromatography may provide a m i l d ,  chlorine-free pro- 
cedure f o r  separating asphaltenes i n t o  bas ic  and non-basic cmponents. 

The H/C r a t io s  are highest  i n  the  d i e thy l  ether-eluted f rac t ions  
Table V I  a l so  indicates 

The percentages 

These results are cons is ten t  v l t h  the  ac id ic  nature of s i l i c a  

Actually, t h e  words 'acid '  a n d h s e '  as reported by Sternberg e t  a l .  (11,7) do 

The asphaltene thus formed is a 
We feel 

not adequately c l a s s i f y  o r  c l a r i f y  the  coal-derived asphaltene. 
acceptor ( n d e f i c i e n t )  and donor (n -abundant), s ince  t h e i r  association and t h e  nature 
o f  charge t ransfer  is well known i n  asphaltem (12). 
complex and not as a s a l t  i n  the  sense of ion izable  species of acid o r  base. 
t h e  benzene-eluted f r ac t ion  could be neut ra l ,  t h e  e thyl  ether-eluted f r ac t ion  polar,  
ard by properly se lec t ing  adequate solvent,  another more polar f r ac t ion  can a l so  be 
obtained. 
a l l y ,  t h e  existance of d i f f e ren t  degrees of association of t h i s  charge-transfer makes 
t h e  t a sk  of separation of asphal tem d i f f i cu l t ,  

We would suggest 

,Ul these  phenomena can be explained on the  bas i s  of charge-transfer. Actu- 
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TABLE IX. - Color Indices ,  I * ,  of S i l i c a  Gel Fractions 

Eluent 
Benzene Diethyl Ether Sample Asphaltene 

S ynt ho i l  
FMC-COED 
Cat, Inc. SRC 
PAMCO SRC 

12.7 12.1 
4.1 5.1 

16.6 13.4 
10.4 9.4 

8.2 
3.5 

10.7 
8.8 

TABLE X. - S i l i c a  Gel Chromatography Fractions Ultimate Analysis, $*. and M'd 

Sample C H N S 0** Ash m*** 

Synthoil Asph. 87.27 6.51 1.64 0.66 3.92 0.48 738 
Benzene 89.15 6.57 0.58 0.99 2.71 0.97 614 
Diethyl Ether 85.17 6.86 1.60 0.73 5.64 1.19 560 

FMC-COED Asph. 82.14 6.47 1.70 2.58 7.11 0.79 458 

Diethyl Ether 79.67 6.48 1.9 1.33 10.98 1.23 9 0  
Benzene 83.83 6.30 1.06 1.93 6.88 1.78 445 

Cat. Inc. Asph. 88.80 5.61 1.25 0.12 4.22 0.78 747 
Benzene 87.66 6.40 0.65 0.65 4.64 1.01 467 
Diethyl Ether 84.73 6.33 1.67 0.79 6.48 1.78 490 

6.15 1.47 1.13 4.92 1.50 432 
87.27 0.68 1.20 4.65 1.83 421 

Diethyl Ether 83.00 6.52 1.99 1.01 7.48 2.03 465 
86'33 6.20 

PAMCO Asph. 
Benzene 

*Moisture and Ash f r e e  
**By difference 
***VPO in Benzene 

SUMMARY 

A preliminary examination of coa l  l iquefac t ion  products f r m  f o u r  d i f f e ren t  coa l  

Total  recoveries ranging f r m  93 t o  
These solvent f rac t ions  a r e  respectively: 
We have fu r the r  separated t h e  asphaltene f r ac t ion  by 

l iquefac t ion  processes has been car r ied  out. 
f i v e  d i f f e ren t  f rac t ions  by solvent fractionation. 
97% by weight have been obtained. oil, resin, 
asphaltene, carbene, and carboid. 
u t i l i z a t i o n  of solvent e lu t ion  chromatography with s i l i c a  gel. i n t o  two f r ac t ions  of d i f -  

Each coa l  l i qu id  has been separated i n t o  

f e ren t  po lar i t ies .  
( l l ) ,  which gives a high chlorine content (4,14.5$),  t h e  present method does not chem- 
i c a l l y  a l t e r  the  asphaltenes. 

Unlike the  asphaltene separa t ion  method described by Sternberg e t  a l .  
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PRODUCTS FROM TWO-STEP COAL LIQUEFACTION 
USING THREE DIFFERENT FIRST-STEP REACTOR PACKINGS 

Clarence Karr, Jr., William T. Abel, and Joseph R. Comberiati 

U.S. Energy Research and Development Administration 
Morgantown Energy Research Center, Morgantown, West Virginia 

INTRODUCTION 

. In the current work, laboratory-scale batch and flow studies have been 
conducted with various nominally non-catalytic materials as reactor packing 
for the first-step of a two-step coal hydroliquefaction process being studied 
at the Morgantown Energy Research Center's Liquid Fuels Research and Develop- 
ment Branch. An examination of the available literature on some three dozen 
coal liquefaction processes gave no evidence for any previous studies along 
these lines. Several of the processes have been compared in review articles 
(1, 2). 

The process studied is a two-step coal/recycle oil slurry-feed hydrolique- 
faction process, with removal of solid residue between the two steps, in which 
the second-step catalytic reactor is preceded by a first-step reactor contain- 
ing a nominally non-catalytic material selected for its ability to induce 
desirable hydropyrolytic reactions. 
conversion of asphaltene intermediates from the coal feed to oils and/or to 
asphaltenes of higher hydrogen content. Unconverted asphaltenes will likely 
result in coke formation in the catalytic reactor, greatly reducing catalyst 
activity and selectivity. Hydropyrolytic treatment (thermally induced dis- 
sociation o r  disproportionation of hydrogen) of petroleum residues, before a 
catalytic desulfurization, is designed to break down the less thermally stable 
asphaltic compounds so as to give less coke formation on the desulfurization 
catalyst (3). The presence of a high surface area carbonaceous material 
apparently accelerates the desired reactions, as in the "Combifining" process 
in which asphaltic compounds are treated with hydrogen at 30 atm in a 
fluidized-bed of petroleum coke at 380-410O C ( 4 ) .  The deactivation effect 
of coal asphaltenes is reduced by hydropyrolytic splitting on the surface of 
semi-coke dust ( 5 ) .  Pore diameters between 100 and 1,000 angstroms, and larger, 
appear necessary to allow free access of asphaltenes for their conversion. 
Conversely, when only small diameter pores are present, asphaltenes are reported 
to block the pores and the material is rapidly deactivated (6). 

These reactions are principally the 

The material desired as first-step reactor packing for the process studies 
must, therefore, in consideration of the pertinent literature, have a moderate 
surface area with a surface structure allowing or promoting carbon deposition, 
high porosity, and large pores (0.1 micron, or larger). 
catalytic material is indicated, to restrict surface reactions to those induced 
by a carbonaceous deposit. 
possibly gamma-alumina, while allowing alpha-alumina and silica. 
ceramics would apparently not offer sufficient surface area or porosity, 
although they are nominally non-catalytic for this reason. 

A nominally non- 

This would appear to rule out silica-alumina and 
Vitrified 

Dissolution of fhe coal in the first-step reactors allows separation of 
the mineral residues. Although coal minerals have been suspected to have 
substantial coal-liquefaction catalytic behavior ( 7 ) ,  these same minerals, or 
trace metals in them, act as strong poisons for hydrogenation catalysts (8). 
In addition, the sub-micron, clay-derived mineral residues plug the pores of 
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the catalyst. 
mineral residues settle out. In the initial developmental work on the 
Synthoil Process for making low-sulfur fuel oil from coal it was demonstrated 
that this type of plugging could be prevented by a highly turbulent flow of 
hydrogen through the catalyst bed (9). However, if the density of the product 
oil is reduced from that of a fuel oil to that of a kerosine and gasoline rich 
product, massive plugging occurs even with highly turbulent hydrogen flow, 
because the light kerosine and gasoline flash off into the gas phase, leaving 
insufficient liquid vehicle to carry residual solids through the fixed bed. 

By introducing an effective hydropyrolytic step followed by separation 

Massive plugging between catalyst pellets occurs when the 

of the mineral matter, the catalyst, such as the widely used cobalt molybdate 
catalysts on silica-promoted alumina supports, can have a longer life, and 
can be used at the milder temperatures and pressures for which they were 
designed, rather than at more rigorous conditions necessary for trying to 
maintain some degree of activity. 

With regard to pressure, as the hydrogen pressure increases, there is a 
maximum in the overall yield of hydrocracking product (10). In a two-step 
coal hydrocarbonization-tar vapor catalytic hydrogenation laboratory-scale 
study, the maximum yield of product was obtained at a hydrogen pressure of 40 
atm (11). With an increase in temperature above 400" C, thermal splitting by 
a free radical mechanism starts to be significant, leading to the formation of 
coke-like materials. 
extent, but are economically unfavorable, while resulting in decreased yield 
of liquid product. At 375°-4000 C and 1,500 psig, catalytic hydrogenation of 
a low-temperature coal tar gave a product with high aliphatic character and a 
high diesel index (12). 

High hydrogen pressures will reduce coking to some 

EXPERIMENTAL 

Stirred Batch Reactor Runs 

Coal-oil slurries were made up with one part by weight of run of mine coal 
(Pittsburgh No. 8 seam, Ireland mine, 33.06 weight percent volatile matter, 
0.72 weight percent moisture, 19.51 weight percent high-temperature ash, carbon 
h0.42, hydrogen 4.32, nitrogen 0.92, oxygen 7.96, and sulfur 4.62 weight per- 
cent, all by analysis) and two parts of hydrogenated Reilly tar oil. This 
hydrogenated oil was prepared in a one-gallon stirred batch reactor with 
hydrogen gas at 390" C and 1,800 psig for three hours, using about 1,800 m l  oil 
and about 32 g presulfided cobalt molybdate on silica-promoted alumina 1/8-inch 
pellets (Harshaw CoMo-0402T 1/8") in two baskets attached to the stirrer, as 
shown in figure 1. 
percent hydrogen sulfide in hydrogen at 3-4 liters per hour per 100 g catalyst 
for 1.5 hours at 400' C and atmospheric pressure. 
spectrometric analysis showed about 20 percent identifiable hydroaromatics, or 
hydrogen donors, in the hydrogenated oil, compared to none in the original oil. 
The identities of these are discussed under Results. 

