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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.  
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