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INTRODUCTION 
One o f  t he  most p romis ing  advances o f  t h e  pas t  50 yea rs  o f  coa l  l i q u e f a c t i o n  

c a t a l y s i s  i s  l e a r n i n g  o f  t h e  i r o n  and s u l f u r  synergism. Now w i t h  t h e  promot ional  
e f fec ts  of h drogen s u l f i d k  demonstrated ( 1 )  and i t s  mechanism o f  a c t i o n  be ing  
unve i l ed  ( 2 , 3 f ,  t h e  i n t e r a c t i o n  o f  hydrogen s u l f i d e  w i t h  i r o n  needs t o  be understood 
f o r  e x p l a i n i n g  t h e  b a s i s  o f  p r e s u l f i d i n g  c a t a l y s t s  and f o r  new c a t a l y s t  des ign.  
P r e s u l f i d i n g  metal ox ide  hydrogenat ion c a t a l y s t s  has l o n g  been known t o  enhance 
l i q u e f a c t i o n  y i e l d s .  However, t h e  chemistry-based reason(s)  f o r  t he  enhancement i s  
unc lea r .  The metal ox ides are probably  conver ted t o  a mixed o x i d e - s u l f i d e  under 
s u l f u r - r i c h  cond i t i ons .  Using d i f f e r e n t i a l  thermal a n a l y s i s  under  h i g h  pressure f o r  
coa l  hydrogenation, Takeya ( 4 )  r a t e s  red  mud + S a t  297°C as hav ing  b e t t e r  c a t a l y t i c  
a c t i v i t y  than red  r e d  mud a t  429°C. A combinat ion o f  i r o n  ox ides  and s u l f u r  have 
been used f o r  coal l i q u e f a c t i o n  e f f e c t i v e l y  (5,6). 

I n  r e l a t e d  s tud ies ,  Beardon and A l d r i d g e  have pa ten ted  t h e  pret reatment  o f  coa l  
w i t h  hydrogen s u l f i d e  t o  enhance conversioris ( 7 ) .  G a t s i s  ( 8 )  u t i l i z e d  4 t o  8 volume 
pe rcen t  hydrogen s u l f i d e  (based on hydrogen gas) t o  enhance the  convers ion of 
b i tuminous coal ( P i t t s b u r g h  Seam Coal )  i n t o  a mere f i l t e r a b l e ,  h i g h e r  hydrogen 
con ten t  product  u s i n g  a so l ven t .  The o p e r a t i n g  c o n d i t i o n s  i n  t h e  e x t r a c t i o n  zone 
were 250"-5OO0C and 500 t o  5,OOG p s i g  w i t h  a s o l v e n t  t o  coal  we igh t  r a t i o  o f  0.2 t o  
10 and a res idence t ime  f rom 30 seconds t.o 5 hours. I f  hydrogen i s  n o t  p resen t  i n  
t h e  e x t r a c t i o n  zone, then  i t  i s  recommended t h a t  t h e  H S amount be increased t o  40% 
based upon t h e  amount o f  coa l  f e d  i n t o  t h e  e x t r a c t i o i  zone. H e t t i n g e r  has shown 
t h a t  hydrogen s u l f i d e  causes a s i g n i f i c a n t  i nc rease  i n  hyd roc rack ing  ( 9 ) .  Goudrian 
e t  a l .  (10) and S a t t e r f i e l d  and Model (11) conclude t h a t  hydrogen s u l f i d e  improved 
F d a i q u e f a c t i o r i  o f  b i t um inous  coa ls  u s i n g  hydrogen gas and l i g n i t e s  us ing  
synthes is  gas. Sondreal, W i l l s o n  and Stenberg ( 1 )  have demonstrated the p o s i t i v e  
e f f e c t  of H S cn l i g n i t e  l i q u e f a c t i o n  us ing  syn thes i s  gas. The product  stream on 
t h e  c o n t i n u a s  f l o w  u n i t  has l ower  v i s c o s i t y ,  l ower  gas y i e l d  and h i g h e r  d i s t i l l a b l e  
o i l  y i e l d .  Th is  enhancement c o u l d  be due t o  t h e  i n t e r a c t i o n  c f  t $ S  w i t h  the  
m ine ra l s  present  i n  coa l .  