The catalyst was presulfided in situ with a flow of 10-15 

Gas chromatographic/mass 

These coal/oil slurries were examined for their behavior over two dif- 
ferent kinds of packing that could be tried in the first-step reactor of the 
two-step pro €7"". These were a vitrified ceramic (Norton "Denstone 57" catalyst 
bed support,- consisting of 1/4-inch balls having a silica content of 56.4 
weight percent, with a surface area of about 0.01 m2/g and a very low porosity), 

- 1/ Use of trade names or company names is for identification only and does not 
imply endorsement by ERDA. 
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and alpha-alumina (Girdler catalyst carrier T-375, consisting of l/b-inch 
pellets having a silica content of only 0.02 weight percent, with a surface 
area Of about 5.3 m2/g, and 0.06-0.8 micron pores). 
in a one-gallon stirred batch reactor, using 36.15 g of "Denstone" or alpha- 
alumina in two baskets attached to the stirrer, and about 900 g slurry at 
450' c and 1,800 psig for three hours, or about 1,800 g slurry at 430° c and 
1,500 PSig for three hours, the reactor being brought up to the desired pres- 
Sure with hydrogen gas. Air was flushed from the system with nitrogen gas and 
nitrogen purged from the system with hydrogen gas before partial pressurizing. 
heating, and then any final pressurizing. 
pressure was maintained with additional hydrogen. 

A series of runs was made 

A s  hydrogen was consumed the 

Half of each first-step product from all runs was filtered to remove 
mineral residue, and the filtered and unfiltered portions were then hydrogenated 
qver the same catalyst used to prepare the hydrogenated tar'oil (Harshaw CoMo- 
0402T 1/8"). The second-step run conditions for all eight runs were identical, 
namely, 1,500 psig (achieved with hydrogen gas) at 380" C for one hour in a 
one-gallon Stirred reactor, using about 200 g feed and 0.4 g presulfided cobalt 
molybdate on silica-promoted alumina in two baskets attached to the Stirrer. 
The quantity of catalyst was chosen to approximate 500 hours operation at a 
liquid hourly space velocity of one in a fixed bed process. 

The products were analyzed by 1) solvent extraction to recover benzene 
insolubles, asphaltenes (benzene-soluble, cyclohexane-insoluble), and oils 
(cyclohexane-soluble); 2) liquid elution chromatography of the oils from 
activated alumina with cyclohexane and benzene (to remove colored resins); 
3) gas chromatographic mass spectrometric analysis of the cleaned oil to identify 
and quantify individual compounds; 4) elemental analysis for determination of 
the atomic hydrogen-to-carbon ratio in various samples; 5) gas chromatographic 
analysis of the gaseous products for the amounts of the individual hydro- 
carbons; and 6) physical property determinations (density and distillation 
curves) on the filtered products. Differences due to different operators, 
procedures, or equipment were avoided. The separation procedures were similar 
to those previously used for analysis of low-temperature coal tars (13). 

0.2 Pounds Coal/Hour Flow System 

A schematic flow diagram of this system is detailed in figure 2. Inter- 
changeable reactors packed for either first-step runs, or with catalyst for 
second-step runs, were used in the clam shell heaters. This laboratory-scale 
equipment was used in a run of nearly 48 hours duration to prepare about five 
gallons of hydrogenated tar oil for slurry preparation. 
was fed at a rate of about 375 ml/hr (LHSV=1.4) through presulfided cobalt 
molybdate on silica-promoted alumina at 380' C and 1,500 psig hydrogen. 
Product sample collected at 44 hours analyzed for 26.26 weight percent hydro- 
aromatics, while the hydrogen donor content for the composite five gallon 
product was 26.88 weight percent,' showing no significant decline in catalyst 
activity over about 48 hours operation. 
hydrogen donors. 

The Reilly tar oil 

The tar oil feed contained no 

Hydropyrolytic first-step runs were made in the same reactor (1-inch, 
schedule 80, 304 stainless steel pipe), with the first seven inches packed with 
1/2-inch lengths of 1/4-inch O.D. 304 stainless steel tubing and the remaining 
21 inches packed with either l/d-inch alpha-alumina pellets, or a 99.5 weight 
percent alpha-quartz packing (Girdler catalyst carrier T-1571, consisting of 
3/16-inch silica spheres with a surface area of about 131 m2/g, and 1-18 micron 
pores). The total volume of the reactor was 270 ml. The S ~ U K K ~  feed was made 
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from one part by weight of 70 percent  minus 200 mesh, 100 percent  minus 100 
mesh, I r e l and  Mine c o a l  (P i t t sbu rgh  No. 8 seam), and t h r e e  p a r t s  of t h e  hydro- 
genated Re i l ly  t a r  o i l ,  made as descr ibed  above. The s l u r r y  was fed  a t  a rate 
between 245 and 375 g /h r  a t  440" C ,  1,500 ps ig ,  and a hydrogen flow rate of 
about 7.0 sc fh .  
hours.  The  f a s t e r  feed  r a t e  f o r  t he  bed packed wi th  spheres  compensated f o r  the  
l a r g e r  void volume f o r  t h e  spheres .  

To ta l  run  t i m e  wi th  each f i r s t - s t e p  packing w a s  n e a r l y  16  

The products from b o t h  runs  were f i l t e r e d  to remove minera l  r e s idue ,  and 
the  res idue  washed wi th  benzene t o  remove adher ing  o i l ,  d r i ed ,  and weighed. The 
f i l t e r e d  products w e r e  t h e n  subjec ted  t o  c a t a l y t i c  hydrogenation i n  t h e  second- 
s t e p  r eac to r  under cond i t ions  e s s e n t i a l l y  the  s a m e  a s  those  used t o  prepare  t h e  
hydrogenated tar o i l .  
r eac to r ,  except f o r  t h e  packing, which was e n t i r e l y  s u l f i d e d  coba l t  molybdate 
on sil ica-promoted alumina. The l i q u i d  feed  w a s  introduced a t  a rate between 
250 and 350 g /h r  a t  380" C, 1,500 ps ig ,  and a hydrogen flow rate of about 7.0 
scfh .  Tota l  run time w a s  up t o  about 11 hours. 

The second-step r e a c t o r  w a s  i d e n t i c a l  t o  t h e  f i r s t - s t e p  

RESULTS AND DISCUSSION 

S t i r r e d  Batch Reactor Runs 

Mass, hydrogen, and carbon ba lances  f o r  t h e  s t i r r e d  ba tch  r e a c t o r  runs ,  
i nc lud ing  d a t a  on t h e  f o u r  f i r s t - s t e p  r u n s  and the  f o u r  corresponding second- 
s t e p  r u n s  wi th  u n f i l t e r e d  f i r s t - s t e p  product as  f eed ,  are presented  i n  t a b l e s  
1 through 3. 
summarized i n  t a b l e  4. 

The p rocess  cond i t ions  f o r  a l l  s t i r r e d  ba t ch  r e a c t o r  runs  are 

Mass ba lances  v a r i e d  between 90.4 and 99.6 pe rcen t ,  wi th  an average  of 96.7 
percent .  S ix  o f  t h e  e i g h t  runs  had mass ba lances  between 97.7 and 99.6 percent .  
Annnonia, hydrogen s u l f i d e ,  and w a t e r  w e r e  determined by c a l c u l a t i n g  t h e  decrease  
i n  elemental  n i t rogen ,  s u l f u r ,  and oxygen i n  going from s o l i d s  and l i q u i d s  in 
t he  feed  to those  i n  t h e  product ,  and conver t ing  t o  t h e  equiva len t  weights of 
t he  t h r e e  compounds. E s s e n t i a l l y  a l l  t h e  water, and nea r ly  a l l  of t he  hydrogen 

f avor  a g r e a t e r  product ion  of water and hydrogen s u l f i d e  than  t h e  Denstone 
v i t r i f i e d  ceramic, except  f o r  hydrogen s u l f i d e  a t  t he  more r igo rous  condi t ions .  

' s u l f i d e ,  were evolved i n  t h e  f i r s t - s t e p  runs.  The alpha-alumina appeared t o  

Hydrogen ba lances  v a r i e d  between 93.5 and 108.6 pe rcen t ,  wi th  f i v e  of t h e  
e i g h t  runs  between 98.7 and 103.8 percent .  
t he  pressure  gauges on t h e  cy l inde r  r egu la to r s ,  bu t  temperature v a r i a t i o n s  
r e s t r i c t e d  t h e  accuracy of t h i s  approach because t h e  cy l inde r s  were mounted 
o u t s i d e  the h igh  p res su re  c e l l  bu i ld ing .  A b e t t e r  estimate of hydrogen usage 
was obtained by assuming a ba lance  of 100  percent  and co r rec t ing  t h e  grams H2 
gas i n ,  accordingly.  
' tha t  t h e  alpha-alumina favored  a g r e a t e r  production of hydrocarbon gases  than  
the  Denstone v i t r i f i e d  ceramic. 
H20 and H2S would b e  expected t o  r equ i r e  a g r e a t e r  consumption of hydrogen wi th  
alpha-alumina. 
showing t h i s  than  t h e  uncorrec ted  va lues ,  which appear t o  be gene ra l ly  un re l i ab le .  

Hydrogen usage w a s  es t imated  from 

The gas chromatographic ana lyses  of product gases  showed 

This  coupled wi th  the  g r e a t e r  product ion  of 

gas i n  come much c l o s e r  t o  The co r rec t ed  va lues  f o r  grams H 2 

Carbon ba lances  v a r i e d  between 90.5 and 106.9 pe rcen t ,  wi th  ha l f  t h e  va lues  
between 97.1 and 106 pe rcen t .  
from t h e  f i r s t - s t e p  runs appeared t o  be somewhat h igh  compared t o  t h e  prev ious  
work, and may account f o r  t h e  104.5 t o  106.9 percent  carbon r ecove r i e s  f o r  t h e  
f i r s t - s t e p  r u n s ,  a s  opposed t o  t h e  90.5 t o  99 percent  r ecove r i e s  f o r  t h e  second- 
s t e p  runs .  

The amounts of CO and C 0 2  i n  t h e  product gases  
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The mass, hydrogen, and carbon balances for the stirred batch reactor 
runs fall within the range of values generally found for such laboratory-scale 
operations. 

The results of the solvent extraction analysis of the products from the 
stirred batch reactor runs are summarized for all eight runs in table 4 ,  with 
the data for the paired "Denstone" and alpha-alumina first-step reactor materials 
placed together for ease of comparison. 
oils comes directly from the compounds in the oil used to make the coal/oil 
slurry, while the rest of the oil comes from hydroliquefaction of the coal and 
the asphaltic constituents. 
was only about one percent, with almost 90 percent recovery of vehicle oil 
(10 percent conversion to gas and light oils), it can be seen that in most 
instances the amount of oils was increased from 20 percent to as much as three- 
fold by using alpha-alumina instead of vitrified ceramic. 
even though the oil yields were essentially the same, the atomic hydrogen-to- 
carbon ratio for the alpha-alumina-derived oil was much higher, as shown later, 
demonstrating a higher total hydrogen gain for the alpha-alumina-derived oil. 

A large, but noncalculable, part of the 

Assuming that the lowest oil yield from the coal 

In one instance, 

In line with the larger amounts of coal-derived oil, using the alpha- 
alumina, larger amounts of identifiable coal-derived compounds were obtained 
(table 5 ) ,  with the compounds arranged according to increasing boiling point. 
These six compounds are all polycyclic aromatic hydrocarbons which were not 
detectable in the hydrogenated tar oil, and therefore probably came from the 
coal via the asphaltenes. 
temperature and pressure may be explained by the dilution with a little more of 
other coal-derived compounds. 
derived, or more correctly, asphaltene-derived compounds in the second-step 
product oil using first-step product from the alpha-alumina bed as feed. 
Possibly this is because this feed did not deactivate the cobalt molybdate 
catalyst as much as the first-step product from the vitrified ceramic. 

The slightly lower concentration at the higher 

There was about 50 or 60 percent more coal- 

The higher activity of alpha-alumina for producing low-boiling hydro- 

The volume of methane, 
carbons directly from coal or asphaltenes was also demonstrated by the gaseous 
hydrocarbons collected during the first-step runs. 
ethane, propane, and butanes per pound of coal was in each instance greater for 
each hydrocarbon compound when using alpha-alumina (table 6). The yields of 
hydrocarbon gas are also greater at 450" C than at 430" C, because this is the 
temperature range in which bituminous coals show a rapid increase in thermal 
decomposition. The greater yields of hydrocarbon gas with alpha-alumina are 
not due to increased dealkylation of alkylated polycyclics in the oil (table 
5 ) .  In face, somewhat greater yields of alkylated compounds were obtained at 
both operating temperatures, using alpha-alumina. 

The yields of asphaltenes (table 4 )  were less with alpha-alumina, generally 
down to about one-half the quantity obtained with the vitrified ceramic. In the 
one instance in which the yields were close, the atomic hydrogen-to-carbon 
ratio was substantially higher for the alpha-alumina-derived asphaltene (table 
7) .  Under both of the first-step run conditions the atomic hydrogen-to-carbon 
ratios for the asphaltenes were clearly higher using alpha-alumina, as shown 
in table 7.  In one instance, the oil derived in the presence of alpha-alumina 
was distinctly higher in atomic H/C. 
identical values of atomic H/C. 
alpha-alumina (table 4 ) ,  demonstrating a higher total hydrogen uptake. 

The total amounts of nine important classes of alkylated polycyclic 
aromatics were greater for the products obtained using alpha-alumina (table 5 ) ,  
under both first-step run conditions. 

In the other, the two oils had nearly 
The yield of oil in the latter was greater with 

Larger amounts were obtained with both 
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f i r s t - s t e p  m a t e r i a l s  a t  t h e  more r igo rous  cond i t ions ,  due t o  more r e a c t i o n  of 
t h e  coa l ,  and t h e  percent  i nc rease  f o r  alpha-alumina was considerably g r e a t e r .  

The i d e n t i t i e s  and amounts of t h e  e i g h t  i d e n t i f i a b l e  hydroaromatics,  o r  
hydrogen donors,  i n  t h e  hydrogenated t a r  o i l  used t o  make up t h e  s l u r r y  f o r  t he  
s t i r r e d  batch r e a c t o r  runs  a r e  shown i n  t a b l e  8. Analysis of t h e  o i l  i n  t h e  two 
d i f f e r e n t  f i r s t - s t e p  products  showed nea r ly  double t h e  consumption of  hydrogen 
donors in  t h e  presence of alpha-alumina, compared t o  t h e  v i t r i f i e d  ceramic. ,  

It is poss ib l e  t h a t  t h e  much g r e a t e r  s u r f a c e  a r e a  and pore volume of t h e  
alpha-alumina compared t o  t h e  v i t r i f i e d  ceramic could o f f e r  more carbonaceous 
s u r f a c e  f o r  t h e  hydrogen donors t o  r e a c t .  Examination of t h e  spent m a t e r i a l s  
v i s u a l l y ,  and by scanning e l e c t r o n  microscopy, showed t h a t  a black,  carbonaceous 
depos i t  covered t h e  e x t e r i o r  of t he  ceramic b a l l s ,  b u t  extended throughout t h e  
i n t e r i o r  of t h e  alpha-alumina p e l l e t s .  

I n  a l l  i n s t ances ,  t h e  presence of mineral  r e s i d u e  i n  t h e  second-step r eac to r  
gave improved r e s u l t s  ( t a b l e  4) a s  r ega rds  decreased y i e l d s  of a spha l t enes  and 
increased y i e l d s  of o i l s .  A s  mentioned i n  t h e  In t roduc t ion ,  t h i s  apparent  
advantage i s  outweighed by s e v e r a l  s e r i o u s  disadvantages.  

Because t h e  s l u r r y  feed t o  t h e  s t i r r e d  batch r e a c t o r  runs  w a s  67 percent  
by weight of hydrogenated t a r  o i l ,  t h e  d i s t i l l a t i o n  curves t o  a f i n a l  b o i l i n g  
po in t  of 495" C of  t h e  f i r s t - s t e p  products  and t h e  v e h i c l e  o i l s  were r a t h e r  
s i m i l a r .  However, some d i f f e r e n c e s  were evident  which r e f l e c t e d  t h e  d i f f e rences  
i n  a c t i v i t y  of t h e  t w o  d i f f e r e n t  r eac to r  packings and t h e  two d i f f e r e n t  r e a c t o r  
condi t ions,  as shown i n  t a b l e  9. The l a r g e s t  c u t ,  t h e  median b o i l i n g  d i e s e l  o i l  
f r a c t i o n ,  was e s s e n t i a l l y  i d e n t i c a l  f o r  t h e  two tar o i l s  and t h r e e  of  t h e  four  
products .  The f o u r t h  product ,  obtained with t h e  alpha-alumina packing under the  
r igo rous  cond i t ions ,  showed a s u b s t a n t i a l  decrease i n  t h i s  major f r a c t i o n ,  with 
a corresponding s u b s t a n t i a l  i n c r e a s e  in t h e  lowest molecular weight f r a c t i o n ,  
t h e  gasol ine cu t .  A t  t h e  milder  cond i t ions ,  t h e r e  was only a l i t t l e  more 
gaso l ine  range f r a c t i o n  with t h e  alpha-alumina packing than with the  v i t r i f i e d  
ceramic packing, and as expected both packings gave s u b s t a n t i a l l y  l e s s  gaso l ine  
cu t  than under t h e  more r igo rous  condi t ions.  

0.2 Pounds Coal/Hour Flow System 

The process  cond i t ions  f o r  a l l  flow reac to r  runs,  ;he results of t h e  f i r s t -  
s t e p  product f i l t r a t i o n ,  t h e  so lven t  e x t r a c t i o n  a n a l y s i s ,  and t h e  product gas  
a n a l y s i s  a r e  summarized f o r  a l l  four  runs i n  t a b l e  10. The r e s idue  f i l t e r e d  off  
from t h e  f i r s t - s t e p  products ,  a f t e r  washing with benzene t o  remove adsorbed o i l ,  
e s s e n t i a l l y  equal led t h e  ca l cu la t ed  mineral  matter i n  t h e  c o a l  feed,  demonstrat- 
i n g  e s s e n t i a l l y  complete d i s s o l u t i o n  of t h e  organic  p a r t  of t h e  coa l .  The 
benzene in so lub le s  i n  t h e  f i l t e r e d  product from t h e  s i l i c a  b a l l s  was more than 
t w i c e  t h a t  from t h e  alpha-alumina p e l l e t s .  

The t o t a l  y i e l d  of  t o t a l  hydrocarbon gases  from t h e  alpha-alumina bed , 

r e a c t o r  was n e a r l y  f o u r  t imes t h a t  from t h e  s i l i c a  bed r e a c t o r .  Conversely, 
t h e r e  was a n e a r l y  f o u r f o l d  g r e a t e r  y i e l d  of hydrocarbon gases  from t h e  c a t a l y t i c  
r e a c t o r ,  u s ing  t h e  s i l i c a  bed product a s  feed.  Thus, most of t h e  hydrocracking 
t o  give gas occur s  i n  t h e  alpha-alumina bed, where t h e  concomitant carbon depos i t  
formation does l i t t l e  harm, whereas a l i t t l e  over ha l f  of t h e  gas  formation 
occurs  i n  t h e  c a t a l y t i c  bed used a f t e r  t h e  s i l i c a  bed, where carbon d e p o s i t s  a r e  
undesirable .  
c a t a l y t i c  bed may be undes i r ab le  f o r  s i m i l a r  reasons.  The residence time f o r  
t h e  l i q u i d  phase i n  t h e  f i r s t - s t e p  r e a c t o r  was est imated t o  be less than 20 

The conversion of  benzene in so lub le s  t o  a spha l t enes  i n  t h i s  
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minutes, compared to a residence time (not the time of contact with the packing 
in the baskets) of three hours in the stirred batch reactor. 
explains the considerably lower yield of hydrocarbon gases in the flow system 
compared to the batch system. 

This probably 

In line with the larger amounts of coal-derived oil from the alpha-alumina 
bed, compared to the silica bed, somewhat larger amounts of identifiable coal- 
derived compounds were also obtained in the first-step product, as shown in 
table 11, with the compounds arranged according to increasing boiling point. 
The alkylated compounds in the first-step product from alpha-alumina were about 
the same as those from silica. 
alpha-alumina are not due to increased dealkylation. 
some of the compounds identified were both coal-derived and alkylated. 

Thus, the greater yields of hydrocarbon gas with 
It should be noted that 

The identities and amounts of the ten identifiable hydroaromatics, or 
hydrogen donors, in the hydrogenated tar oil used to make up the slurry for the 
flow system are shown in table 8. There was a substantially greater consumption 
of hydrogen donors in the alpha-alumina bed than in the silica bed, in line with 
the better quality first-step product from the alpha-alumina. The proportion of 
hydrogen donors consumed in the flow system alpha-alumina first-step run was 
actually greater than that in the corresponding batch system first-step run 
because of the higher ratio of tar oil to coal in the flow system, as well as 
the higher initial concentration of hydrogen donors. 