EXPERIHENTAL 
Diphenylmethane was purchased ( A l d r i c h )  and r e c r y s t a l  l i i e d  f rom i t s  e t h y l  

a l c o h o l  so lu t ic i r i ,  cooled and t h e  p u r i t y  o f  diphenylmethane determined by GC was over 
99.9%. S u l f u r  ( A l d r i c h )  and H,S (Matheson, Coleman and B e l l )  were used d i r e c t l y  
w i t h o u t  p u r i f i c a t i o n .  A l l  t he  k a c t i o n s  were c a r r i e d  out. i n  a 12-ml 316 s t a i n l e s s  
s t e e l  batch m ic roau toc lave  (12) .  The heat-up t ime  was a t  2 minutes and cool-down 
t i m e  a t  0.5 minutes,  r e s p e c t i v e l y .  The reac t i o r :  c o n d i t i o n s  were as f o l l o w s :  
temperature, 300-425"C, ma in l y  425°C; t ime, 0-120 minutes,  n o t  i n c l u d i n g  heat-up and 
cool-down t imes; t h e  molar  r a t i o  of s u l f u r  r e a c t a n t s  a re  des ignated i n  each t a b l e .  
A f t e r  the autoc lave was cooled, t h e  volume o r  pressure o f  gas was measured. The 
l i q u i d  products  were washed c u t  f rom the i ru toc lave w i t h  e the r ,  and y e n  analyzed by 
GC. Instruments f o r  i d e n t i f y i n g  t h e  p roduc ts  were GC-MS and H-nnr. A gas 
chromatograph (Var ian  2100) used f o r  t he  separa t i on  o f  1 i q u i d  products .  Separat ion 
was e f f e c t e d  by a column (0.64 cm x 183 cm) w i t h  3% OV-17 supported on Suplecoport 
A. 

RESULTS AND DISCLiSSION 
DiDhenvlmethane was se lec ted  as the  nLodel compound f o r  these s t u d i e s  t o  

exempliky <he chemical r e a c t i o n s  of an aromat ic  r i n g - a l i p h n t i c  s ide  cha in  i n  coa l .  
I t s  chemical s t r u c t u r e  denies a l i p h a t i c  e l i m i n a t i o n  r e a c t i o n s .  The aromat ic-methy-  
l e n  aromatic b,onds apparent absence i n  SRL , SRC ana t h e  l ower  b o i l i n g  l i q u i d s  from 
coa f -  l i q u e f a c t i o n  does n o t  d e t r a c t  from d iphenylmethane's  t h e o r e t i c a l  va lue  no r  
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prove i t s  absence o f  i t s  s t r u c u r a l  r e l a t i v e s  i n  coa ls .  I t s  a b i l i t y  t o  r e f l e c t  
improved c o n d i t i o n s  f o r  t h e  l i q u e f a c t i o n  o f  c o a l s  i n  the  u l t i m a t e  c r i t e r i o n  o f  value 
as a model compound. I t s  behav io r  under l i q u e f a c t i o n  c o n d i t i o n s  has a l ready 
accu ra te l y  r e f l e c t e d  t h e  H S enhancement o f  coa l  l i q u e f a c t i o n .  

The thermal  s tab i l? ty  o f  diphenylmethane i s  h i g h e r  than  b i b e n z y l  and 
diphenylpropane. Diphenylmethane i s  though t  t o  be one o f  t h e  most t h e r m a l l y  s tab le  
c o a l - r e l a t e d  model compounds. T h i s  i s  bourne o u t  by  t h e  data on t h e  p y r o l y s i s  o f  
diphenylmethane under v a r i o u s  r e a c t i o n  c o n d i t i o n s  as i l l u s t r a t e d  i n  Table 1. 
Diphenylmethane does n o t  decompose i n  t,he argon a t  t h e  temperature o f  425°C and 
r e a c t i o n  t ime  o f  60 minutes. S i m i l a r  r e s u l t s  were ob ta ined  i n  t h e  presence o f  
hydrogen s u l f i d e .  However, t he  decomposi t ion o f  diphenylmethane was enhanced i n  the 
presence of e i t h e r  s u l f u r  a lone o r  a m i x t u r e  o f  hydrogen s u l f i d e  and s u l f u r .  In the 
p y r o l y s i s  r.eacLiutis o f  diphenyi inethane, s u l f u r  f u n c t i o n s  as a r e a c t a n t  and 13 
p roduc ts  a re  formed t o g e t h e r  w i t h  a polymer, c f .  Tab le  1. Wi th  e i t h e r  elemental 
s u l f u r  under argon o r  under  tI2S atmospheres f o r  30 min, t h e  convers ions a re  49.9 and 
35.8%, respect  i v e l  y . 

The presence o f  Ii S d u r i n g  t h e  r e a c t i o n  o f  diphenylmethane w i t h  s u l f u r  
i n f l u e n c e s  t h e  p roduc t  & s t r i b u t i o n .  Wi th  t! S t h e  y i e l d s  o f  t h e  low molecular  
we igh t  products ,  t o luene  and th iopheno l  , are  'h;glier t han  those o f  t h e  comparable 
r e a c t i o n  w i t h  S d e s p i t e  the  r e d u c t i o n  i n  diphenylmethane convers ion,  c f .  Table 1. 
The y i e l d  o f  h i &  mo lecu la r  we igh t  p roduc ts ,  c l a s s i f i e d  as "polymer" i n  Table 1, was 
reduced which accounts f o r  t he  d i f f e r e n c e .  

The y i e l d s  o f  gaseous and po lymer i c  p roduc ts  i nc reased  w i t h  temperature and 
r e l a t i v e  c o n c e n t r a t i o n  o f  s u l f u r  w i t h  l i t t l e  dependence on t ime ,  c f .  Table 2 .  The 
amounts o f  gas evolved c o r r e l a t e d  w i t h  the  y i e l d  o f  po l ymer i c  products  under these 
c o n d i t i o n s  except  when t h e  S :diphenylmethane r a t i o  was low. The r e a c t i o n s  t o  form 
b o t h  gaseous and polymer ic  & reduc ts  a r e  r a p i d  and t h e  y i e l d s  appear t o  s t a b i l i z e  
a f t e r  30 minutes. 

Table 3 i l l u s t r a t e s  t h a t  diphenylmethane-S p roduc t  d i s t r i b u t i o n  does indeed 
change before 30 minutes even though t h e  conver&on a i d  w i t h i n  exper imenta l  e r r o r .  
Te t rapheny le thy lene  was t h e  p r i n c i p a l  p roduc t  i r i  t k  i n i t i a l  stages o f  t h e  r e a c t i o n ,  
and i t  vanished a f t e r  60 minutes r e a c t i o n  t ime .  Benzene, to luene  and th iophenol  
y i e l d s  appear t o  be t h e  main benefactors  o f  these secondary r e a c t i o n s .  S ince the 
fo rma t i cn  o f  t e t r a p h e n y l e t h y l e n e  occurs l a r g e l y  w i t h i n  the  2-minute heat-up t ime, 
i t s  format ion i s  one o f  t h e  p r i n c i p a l  p r imary  r e a c t i o n s  o c c u r r i n g  i n  the 
diphenylmethane m i x t u r e .  I t s  i ncomp le te  convers ion i n t o  p roduc ts  i s  p c s s i b l y  due t o  
e i t h e r  the diphenylnethane-S r e a c t i o n  o c c u r r i n g  o n l y  i n  t h e  l i q u i d  phase a t  lower 
temperatures where su l fu r - i nguced  r a d i c a l  r e a c t i o n s  a re  known t o  occur  o r  a change 
i n  t h e  chemical na tu re  and r e a c t i v i t y  of s u l f u r  occu r red  w i t h  t h e  r e a c t i o n  t ime .  

I n  a d d i t i o n  t o  te t rapheny le thy lene ,  t e t rapheny le thane  and thiobenzophenone were 
de tec ted  a t  300" and 350°C and t h e i r  c o n c e n t r a t i o n  decreases w i t h  i nc reas ing  
temperature. The low b o i l i n g  p roduc ts ,  benzene, to luene  arid th iophenol  a re  no t  
formed a t  300" and 350°C. There fo re  these must be ca tegor i zed  as secondary 

J n  t h e  hydrogen gas and/or  t he  H S gas, t h e  diphenylmethane convers ion was 
about  4%. On t h e  o the r  
hand, the  diphenylmethane convers ion was enhanced i n  a H 2 - H  S m i x t u r e  gas. The 
diphenylmethane convers ion  was H S c o n c e n t r a t i o n  dependent, esFcc ia l  l y  a t  l ower  H S 
concen t ra t i ons ,  and independent & ti2 c o n c e n t r a t i o n  under  t h e  c o n d i t i o n s  employed ?n 
t h i s  study. The main p roduc ts  w i t h  t h e  H -H S mixt.ure gas were again benzene and 
to luene .  Sever21 minor  p roduc ts  were fo<me?i i n  l e s s  than 1% o f  t h e  we igh t  o f  
diphenylmethane charged. 