Examination of the used first-step packings showed a much greater degree 
of carbon deposition on the alpha-alumina than on the silica. 
silica packing had a much greater surface area, all of the analytical results 
on the products indicated greater activity with the alpha-alumina. 
of the alpha-alumina surface may be such as to allow or promote the type of 
carbonaceous deposit promoting the desired hydropyrolytic reactions of the 
coal/hydrogenated tar oil slurry. 

Even though the 

The structure 

Scanning electron microscopy showed random stacks of flat crystallites of 
carbon. It is suggested that the carbon level reaches an equilibrium due to 
reduction by hydrogen, and physical attrition. Small amounts of carbonaceous 
material were found in the benzene-washed residue from filtration of the first- 
step products. 

The filtered first-step product from the flow system using alpha-alumina 
packing at 1,500 psig and 440" C had an appreciably lower density than the 
corresponding product using silica packing (table 12). 
coal dissolved (table lo), but probably was because of the smaller amounts of 
benzene insolubles and asphaltenes in the product. A s  shown in table 12, the 
filtered first-step product from the batch system using alpha-alumina packing 
at 1,500 psig and 430° C also had an appreciably lower density than the corres- 
ponding product using Denstone vitrified ceramic. For both the batch and flow 
systems the density increase of the product over that of the slurry vehicle oil 
was anly about half as great for alpha-alumina as for the silica, or Denstone. 

This was not due to less 

Because the first-step reactor did not contain any material capable of 
catalyzing extensive hydrodesulfurization or hydrodenitrification reactions, 
the filtered first-step products from both the batch and flow systems, with 
vitrified ceramic, silica, and alpha-alumina packings, all showed retention of 
heteroatoms (table 1 3 ) .  There was essentially no reduction in nitrogen content. 
Identifiable nitrogen compounds included pyridines, quinolines, and carbazoles. 
Alpha-alumina packing in the batch system was slightly better than the vitrified 
ceramic for reduction of heteroatoms, and this, along with the much greater 
yield of hydrocarbon gases and oils, required a much greater consumption of 
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hydrogen from hydroaromatics. 
alumina bed there was a little less hydrogen because of loss as hydrogen 
sulfide, ammonia, water, hydrocarbon gases, and volatile light oils. Silica 
packing was slightly better than alpha-alumina for reduction of heteroatoms in 
the flow system, but much inferior for the production of hydrocarbon gases and 
oils, so that the alpha-alumina product showed a greater consumption of 
hydrogen donors, and a slight lowering of hydrogen content thereby. 

Thus, in the first-step product from the alpha- 

Conversely, the alpha-alumina bed first-step product, when processed at 
1,500 psig hydrogen and 380° C in the second-step cobalt molybdate bed, gave a 
second-step product with fewer heteroatoms, a higher hydrogen content and a higher 
atomic hydrogen to carbon ratio than that from the first-step product from the 
silica bed (table 14). The second-step catalyst was more active in converting 
first-step product from the alpha-alumina bed. A greater second-step gas yield 
(table 10) with its concomitant greater carbon deposition on the catalyst was 
observed in converting first-step product from the silica bed. The second-step 
product, starting with alpha-alumina for first-step packing, had three times 
the increase in hydrogen content, and atomic H/C, and three times the decrease 
in nitrogen content as compared to the second-step product starting with silica 
for f irst-s tep packing. 

CONCLUSIONS 

In the two-step coal hydroliquefaction process studied there were large 

These results may be due to differences in the ability of 
differences in the behavior between various first-step nominally non-catalytic 
reactor packings. 
the packing surface to promote or allow a sufficient amount of the type of 
carbonaceous deposit on which desired hydropyrolytic conversions of coal and/or 
asphaltenes molecules could occur by interaction with hydrogen donors (and 
hydrogen). 
ratios and/or increased conversion to oils. These products appeared less likely 
to deactivate the cobalt molybdate catalyst used in the second-step reactor. 
The greater activity of the catalyst was indicated by the production of a 
second-step product with lower heteroatom content and higher atomic H/C, with 
negligible hydrocarbon gas formation and concomitant carbon deposition. 

The preferred packing produced asphaltenes with higher atomic H/C 

The preferred first-step packing was shown to be a moderate surface area, 
large pore size, very low silica content alpha-alumina. 
large pore size, pure silica, and a very low surface area, negligible porosity 
vitrified ceramic were less effective. The chemical as well as the surface 
properties of the packing appeared to affect performance. The alpha-alumina 
produced more first-step hydrocarbon gas, without increasing dealkylation, 
giving more first-step light oil, more total oil of a lower density, and less 
asphaltenes, along with a greater consumption of hydrogen from hydrogen donors. 

A high surface area, 
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Table 5. - Coal-Derived Compounds and Alkylated Compounds in Two-step 
Products, Using Filtered Feed for Second-Step 

Weight percent1 
First-step 
run conditions 1,800 psig, 450°C 1,500 pig, 430°C 
First-step Alpha- Alpha- 
reactor material Denstone alumina Denstone alumina 

Trimethylbenzenes 0.40 0.40 0.23 0.08 
Methyl-, Dimethyl-, 

Me thylbiphenyls 0.43 0.44 0.32 0.37 
Methyldibenzofurans 3.10 2.91 2.71 3.65 
Methylfluorenes’ 1.07 1.16 0.85 1.40 
Methylphenanthrenes 2.60 2.92 2.79 2.93 
Methylpyrenes 0.45 0.50 0.35 0.54 
Benz (c) uhenanthrene ’ 0.10 0.14 0.18 0.37 
Methylchrysene’ 0.18 0.42 0.09 0.23 
Benz (a, j ,k)f luoranthene’ 0.19 0.53 0.29 0.40 
Benz(a & e) pyrene’ 0.11 0.17 0.20 0.25 
Methylbenz(a & e)pyrene’ 0.04 0.07 0.04 0.06 

and Ethylnaphthalenes 11.58 14.04 9.95 9.73 

Total coal-derived 
compounds 1.69 2.49 1.65 2.71 

Percent ~ncrease~ 47.3 64.3 

Toral alkylated 
compounds 20.54 22.86 17.33 18.99 

Percent Increase 11.3 9.6 

Calculated on the basis of the oil in the coal/oil slurry. ’ Compounds not detected in the hydrogenated tar oil used for slurry, 
Percent increase in going from Denstone to alpha-alumina packing. 

hence derived from coal. 
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Table 6 .  - Firs t -S tep  Hydrocarbon Gas Yie lds  

S c f / l b  coa l  
Run condi t ions  1,800 ps ig ,  450°C 1,500 p s i g ,  43OoC 

Alpha- Alpha- 
Reactor m a t e r i a l  Denstone alumina Denstone alumina 

Methane 
Ethane 
Propane 
Butanes 

1.645 1.890 0.835 0.985 
0.619 0.810 0.246 0.308 
0.274 0.449 0.131 0.188 
0.043 0.070 0.022 0.025 

To t a l  2.581 3.219 1.234 1.506 
Percen t  i nc rease  24.7 22.2 

Table 7. - Elemental Analys is  of Two-step Products ,  
Using Unf i l t e r ed  Feed f o r  Second S tep  

F i r s t - s t ep  
run condi t ions  1,800 ps ig ,  45OoC 1,500 ps ig ,  430'C 
F i r s  t - s tep  Alpha- Alpha- 
r eac to r  m a t e r i a l  Denstone alumina Denstone alumina 

Benzene in so lub1 .e~  0.62 0.65 0.72 0.73 

Asphaltenes 0.64 0.70 0.75 0.78 

O i l s  0.95 0.94 0.95 0.99 
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Table 8. - Hydrogen Donors in Hydrogenated Tar Oil for Slurry 
Before and After Reaction with Coal: 
Analysis of First-Step Products 

Weight percent 
Type reactor Batch Flow 
Reactor conditions 1,800 psig, 45OoC 1,500 psig, 440'C 

Alpha- Alpha- 
Reactor packing Denstone alumina s j  1 icn alumina 
Hydrogenated tar oil Lot A Lot B-F 

Compound 

Indan 
Methylindans 
Tetralin 
Methyltetralins 
Dihydrophenanthene 
Octahydrophenanthrene 
Tetrahydrophenanthrene 
Tetrahydropyrene 
Hexahydropyrene 
Dihydropyrene 

1.22 1.51 
0.35 2.94 
7.34 6.61 
1.93 2.09 
3.08 1.32 

2.42 1.18 
3.27 0.59 

0.97 0.60 

--- --- 

--- --- 

1.25 
2.59 
4.62 
1.00 
1.11 

1.12 
0.84 

0.69 

--- 

--- 

1.63 
0.40 
9.11 
4.29 
2.00 
2.04 
4.30 
2.11 
0.20 
0.80 

0.72 
0.32 
6.58 
3.87 
1.28 
1.66 
4.09 
0.44 
0.12 
0.40 

0.83 
0.60 
6.37 
3.35 
1.17 
1.89 
2.92 
0.45 
0.12 
0.40 

To tal 20.58 16.84 13.22 26.88 19.48 18.10 

Percent reacted 18.2 35.8 27.5 32.6 

Table 9. - Distillation of  Slurry Vehicle Oils Compared With 
Distillation of Filtered First-Step Products 

from Stirred Batch Reactor Runs 

Weight percent' 
Reactor conditions 1,800 psig, 45O0C 1,500 psig, 430°C 

Alpha- Alpha- 
Reactor packing Denstone alumina Denstone alumina 
Hydrogenated tar oil Lot A Lot B 

Distillate range, "C 

40-202 (gasoline) 10.9 17.1 21.0 13.8 11.1 12.2 

202-265 (kerosine) 34.0 27.9 28.4 32.5 28.1 26.7 

265-340 (diesel oil) 40.9 39.7 33.1 40.6 40.3 41.4 

340-392 (fuel oil) 13.1 12.5 13.9 12.0 15.9 16.2 

392-495 (heavy oil) 1.1 2.8 3.6 1.1 4.6 3.5 

Based on distillation curve to FBP 495°C. 
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Table 10. - 0.2 Lb Coal/Hr Flow System 

Reactor F i rs t -S tep  Second-Step 
Packing Alpha-alumina S i l i c a  Co/Mo on Si02/A1203 

Reactor v o l . ,  m l  
Temp., " C  
Press . ,  p s i g  

Feed, g /hr  
Coal /o i l  r a t i o  
Run t i m e ,  h r s  

Hz, Scfh 

Filter r e s idue ,  pc t .  
Calcd. a sh ,  p c t .  
Coal d i s so lved ,  pc t .  