The r e s u l t s  ob ta ined  i n  a p r e s u l f i d e d  r e d c t o r  tube showed t h a t  the 
diphenylmethane hyd roc rack ing  was promoted i n  p a r t  by t h e  meta l  s u l f i d e  l a y e r  formed 
on t h e  s t a i n l e s s  s t e e l  r e a c t o r  w a l l .  The r e a c t o r  w a l l  was su l f i dec l  w i t h  ti S be fo re  
t h e  i n t r o d u c t i o n  of diphenylmethane which r e s u l t s  i n  a b l a c k  c o a t i n g  be ing  qormed on 
t h e  r e a c t o r  w a l l .  Since t h e  meta l  s u l f i d e  i s  be ing  formed as t h e  r e a c t i o n  proceeds 
i n  t h e  ncnsy l f i ded  meta l  r e a c t o r  t ube ,  It i s  d i f f i c u l t  t o  be c e r t a i n  o f  the 
percentage, 1f  arly, of t h e  hyd roc rack ing  which occurs i n  the gas phase. 

products .  

Benzene and to luene  were fogmed i n  about equal anicunts. 
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With P y r r h o t i t e ,  H gas causes cons ide rab le  hyd roc rack ing  of diphenylmethane 
which c o n t r a s t s  w i t h  i t 2  behav io r  i n  t h e  absence o f  t h e  i r o n  s u l f i d e .  Benzene and 
to luene a re  t h e  main p roduc ts  w i t h  benzene i n  excess. 

The H H S gas m i x t u r e  over p y r r h o t i t e  enhanced t h e  diphenylmethane 
i h y d r o c r a c k i h -  T e a c t i o n  cons ide rab ly  more a lone  d i d .  Moreover, t he  

diphenylmethane convers ion  i n  t h e  presence ofth;;rrtkite was much h i g h e r  than  t h a t  
i n  i t s  absence. 

Using p y r r h o t i t e ,  t h e  diphenylmethane convers ion i nc reases  r e c t i l i n e a r l y  w i t h  
i n c r e a s i n g  hydrogen pressure.  A s i m i l a r  e f f e c t  on convers ion  occurs when the 
hydrogen pressure i s  k e p t  cons tan t  and t h e  r e a c t i o n  t ime  increased.  As t h e  r i g o r  of 
t h e  diphenylmethane r e a c t i o n  s o l u t i o n  i s  enhanced by e i t h e r  i n c r e a s i n g  the  hydrogen 
concen t ra t i on  o r  t h e  r e a c t i o n  t ime, t h e  benzene:toluene r a t i o  increases from the  
va lue  o f  1. 

The convers ion o f  diphenylmethane i s  dependent on t h e  H2S c o n c e n t r a t i o n  on ly  
u n t i l  s l i g h t l y  more t h a n  a 1:l mole s t o i c h i o m e t r y  i s  achieved whether o r  n o t  
p y r r h o t i t e  i s  p resen t .  The y i e l d s  o f  benzene and to luene  a re  s i m i l a r l y  e f fected.  
The i n c r e a s i n g  c o n c e n t r a t i o n  o f  H S i n h i b i t e d  t h e  f o r m a t i o n  of p roduc ts  o t h e r  than 
benzene and to luene.  The amount 02f p y r r h o t i t e  p resen t  i n f l u e n c e s  t h e  convers ion  b u t  
n o t  t he  product  d i s t r i b u t i o n .  The p y r r h o t i t e  l o a d i n g  a t t a i n e d  i t s  optimum e f f e c t  a t  
a weight  r a t i o  t o  diphenylmethane o f  0.5. 

The thermal hyd roc rack ing  o f  diphenylmethane i n  t h e  preserice o f  i n i t i a t i n g  
r a d i c a l s  has been suggested t o  proceed by r e a c t i o n s  1 and 2. I n  the  absence of 
i n i t i a t i n g  molecules such as b ibenzy l ,  t h e  slow thermal-decomposit ion r e a c t i o n  o f  

The e f f e c t  o f  p y r r h o t i t e  p a r t i c l e  s i z e  was n o t  impor tan t .  i 

R' + H -f RH + H'  1) 

3 )  
H '  + P i  CH + PhH + PhCH2' 2 )  
Ph CH2 -t2 P i '  + PhCH ' 

d iphenylmeth ine,  r e a c t i o n  3 and t i e  thermal  decomposi t ion da ta  ob ta ined  under argon, 
p rov ides  the  o n l y  source o f  R '  f o r  r e a c t i o n  1 w i t h  t h e  consequence o f  slow k i n e t i c s  
o f  t he  thermal decomposi t ion o f  diphenylmethane under hydrogen. Another reason f o r  
t h e  slow k i n e t i c s  o f  t he  diphenylniethane decomposi t ion under  hydrogen i s  the  
endothermic cha rac te r  o f  r e a c t i o n  1. From bond d i s s o c i a t i o n  data,  one can expect  
t h i s  r e a c t i o n  t o  be endothermic by 0 t o  +25 kca l /mo le  depending on t h e  n a t u r e  o f  E*. 
The l a c k  o f  hydrogen pressure dependence w i t h  no a d d i t i v e s  p resen t  i s  probably  an 
a r t i f a c t  a t t r i b u t e d  t o  the  low l e v e l  o f  convers ion and obscurred by exper imenta l  
e r r o r .  

W i th  hydrogen s u l f i d e  and hydrogen p resen t ,  t he  convers ion  and p roduc t  y i e l d s  
a re  s i g n i f i c a n t l y  h ighe r .  These r e s u l t s  a r e  c o n s i s t e n t  w i t h  r e a c t i o n s  4 and S 
becoming opera t i ona l  i n  the  r e a c t i o n  m ix tu re .  The hydrcjgen s u l f i d e  pressure 

dependence i s  r a t i o n a l i z e $  by r e a c t i o n  4 and i t s  maxirdum c o n c e n t r a t i o n  optimum i s  
c o n t r o l l e d  by r e a c t i o n  5 which regenerates H S. The r e a c t i o n  sequence 4 and 5 i s  a 
thermodynamic s tepwise z l t e r n a t i v e  t o  t h e  h i $ h l y  endothermic r e a c t i o n  1: Thus, t he  
hydrogen s u l f i d e  e f f e c t  i s  suggested t o  teke  p lace  by r e p l a c i n g  r e a c t i o n  1 w i t h  two 
p o t e n t i a l l y  f a s t e r  r e a c t i o n s  which accomplished the  same end r e s u l t .  ReaEtion 4 i s  
es t ima ted  t o  be endothermic o r  exothermic by t h e  range o f  -9 t o  +16 kcal /mole and 5 
endothermic by +9 kcal /mole.  Therefore,  hydrcgen s u l f i d e  f u n c t i o n s  as a H - t r a n s f e r  
c a t a l y s t  i n  a hydrogen-hydrogen s u l f i d e  gas m i x t u r e ,  and t h i s  r e s u l t s  i n  an enhanced 
diphenylmethane hyd roc rack ing  reac t i on .  

The s i g n i f i c a n t  changes on us ing  p y r r h o t i t e  t o g e t h e r  w i t h  hydrogen and hydrogen 
s u l f i d e  i s  r a t e  enhancement, hydrogen and hydrcgen s u l f i d e  dependence a d  increased 
benzene fo rma t ion .  The r a t e  enhancement can be a t t r i b u t e d  t o  a weakening o f  t h e  SH 
bonds o r  o u t r i g h t  d i s s o c i a t i o n  o f  H S on t h e  p y r r h o t i t e  su r face  which serves t o  
enhance the  r a t e  of r e a c t i o n  4. The gydrogen pressure dependence w i t h  p y r r h o t i t e  i s  
a t t r i b u t e d  t o  t h e  increased concen t ra t i on  o f  an a c t i v e  'SH and r e a c t i o n  5 becoming a 
s i g n i f i c a n t  f a c t o r  i n  the  r e a c t i o n  m ix tu re .  S ince benzene i s  formea i n  h i g h e r  
y i e l d s  than to luene  and to luene  i s  conver ted i n  low y i e l d  i n t o  benzene under these 
c o n d i t i o n s  i n  t h e  absence o f  p y r r h o t i t e ,  a d s o r p t i o n  o f  diphenylmethane on t h e  

R' + H S + RH + 'SH 4 )  
5) 'SH + 8, + H S + H'  
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p y r r h o t i t e  s u r f d c e  i s  i n d i c a t e d  and t h e  benzene i n  excess o f  a s t o i c h i o m e t r i c  r a t i o  
w i t h  to luene  fornied f rom some adsorbed species. 