270 270 2701 270' 
440 440 380 380 

1 ,500  1 ,500  1,500 1,500 
7 7 7 7 

246 374 250 350 
1 :3  1 :3  

15.75 15.75 10.5 6.08 
--- --- 

Product Analys is  

--- --- 3.64 5.55 
4.88 4.88 

100 97 
--- --- 
--- --- 

F i l t e r e d  A s  rece ived  

Benzene i n s o l u b l e s ,  % 5.1 12.4 4.5 4.4 
Asphaltenes,  p c t .  10.6 12.4 2 .3  7.7 
O i l ,  pc t .  84.3 75.2 93.2 87.9 

Hydrocarbon G a s  Yie lds ,  s c f / l b  Coal 

Methane 0.638 0.140 0.025 0.189 
Ethane 0.150 0.043 0.017 0.041 
Propane 0.047 0.018 0.025 0.038 
Butanes 0.023 0.006 0.005 0.002 

TOTAL 0.858 0.207 0.072 0.268 

F i l t e r e d  product from alpha-alumina run as feed. 
F i l t e r e d  product from s i l i c a  run a s  feed .  
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Table 11. - Coal-Derived Compounds and Alkylated Compounds 
in First-Step Product from Flow System First-Step Reactor 

Weight percent 1 

First-step packing alpha-alumina silica 

Trimethylbenzenes 
Methyl-, Dimethyl-, and 

Methylbiphenyls 
Methyl- and 

Methyl f luorenes’ 
Methyl- and 

Me thylpyrenes’ 
Benz (c)uhenanthrene2 
Methvlchrvsene’ 

Ethylnaphthalenes 

Dimethyldibenzofurans 

Dimethylphenanthrenes 

nz (b.i .k) fluoranthene‘ 

0.33 

12.98 
1.29 

4.97 
0.30 

3.60 
0.55 
0.13 
0.32 
0.57 
0.28 
0.09 

0.15 

13.09 
1.16 

3.95 
0.25 

3.21 
0.94 
0.37 
0.16 
0.21 
0.07 
0.00 

Total coal-derived compounds 2.24 2.00 

Total alkylated compounds 24.43 22.91 

’ Calculated on the basis of the oil in the coal/oil slurry. 
Compounds not detected in the hydrogenated tar oil used for slurry, 
hence derived from coal. 

225 



o u  o u  \ D m  
0 0  

.-lo 
. .  

ml. m l .  
d o  
d d  

d o  
. .  

\D 
VI 0 0 

d 

u m  N m  
m N  
0 0  
d o  
. .  

0 4  
o r l  o u  

r l o  
? ?  

o\ m 
VI 0 

d 

al m 
m 
Y 

C .d 

h u .d 

m 
al 
0 

226 

c 
M 

Y 
U d 
z 

8 
M 
h 

0 

g e 
m U 



J O  

I 

> 

1 

o m  

o o m  
r l d r o  

-3 

. . .  
u 

J O  

, m  

i b l  
.r( 1 m  

i o  
$ 0  

>rl 

~m 

:“1 

U 
E 

r L 

.I: % E  u c  J C  

I ! -  
J C  
:A. 
3 c  L ) n  

U P  n e  

00 w m m  

o o u  rl 

. . .  

m w  
N l n  

4 0  
. .  

m m  
o m  
0 0  
. .  

o r .  o m -  
r l m m  
. . .  

r.u r l u N  . . .  
r l m m  

4 4  

Nr. 

m r o  . .  

o m  m d  

o m  
. .  

al m 

al U 

.rl 

U 

G a l  
a l u  

C M U  e o m  
M U &  
h-3 X h  0 2  

2 

227 



HYDROGENATION OF PHENANTHRENE OVER A COMMERCIAL 
COBALT MOLYBDENUM SULFIDE CATALYST UNDER SEVERE REACTION CONDITIONS 

Chao-Sheng Huang , Kuo-Chao Wang , and Henry W .  Haynes , Jr . 
Department o f  Chemical Engineering, Universi ty  of  Mississ ippi  

Universi ty ,  Miss i s s ipp i  38677 

Introduct ion 

While it i s  t r u e  t h a t  cobal t  molybdenum c a t a l y s t s  were developed p r imar i ly  
f o r  t h e  hydrodesulfur izat ion of petroleum residium streams,  t h e y  have been app l i ed  
ex tens ive ly  i n  l abora to ry  and p i l o t  p l a n t  i n v e s t i g a t i o n s  of  t h e  production of  
q u a l i t y  s y n t h e t i c  f u e l s  from coa l ,  o i l  sha l e  and t a r  sands.  In  these  app l i ca t ions  
the  c a t a l y s t  has  been of i n t e r e s t  n o t  j u s t  because of  its d e s u l f u r i z a t i o n  capa- 
b i l i t i e s ,  but a l s o  because of i t s  high a c t i v i t y  i n  hydrogenation, s t a b i l i z a t i o n  
and conversion r e a c t i o n s .  The remarkable f e a t u r e  of coba l t  molybdenum c a t a l y s t s  
is t h e i r  a b i l i t y  t o  remain a c t i v e  d e s p i t e  t h e  presence o f  notor ious c a t a l y s t  
poisons,  i n  p a r t i c u l a r  organic  s u l f u r  and n i t rogen  compounds, i n  t h e  feedstocks 
undergoing t reatment .  

Phenanthrene i s  t y p i c a l  of t h e  hydrocarbons produced during t h e  l i q u e f a c t i o n  
of coa l .  The s t agge red  phenanthrene-like compounds a r e  thermodynamically more 
s t a b l e  ( 6 )  than t h e  l i n e a r  anthracene-l ike isomers and t h e y  a r e  usual ly  p re sen t  
in g r e a t e r  abundance i n  coal de r ived  l i q u i d s  ( e . g .  1). P a r t i a l l y  hydrogenated 
d e r i v a t i v e s  of  phenanthrene a r e  very a c t i v e  hydrogen donors i n  coal  e x t r a c t i o n .  
In one study 9 ,  10-dihydrophenanthrene was r epor t ed  t o  be  s l i g h t l y  s u p e r i o r  t o  
t e t r a l i n  i n  hydrogen donor  a c t i v i t y  ( 2 ) .  
a c t i v e ,  and t h e  p o s s i b i l i t y  of over hydrogenating t h e  solvent  i n  a hydrogen 
donor c o a l  l i q u e f a c t i o n  scheme i s  widely recognized. 
phenanthrene i s  hydrogenated i n  a c a t a l y t i c  so lven t  hydrogenation r e a c t o r  is 
the re fo re  of considerable  i n t e r e s t .  

Perhydrophenanthrene was much l e s s  

The ex ten t  t o  which 

I n  add i t ion  some conversion t o  lower molecular weight spec ie s  (hydrocracking) 
is usua l ly  des i r ab le .  While coba l t  molybdenum is much less a c t i v e  i n  t h i s  r ega rd  
a s  compared with c a t a l y s t s  containing an a c i d i c  component, it has proven s u p e r i o r  
i n  terms of  hydrocracking s e l e c t i v i t y  i n  a t  l e a s t  one in s t ance .  
Hutchinson found coba l t  molybdenum t o  be a c t i v e  and s e l e c t i v e  f o r  hydrocracking 
polyphenyls including b ipheny l  ( 4 ) .  
s e l e c t i v e  and produced mostly coke. 
q u a n t i t i e s  o f  2-ethylbiphenyl  and biphenyl  i n  t h e  r e a c t i o n  products  from t h e  
thermal  high p res su re  hydrogenolysis  of phenanthrene i n d i c a t i n g  t h a t  hydrogenation 
and a-ring-opening at  t h e  9 ,  10 -pos i t i on  was i n  f a c t  t ak ing  place ( 7 ) .  
duct d i s t r i b u t i o n  from cracking over  nonaciri ic o r  low a c i d i t y  c a t a l y s t s  f r equen t ly  
resembles t h a t  ob ta ined  i n  thermal  cracking p rocesses .  Since cobal t  molybdenum 
c a t a l y s t s  a r e  known t o  be  s e l e c t i v e  i n  t h e  hydrocracking of biphenyl ,  and it might 
be speculated t h a t  b ipheny l s  can be  formed from phenanthrene over coba l t  molyb- 
denum i n  a manner similar t o  t h a t  observed i n  thermal  cracking,  it was hoped 
t h a t  Some cracking a t  t h e  c e n t r a l  r i n g  of  phenanthrene might be accomplished. 
This specu la t ion  was a major d r i v i n g  f o r c e  behind t h e  present  i n v e s t i g a t i o n .  
economic advantages of  hydrocracking a t  t h e  i n n e r  r i n g s  of condensed r i n g  aromatics  
as  compared with t e rmina l  r i n g  cleavage a r e  r e a d i l y  apparent i n  terms of  reduced 
hydrogen consumption, h i g h e r  y i e l d s  and i n  some cases  higher  q u a l i t y  products .  

Gardner and 

C a t a l y s t s  on a c i d i c  supports  were l e s s  
Penninger and Slotboom observed s u b s t a n t i a l  

The pro- 

The 

I t  w a s  evident  f r o m  t h e  very beginning o f  t h i s  i n v e s t i g a t i o n  t h a t  much 
higher  temperatures t h a n  normally encountered i n  packed bed r e a c t o r s  would be 
r equ i r ed  i n  o rde r  t o  o b t a i n  s u b s t a n t i a l  y i e l d s  of cracked products.  Ca ta lys t  
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deac t iva t ion  due t o  carbon formation on t h e  c a t a l y s t  su r f ace  would l i k e l y  be a 
problem. 
s c a l e  i n  the  hydrodesulfur izat ion of  petroleum residium streams (H-Oil) and on 
t h e  p i l o t  p l an t  s c a l e  i n  t h e  l i q u e f a c t i o n  of  coa l  (H-Coal). 
of t h e  l i q u i d  f l u i d i z e d  bed r e a c t o r  is t h a t  p rov i s ions  can be made f o r  t h e  con- 
t inuous addi t ion and withdrawal o f  c a t a l y s t .  
conceivably overcome t h e  deac t iva t ion  problem when ope ra t ing  a t  high s e v e r i t y .  

Experimental 

However, l i q u i d  f l u i d i z e d  beds have been employed on a commercial 

One o f  t h e  advantages 

The add i t ion  of  f r e s h  c a t a l y s t  could 

The c a t a l y s t  employed in t h i s  i n v e s t i g a t i o n  was supp l i ed  by t h e  Nalco Chemical 
company and c a r r i e s  t h e  des igna t ion  Nalcomo-471. 
s p e c i f i c a t i o n s  t h e  c a t a l y s t s  c o n s i s t s  of 12.5% Moo3 and 3.5% Cog supported on an 
alumina base.  
cc/gm respec t ive ly .  
s p e c i f i c a t i o n s )  was obtained from t h e  Matheson Gas Products Company i n  3500 pSig 
cy l inde r s .  Phenanthrene, 98+% p u r i t y ,  mel t ing po in t  99-101OC was purchased from 
t h e  Aldrich Chemical Company. An elemental  ana lys i s  of  t h e  phenanthrene (Ga lb ra i th  
Laborator ies ,  Knoxville,  TN) ind ica t ed  t h a t  t h e  sample cons i s t ed  of  Carbon: 93.69%, 
Hydrogen: 5.48%, Nitrogen: 0.01%, Su l fu r :  0.42%, and Oxygen: 0.39% by weight .  

According t o  t h e  manufacturer ' s  

The su r face  a r e a  and t o t a l  pore volume a r e  295 m /gm and 0.55 
High p u r i t y  hydrogen (99.995% according t o  t h e  s u p p l i e r ' s  

The r e a c t o r ,  Figure 1, i s  a s teady flow type  constructed of  a 1 / 2  inch heavy 
w a l l  (0.083 inch)  Type 316 s t a i n l e s s  s t e e l  t ube  and heated by a Marshall  t u b u l a r  
furnace,  model 1016. 
Thermocouples were i n s e r t e d  about 1 /2  inch i n t o  both ends of t h e  c a t a l y s t  bed, 
and a preheat zone of g l a s s  chips was provided at t h e  bed i n l e t .  
t h rene  was metered i n t o  t h e  r e a c t o r  by a p rec i s ion  Ruskaproport ioning 
model 2252-BI, with a hea ted  b a r r e l .  
2qO cc /h r  could be  obtained by s e l e c t i n g  t h e  proper  choice of g e a r  r a t i o s .  The 
hydrogen f lowrate  was monitored by a flow meter constructed of a 29 inch  l eng th  
of  0.009 inch I . D .  c a p i l l a r y  tub ing  and a Barton model 200 d i f f e r e n t i a l  p re s su re  
c e l l .  The c a p i l l a r y  p re s su re  and r e a c t o r  p re s su re  were con t ro l l ed  r e s p e c t i v e l y  
by a Tescom pres su re  r e g u l a t o r ,  model 26-1023-002 and a Tescom back p res su re  
r e g u l a t o r  model 26-1723-24. Flow r a t e s  were con t ro l l ed  with a Hoke Mill i-Mite 
needle  valve.  Liquid products  were c o l l e c t e d  i n  two high p res su re  accumulators 
constructed of  one inch schedule 80 s t a i n l e s s  s t e e l  p ipe  and Swagelok but tweld 
connectors.  Product gases  were vented through a low p res su re  accumulator i n  dry 
ice-propanol,  through a wet t e s t  meter ,  and c o l l e c t e d  i n  a polyethylene gas  bag. 

The r e a c t o r  charges approximately f i v e  grams o f  c a t a l y s t .  

Liquid phenan- 
pump, 

Various discharge r a t e s  from 2 cc /h r  t o  

The c a t a l y s t  was crushed and s ieved t o  20/30 mesh and ca l c ined  at  1000°F 
i n  a i r  f o r  fou r  hours .  
and t h e  system p res su re  t e s t e d  with hydrogen. 
250 ps ig  using a hydrogen s u l f i d e  (2%)  - hydrogen (98%) mixture .  
s u l f i d i n g  t h e  gas flow w a s  s e t  a t  5 l /hr/gm c a t a l y s t  and t h e  r e a c t o r  temperature  
w a s  maintained a t  4OOOF f o r  5 hours.  
r a i s e d  a t  a r a t e  o f  2OF/min to  600°F and held for 1 hour.  
gas flowing a t  a minimal r a t e  t h e  r e a c t o r  was cooled t o  room temperature .  

Af t e r  ca l c in ing  t h e  c a t a l y s t  was charged t o  t h e  r e a c t o r  
P resu l f id ing  was c a r r i e d  ou t  a t  

During pre- 

After  t h i s  per iod t h e  temperature  was 
Then with s u l f i d i n g  

The phenanthrene f eed  was spiked with elemental  s u l f u r  t o  a t o t a l  s u l f u r  
content  of  1 .0% by weight.  During s t a r t u p  t h e  spiked feed was cu t  i n  with t h e  
hydrogen sulfide-hydrogen mixture f lowing a t  1000 p s i g  and 500OF. 
duct was de t ec t ed  i n  t h e  high p res su re  accumulator the gas mixture was r ep laced  
with pure hydrogen and t h e  r e a c t o r  w a s  brought t o  ope ra t ing  cond i t ions .  After  
a pe r iod  of time s u f f i c i e n t  f o r  t h r e e  displacements of t h e  r e a c t o r  volume t h e  
r eac t ion  products were d i r e c t e d  t o  a second high p res su re  accumulator and a y i e l d  
per iod begun. 
l e c t e d  and s t o r e d  i n  a f r e e z e r ,  and t h e  gas product was immediately analyzed.  

Once l i q u i d  pro- 

A t  t h e  t e rmina t ion  of a y i e l d  per iod t h e  l i q u i d  product was col-  
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The system was brought t o  a new s e t  o f  run condi t ions and t h e  procedure repeated.  
During a l l  adjustments  c a r e  w a s  taken t o  assure  t h a t  t h e  r a t e  of  temperature rise 
never exceeded 120°F/hr and t h a t  t h e  c a t a l y s t  w'as a t  a l l  t imes i n  con tac t  w i th  
s u l f u r .  

The products were analyzed on a gas chromatograph which u t i l i z e d  a hydrogen 
flame ion iza t ion  d e t e c t o r  and possessed temperature programming c a p a b i l i t i e s .  
The column f o r  t h e  l i q u i d  product a n a l y s i s  was packed with 5% SE-30 on 6 0 / 8 0  mesh 
Chromosorb P, AW. The gas  a n a l y s i s  column was packed with Chromosorb 102. The 
i d e n t i f i c a t i o n  of t h e  va r ious  product peaks was accomplished by measuring t h e  
r e t e n t i o n  t ime o f  pure compounds and by a GC-mass s p e c t r a l  a n a l y s i s .  
method was used t o  i d e n t i f y  most of t h e  lower molecular weight hydrocarbons and 
t h e  l a t t e r  method was r e l i e d  upon f o r  i d e n t i f i c a t i o n  of many of t h e  high molecular 
weight peaks. The mass s p e c t r a  of  some of  t h e  more important product peaks a r e  
presented i n  Figure 2. Addi t ional  information on t h e  a n a l y t i c a l  methods used 
i n  t h i s  i n v e s t i g a t i o n  is a v a i l a b l e  i n  masters t heses  by Huang ( 5 )  and Early (3). 

The former 

Resul ts  

A t o t a l  of e igh teen  y i e l d  per iods were success fu l ly  completed i n  two s e r i e s  
The o p e r a t i n g  cond i t ions  and product y i e l d s  a r e  presented i n  

These y i e l d s  have been ad jus t ed  t o  meet a 100% 
of experiments.  
Tables 1 and 2 ,  r e s p e c t i v e l y .  
carbon ma te r i a l  ba l ance .  
t h a t  problems were encountered i n  two a reas .  

Before d i scuss ing  these  r e s u l t s  it m u s t  be  pointed Out 

Because of t h e  l a r g e  hea t  e f f e c t  it xas not  poss ib l e  i n  some ins t ances  t o  
ope ra t e  the r e a c t o r  i so the rma l ly .  
d i f f e rence  between t o p  and bottom of t h e  r e a c t o r  was of  t h e  o r d e r  of SOOF. 
t h e  r epor t ed  temperatures  a t  t h e  milder  ope ra t ing  condi t ions must be considered 
nominal values only.  (The r epor t ed  temperature i s  t h e  numerical  average of  t h e  
r e a c t o r  top and bottom temperatures .  ) I n  nonadiabat ic-nonisothermal r e a c t o r s  
it is not uncommon t h a t  t h e  temperature at some po in t  w i th in  t h e  r e a c t o r  w i l l  
exceed e i t h e r  t h e  t o p  o r  bottom temperature .  
i n  o u r  experimental  s e t -up  s i n c e  thermocouples were only loca ted  a t  t h e  bed i n l e t  
and e x i t .  

The second problem was encountered i n  t h e  a n a l y t i c a l  po r t ion  of  t h e  i n v e s t i -  
ga t ion .  Three peaks on t h e  chromatogram were found t o  be  mixtures of two com- 
ponents.  The unresolved p a i r s  were: 1. asym-Octahydrophenanthrene isomer and 
n-Butylnaphthalene, 2 .  Perhydrophenanthrene isomer and n - B u t y l t e t r a l i n  and 3. 
Octahydrophenanthrene isomer and Dihydrophenanthrene. 
y i e l d  known t o  cons i s t  o f  asym-Octahydrophenanthrene and n -Bu ty l t e t r a l in  i s  
p l o t t e d  as  a func t ion  of temperature (p re s su re ,  space ve loc i ty  cons t an t )  i n  
Figure 3 .  The curve e x h i b i t s  two maxima. Thermodynamics cons ide ra t ions  suggest 
t h a t  t h e  high temperature  maximum is  due p r i n c i p a l l y  t o  n-Butylnaphthalene; 
whereas, the l o w  temperature  maximum is due p r i n c i p a l l y  t o  Octahydrophenanthrene. 
The mass s p e c t r a  of t h i s  unresolved peak from products  o f  t h e  75OOF run and t h e  
8OOoF run a r e  c o n s i s t e n t  with t h i s  content ion.  The d o t t e d  l i n e  i n  Figure 10  i s  
an est imate  o f  t h e  magnitude o f  each ind iv idua l  con t r ibu t ion  t o  t h e  unresolved 
peak drawn i n  such a manner t h a t  t h e  sum of  t h e  ind iv idua l  component e s t ima tes  
is  equa l  t o  t h e  t o t a l .  
p a i r s  ( 5 ) .  
specu la t ive  and q u a l i t a t i v e .  
f i c a t i o n  which is c o n s i s t e n t  with t h e  observed da ta  and a i d s  g r e a t l y  i n  t h e  qua l i -  
t a t i v e  i n t e r p r e t a t i o n  of t h e  da t a .  

Since r a p i d  d e a c t i v a t i o n  o f  t h e  c a t a l y s t  was expected, e s p e c i a l l y  at t h e  more 
severe operat ing cond i t ions ,  it was necessary t o  maintain a record o f  dec l in ing  
c a t a l y s t  a c t i v i t y .  This  was done by r epea t ing  t h e  s e l e c t e d  base cond i t ions ,  of 
85OoF, 2000 p s i ,  and 2.0 gm/hr/gm i n  t h e  f i r s t  s e t  o f  experiments and 6OO0F, 

In t h e  most extreme case t h e  temperature  
Thus 

Such a phenomenon would go undetected 

The a c t u a l  upper and lower temperatures a r e  presented i n  Table 1. 

The unresolved "component" 

S imi l a r  e s t ima tes  were made f o r  t h e  o t h e r  unresolved 
Separat ion of t h e  unresolved components i n  t h i s  manner is admit tedly 

Nevertheless  t h i s  procedure does provide a s impli-  
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2000 p s i ,  2.0 gm/hr/gm i n  t h e  second. 
observed i n  t h e  second set of experiments (WH-09), F igure  4 shows t h a t  bo th  
t h e  conversion o f  phenanthrene and t h e  conversion t o  C13 decreased wi th  r e s p e c t  
t o  grams of; o i l  on c a t a l y s t  i n  t h e  first set of experiments (WH-08). 
expected, t h e  sha rpes t  dec l ine  i n  c a t a l y s t  a c t i v i t y  w a s  observed when t h e  more 
Severe opera t ing  condi t ions  (lOOO°F, 1500-2500 p s i )  were examined. 

While no s i g n i f i c a n t  deac t iva t ion  was 

As 

Yields of t h e  var ious  hydrogenation products  of phenanthrene a r e  p re sen ted  
i n  Table 2 and Figure 5 .  
phenanthrene isomers were observed i n  many o f  t h e  products .  
are lumped toge the r  i n  t h e  f i g u r e s ) .  
octahydrophenanthrenes are produced i n  82% y i e l d  a t  600OF. With inc reas ing  
temperatures t h e  octahydrophenanthrenes a r e  f u r t h e r  hydrogenated t o  perhydrophenan- 
th renes  u n t i l  a m a x i m u m  y i e l d  of approximately 62% perhydrophenanthrenes is reached 
at 750OF. Beyond t h i s  tempera ture  t h e  y i e l d  o f  perhydrophenanthrenes decreases  
as t h e  thermodynamic equi l ibr ium i s  s h i f t e d  t o  f avor  t h e  less s a t u r a t e d  s p e c i e s .  
Cracking r eac t ions  are also a f a c t o r  a t  t h e  e l eva ted  tempera tures  as i l l u s t r a t e d  
i n  Figures 6 ,  7 ,  and 8.  
i nd ica t e s  t h a t  some cracking  of perhydrophenanthrene is t ak ing  p lace .  However 
it appears t h a t  a t  t h e  tempera tures  r equ i r ed  t o  hydrocrack perhydrophenanthrene 
( a t  2 gm/hr/grr and 2000 ps ig )  t h e  equi l ibr ium is  s h i f t e d  away from perhydrophenan- 
threne  formation. N o  evidence o f  l a r g e  branched p a r a f f i n s  t h a t  might be an- 
t i c i p a t e d  from mechanisms involv ing  r i n g  opening 
uncovered i n  t h e  mass s p e c t r a l  ana lyses .  Large q u a n t i t i e s  of t e t r a l i n s  and 
naphthalenes were observed i n  t h e  cracked products .  
q u a n t i t i e s  o f  n-butane and n-buty l  s u b s t i t u t e d  t e t r a l i n ,  naphthalene and d e c a l i n  
ind ica t e s  t h a t  t h e  major r e a c t i o n  pa ths  involve  s a t u r a t i o n  and cleavage o f  t e rmina l  
r i ngs .  
p lo t t ed  versus space t ime. 
compounds precedes t h e  formation of one r i n g  compounds. 

The only evidcnce o f  c racking  at  t h e  c e n t r a l  r i n g  was t h e  presence of t r a c e  

Large quant iLies  of  octahydrophenanthrene and perhydm- 
(The va r ious  isomers 

A t  2000 p s i g  and a space ve loc i ty  of 2 gm/hr/gm, 

The presence of n-buty ldeca l in  and deca l in  i n  t h e  products  

of perhydrophenanthrene were 

The presence o f  l a r g e  

In  Figure 9 var ious  grouped product y i e l d s  a t  95OOF and 2000 p s i g  a r e  
Again it is evident  t h a t  t h e  formation o f  two r i n g  

q u a n t i t i e s  ( l e s s  than  1 mole % y i e l d )  of b iphenyl  and cyclohexylbenzene i n  some 
of the  r eac t ion  products .  
t a ined .  The maximum occurred  a t  about 900OF (WH-08-02) and corresponded t o  t h e  
maximum i n  dihydrophenanthrene y i e l d .  It should be poin ted  o u t t h a t  t h e s e  d a t a  
do not e n t i r e l y  d i s p e l  t h e  p o s s i b i l i t y  o f  c racking  a t  t h e  c e n t r a l  r i n g .  I t  
would b e  i n t e r e s t i n g  t o  conduct some exper imenta t ion  i n  t h e  same tempera ture  
range bu t  a t  much lower p re s su res  than  employed i n  t h e  p re sen t  i n v e s t i g a t i o n  where 
the  equilibrium y i e l d s  o f  dihydrophenanthrene would be h igher .  O f  course c a t a l y s t  
deac t iva t ion  would l i k e l y  be  even more s e r i o u s  a problem than  encountered i n  
t h e  present  s tudy .  

S l i g h t l y  h igher  y i e l d s  of 2-ethylbiphenyl were ob- 

Because of t h e  n e a r  i so thermal  behavior  of t h e  high temperature 
runs  it is poss ib le  t o  perform a crude a n a l y s i s  o f  t h e  r e a c t i o n  k i n e t i c s .  
simple model which appears t o  descr ibe  o u r  system i s :  

A 

kl kg 

A 2 B +  C 

k 2  

where A represents  phenanthrene, B r ep resen t s  hydrogenated product and C r ep resen t s  
cracked products (C- ) .  
i n  comparison with #e cracking r e a c t i o n ,  t hen  one can show t h a t  t h e  o v e r a l l  
conversion o f  phenanthrene t o  cracked products  should fo l low first  o rde r  k i n e t i c s  ( 5 ) .  
Eut before  a meaningful a n a l y s i s  of t h e  da t a  can be undertaken it i s  necessary  
t h a t  t h e  r a t e  cons tan ts  be cor rec ted  f o r  t h e  observed dec l ine  i n  c a t a l y s t  a c t i v i t y .  

If it i s  assumed t h a t  t h e  equi l ibr ium r e a c t i o n  is rap id  
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This  w a s  done by d e f i n i n g  t h e  a c t i v i t y  as t h e  ra t io  o f  t h e  observed first o rde r  
ra te  constant t o  t h e  first o rde r  rate cons t an t  ob ta ined  by ex t r apo la t ing  t h e  
deac t iva t ion  p l o t ,  F igure  4 ,  t o  ze ro  grams of o i l  on c a t a l y s t .  The a c t i v i t y  
was then ca l cu la t ed  f o r  each y i e l d  per iod  using t h e  deac t iva t ion  curve o f  Figure 
4. 
f i r m s  t h a t  t h e  hydrocracking r e a c t i o n  is indeed c o r r e l a t e d  wi th  first o rde r  
k i n e t i c s .  The a c t i v a t i o n  energy w a s  ca l cu la t ed  t o  be  40 kcal/gmole. Comparison 
of h i s  value w i t h  an a c t i v a t i o n  energy o f  65 kcal/gmole es t imated  f r o m  Penninger 
Slotboom’s thermal  d a t a  (7)  i n d i c a t e s  t h a t  some c a t a l y s i s  o f  the  c racking  
r eac t ions  i s  ope ra t ive .  

A plo t  o f  h ( 1 - x )  ve r sus  a ( a c t i v i t y )  x Tcspace v e l o c i t y ) ,  Figure 10, con- 
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Figure  1 - Simpl i f ied  Flow Diagram of Apparatus. 

F igure  2 - Mass Spec t ra  of Se lec t ed  Product Peaks. 
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Figure 5 - Yields from t h e  
Hydrogenation of Phenanthrene 
a t  2000 p s i g ,  2.0 gm/hr/gm. 
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Figure 7 - Yields from t h e  
Hydrogenation of Phenanthrene a t  
2000 p s i g ,  2 . 0  gm/hr/gm. 
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Figure 6 - Y i e l d s  from t h e  Hydrogenation 
of  Phenanthrene a t  2000 p s i g ,  2 .0  
gm/hr/gm . 
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Number. 



Figure 9 - Product Yields  a t  
2000 psig,  95OOF. 

Figure 1 0  - F i r s t  Order P l o t  f o r  
Conversion t o  C- 1 3 '  
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THE ANALYSIS OF LIQUIDS FROM COAL CONVERSION PROCESSES 

BY 

J . E. Dooley and C. J. Thompson 
Energy Research and Development Administration, Bartlesville Energy Research Center, 

P. 0. Box 1398, Bartlesville, OK 74003 

INTRODUCTION 

Major coal-conversion processes under consideration (1) for development by U. S. interests 
are capable of producing a wide variety of products. Processing and using these materials in  
future applications w i l l  require a better understanding of their composition than has been neces- 
sary with conventional energy sources. To provide basic data, the Bartlesville Energy Research 
Center has been studying I iquid products derived from various coal-conversion processes. 

Depending upon the material to be processed and the information desired, numerws 
approaches to appropriate characterization may be taken. Some investigators have used mass 
spectrometry os o single technique to analyze materials of wide boiling range without prior 
separations (2,3). These mass spectral methods are well conceived and furnish useful informa- 
tion, but cannot provide the compositional detail that is  possible with prior seporotions. Further, 
more accurate type assignment and quantitation are possible with preliminary seporations. Lim- 
ited analytical data that provide physical characteristics (4) such as percent oil, asphaltenes, 
gravity, viscosity, etc. may be satisfactory for monitoring coal liquefaction process operations 
and for comparing materials that w i l l  satisfy ut i l i ty  type fuel requirements. However, the com- 
position of coal liquids to be further upgraded such as those to  be used for transportation, needs 
to  be determined in more detail to  provide the refiner with the necessary bosis for processing 
these materials. 

The Bartlesville Energy Research Center i s  using the approach of physical and chemical 
separation, followed by instrumental characterization, to provide considerable detailed data on 
the Composition of coal liquefaction products. The key to  the identification procedure for those 
materials boiling above 200" C lies in the GPC-mass spectral correlation method developed at 
Bartlesville (5,6).  Most of the procedures used were developed for the analysis of high-boiling 
petroleum fractions during a cooperative project between the U.S. Bureau of Mines and the 
American Petroleum Institute (7). Some minor modifications hove been necessary to adapt the 
procedures to  the products of coal liquefaction. 

Materials from three different coals and two liquefaction processes were studied: two 
COED materials produced from Utah and western Kentucky coals and a third material from the 
Synthoil process using West Virginia coal. The COED process involves pyrolysis of the coal 
followed by catalytic hydrogenation of the crude liquid, whereas the Synthoil process i s  a direct 
catalytic hydrogenation of coal slurried i n  a recycle liquid. Although process conditions are not 
available for the two COED products, the Synthoil product was prepared by processing the coal 
at 450° C and 4,000 psig (8). Hydrogen and a slurry of 35 percent coal in  recycle o i l  were fed 
at 25 pounds per hour into a nominally half-ton (slurry) per-day unit with a 14.5-foot-long 
catalytic reactor. The catalyst was 1/8-inch pellets of cobalt molybdate on silica olumino. 
Two other liquid products from the H-Coal process are under current investigation, and w i l l  be 
completed soon. 
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EXPERIMENTAL 

The general procedure used in  the study of full-boiling-range coal liquid products i s  shown 
in Figure 1. Boiling ranges of distillates were checked by simulated distillation (9) to establish 
the approximate boiling ranges desired. In previous work with petroleum crudes, care was exer- 
cised to prepare distillates having identical boiling ranges so that more precise comparisons of 
data could be made. However, smaller samples of the woilable coal liquids have precluded 
adjustment of s t i l l  conditions to  any great extent, and the boiling ranges as determined by simu- 
toted distillation for the distillates prepared are not exactly the some.  This was not considered 
essential for these in i t ia l  studies because the primary interest was to determine whether the 
procedure might be effective and the adjustments necessary to make an effective characterization. 
A l l  distillates were prepared in a 4-inch-diameter Rota-Film molecular s t i l l .  The s t i l l ,  a con- 
tinuous-flow, wiped-wall vessel, provides minimum residence time of the sample at elevated 
temperatures, thus limiting thermal degradation of the material being processed. Material i s  
passed through the s t i l l  for each set of conditions of temperature and pressure ot  the rate of 600 
to 1,000 ml/hr. 

After the distillates were prepared, the material boiling below about 200' C was separated 
further into acids, bases, and hydrocarbon-neutral fractions for analysis by gas chromatography 
(GC), ultraviolet (UV) fluorescence, and mass spectrometry. Distillates boiling from about 
200' C to 370' C and 370° C to 540' C were processed through adsorption columns (10) to pro- 
duce four Concentrates for each distillate: saturates, monoaramatics, diaromotia, and polyaro- 
matic-polar material. The saturates were analyzed directly by mass spectrometry; monoaromatics 
and diaromatics were separated by gel permeation chromatography (GPC) and analyzed by GPC- 
mass spectral correlations (5,6); and the polyaromatic-polar concentrate was separated into acids, 
bases, and hydrocarbon-neutrals. The polyaromatic-polar concentrate less acids and boses was 
then separated by GPC and characterized in  the same manner as the monoaromotics and diaro- 
mat ia.  

The adsorption columns used were abcut 8 feet long by 1 inch diameter, packed with 28 to 
200 mesh, Davison grade 12 silica gel in the top half and 80 to 200 mesh A l c w  F-20 alumina 
i n  the bottom holf, and were opergted downflow. 
1 inch diameter, packed with lOOA polystyrene gel in  the top half and 400A polystyrene gel i n  
the bottom half, and was operated downflow. 
a CEC 21-103C low-resolution instrument; saturates were analyzed by high-ionizing voltage 
spectra and aromatics by low-ionizing voltage spectra. High-resolution mass spectrometers, the 
AEI MS-30 and CEC 110, were also used to resolve certain heteroatamic species that werlapp- 
ed the same nominal hydrocarbon series. NMR spectra from a Varian A-60 instrument were ob- 
tained to  determine the proton distributions across the GPC runs and thereby confirm and enhance 
the findings of the GPC-mass spectral correlations. 

The GPC column was abaut 16 feet long by 

The mass spectrometer used for these studies was 

RESULTS AND DISCUSSION 

Summary data shown in Tables I and I I  were selected from comprehensive characterization 
studies (11-13) that h w e  been completed for each coal liquid. Table I A  summarizes distillate 
distributions, Table IB shows totals for major compound classes, and Table I I  l i s t s  ring number 
distributions by compound class far each distillate. As shown by the distillate distributions data 
in Table IA, the Synthoil material from West Virginia coal i s  the highest bail ing o f  the three, 
having 95.6 percent boil ing above about 200" C and 25.7 percent residuum (boiling above about 
540' C). Utah syncrude i s  rated second in higher-boiling material with 85.7 percent boiling 
above about 200' C. Western Kentucky shows 78.4 percent boiling above 200' C. 

I 

1 
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TABLE I 

DISTILLATES AND MAJOR COMPOUND TYPES SEPARATED 
FROM THREE COAL LIQUIDS 

A .  COAL LIQUIDS AND DISTILLATES 
COED 

COED Syncrude Synthoi I 
Syncrude Western West 

Utah Kentucky Virginia 
Coal Coa I Coal 

I 
Wt. Pct. Wt. Pct. Wt. Pct. 

1 COAL LIQUIDS: 
Sulfur 0.05 
Nitrogen 0.48 

DISTILLATE DISTRIBUTIONS: 

< 200' C Distillate' 13.3 
200-370' C Disti l late2 45.4 
370-540' C Distillate3 40.3 
540' C+ Residuum4 - 
Losses 1 .o 

6. MAJOR COMPOUND TYPE DISTRIBUTIONS 

Total Saturates 30.10 
Total Monoaromatics 20.06 
Total Diaromatics 14.41 
Total Polyaromatia 14.48 
Heteroatomic Species 1.50 
Acids 8.17 
Bases 1.30 
Residuum (Not Analyzed) None 
Other Material No t  Analyzed 9.98 

Totals 100.00 

0.08 
0.23 

21 .o 
54.2 
24.2 

0.6 
- 

33.42 
33.64 
12.77 
7.91 
0.29 
3.11 
1.05 

None 
7.81 

0.42 
0.79 

4.4 
42.6 
27.3 
25.7 

10.65 
14.23 
15.53 
14.61 
2.24 

10.40 
2.75 

25.7 
3.89 

1 

I 

I 

100.00 100.00 

< 204' C for Utah, < 205' C for western Kentucky, and < 207" C for Synthoil. 
204-381" C for Utah, 205 -380' C for western Kentucky, and 207-363" C 
for Synthoil. 
381" C+ residuum for Utah, 380' C+ residuum for western Kentucky, and 
363-531' C for Synthoil. 
Utah and western Kentucky syncrudes had no material boiling above about 
540" C. 
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Table I B shows some indication of the degree of aromaticity for each syncrude. For ex- 
ample, assuming the 25.7 percent residuum shown for Synthoil i s  mostly aromatic, Synthoil then 
would be the most orornotic of the three having a total a romt ic  hydrocarbon content near 70 
percent, whereas western Kentucky and Utah syncrudes are about 54 percent and 49 percent, 
respective I y . 

The quantities of sulfur and nitrogen determined for each cool liquid shown in Table I A  
and the amounts of acids, bases, and saturqtes listed in  Table I B reflect, to same extent, the 
degree of hydrogenation far each product. For example, the data suggest that the western 
Kentucky COED product probably was mare severely hydrogenated than the Utah COED product, 
although coal structure or other processing conditions could account for some of the differences 
in composition. No direct comparison of the Synthoil product with the COED products could be 
made because of the substantial differences in processing as well as the coal source. 

Further insight can be goined into the cyclics present in the hydrocarbon stnrctures of the 
three coal liquids by examination of the data in Table II. From the data an saturates, note the 
lower concentrations of total paraffins as compored to total cyclics. For the Utah syncrude, 
total paraffins in  the saturates amwnt to about 8.7 percent of the syncrude and cyclics about 
14.3 percent, which means the total saturates are about 63 percent cyclic. Western Kentucky 
syncrude saturates show about 4.3 percent of the syncrude as total paraffins and 14.8 percent as 
cyclics, or about 78 percent of the saturates are cyclic. The Synthoil product saturates show a 
paraffin content of 1.9 percent of the total liquid and cyclics content of 7.6 percent, giving an  
approximate value of 80 percent cyclics in  the saturate concentrates. Since Utah syncrude and 
western Kentucky syncrude were produced by the same process, the significant difference in the 
amount of paraffins produced would indicate some possible differences in  the structures of the 
coal sources, although the lack of details on the processing of both coals makes this observation 
tentative. From the distributions shown i n  Table II, the aromatics which contain four or more 
total rings add up to about 23.1, 22.6, and 14.4 percent of the Utah syncrude, western Ken- 
tucky syncrude, and Synthoil product, respectively. These data would indicate that the Utah 
and western Kentucky syncrudes may contain more of the larger aromatic ring systems than the 
Synthoil product; however, as shown i n  Table IB, 25.7 percent of the Synthoil product i s  
residuum that was not analyzed (and probably i s  composed of multi-ring systems), and about 13.2 
percent of the product i s  in acids anti bases. Total ring number distributions shown for each 
major compound class indicate the two-, three-, four-, and five-ring systems to be predominant 
i n  a l l  three syncrudes, Synthoil having material up to 1 1  total rings. Moss spectral and GPC 
correlation data and NMR data for these materials indicate structures somewhat more condensed, 
with more short alkyl groups attached to t t e  cyclic nucleus, than those found in similar boiling 
ranges of petroleum (14-18). We expect to establish soon the amount of condensation and 
structural arrangement of materials in  the GPC fractions to  provide more useful information an 
the cyclic structures for determining proper refining processes. 

CONCLUSIONS 

In general, the scheme followed i n  separation of syncrude materials for characterization 
studies has provided data for determining appropriate refining processes for these materials. The 
preliminary separations provide more meaningful fractions for accurate analysis by mass spectrom- 
etry and other instrumental techniques by type identification and quantification. The refiner 
should find this type of data useful in the selection and development of processes for upgrading 
coal liquids to finished products. 

For the three materials examined, Synthoil product appears to be the most aromatic, with 
ring systems having up to about 1 1  total rings. Differences between the two COED syncruaes 
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may be attributable to  the severity of hydrogenation of the crude pyrolysis liquids, although 
insufficient information i s  available to distinguish between the effects of process conditions and 
character of coal used as raw material. In continued studies, the characterization and analysis 
of additional liquids from known combinations of coal source, liquefaction process, and degree 
of upgrading w i l l  provide a more meaningful basis for future refining processes. For more mean- 
ingful data, future studies w i l l  require access to information such as the cool source and process 
conditions. 
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