Two f a c t o r s  were considered i n  t h e  des ign  of flew i r o n  o x i d e  supportea 
c a t a l y s t s :  ( a )  i r o n  i s  t h e  p r i n c i p a l  t r a n s i t i o n  meta l  t o  be used based on t h e  cost 
f a c t o r ,  and ( b )  t h e  a c i d i t y  o f  t h e  suppor t  ox ide  should be v a r i e d  t o  determine the 
optimum a c i d i t y .  These meta l  ox ides have been screened and t h e  p romis ing  r e s u l t s  
pub l i shed  (3 ) .  S ince then,  we have con t inued  work w i t h  these c a t a l y s t s  u s i n g  s u l f u r  
a d d i t i v e s  and have ob ta ined  much more e x c i t i n g  r e s u l t s  than those pub1 ished,  c f .  
Tables 5 and 6 .  

Diphenylmethane i s  copver ted  i n t o  ma in l y  benzene and to luene  when exposed t o  
reduc ing  c o n d i t i o n s  a t  l i q u e f a c t i o n  temperatures such as 425OC (Table 5 ) .  When 
hydrogen i s  used i n  t h e  s t a i n l e s s  s t e e l  r e a c t o r  w i t h  no added c a t a l y s t  t h e r e  i s  no 
convers ion o f  t h e  s t a r t i n g  m a t e r i a l .  When meta l  ox ide  heterogeneous c a t a l y s t s  are 
added, the s t a r t i r i g  m a t e r i a l  i s  conve r ted  i n t o  t h e  observed products  t o  va ry ing  
degrees (Tab le  6 ) .  A l l  t h r e e  newly des igned and synthes ized c a t a l y s t s  a re  a c t i v e  
and compare f a v o r a b l y  w i t h  t h e  commerc ia l ly  a v a i l a b l e  COO-MOO,. Table 6 g ives  data 
which demonstrate t h e  p o s i t i v e  e f f e c t  o f  s u l f i d i n g  t h e  cata l ’ j /s ts  be fo re  o r  du r ing  
use. The S i 0  - suppor ted c a t a l y s t  was s e l e c t e d  f o r  t he  p resc rd  s tudy on t h e  bas is  
o f  c o s t  e f fecg iveness .  
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Tzb le  1 The P y r o l y s i s  of Diphenylmethane w i t h  S8 and H2S/Ssa 

S H S f S  b Products 
Be fi z ene 1.1 S.0 
To1 uene 3.9 8.0 

Diphenyl s u l f i d e  Trace 0.4 
Unknown 0.0 0.7 
Oihenzothiophene 0.0 0.8 
Thioxafi thene 0.7 2.c 
T r i p he ny 1 methane 1.3 0.4 
9-Pheny1t.hioxanthene Trace Trace 
9 ,lO-Dihydro-9,10-diphenylanthracene 0.2 Trace 
Tetraphenylethy lene 0.2 0.0 
12+13-Dihydrodinaphthothiophene 1.6 0.4 
l,l,l-Triphenyl-2-phenylethane 0.3 Trace 
Po 1 yriie r 35.2 25.2 
Conversion 49.9 35.8 

aThe r e a c t i o n s  were done a t  425°C f o r  30 min. a t  temperature w i t h  tr S:PhZCH2:S r a t i o  
b o f  2.5:I:l.. The s u l f u r  r e a c t i o n  was done under an argoi i  atmospherg. 

Thiophenol 6.9 9.0 

The r e s u l t s  are g i ven  i n  mole pe rcen t  based on the  amount o f  s t a r t i n g  m a t e r i a l  
except  f o r  t he  amount o f  polymer. 
p l u s  S charged. 

The l a t t e r  i s  g i v e n  i n  we igh t  percent  o f  Ph2CH2 

Table 2 The React ion o f  S, w i t h  Diphenylmethaiie 

Mole r a t i o  Gaseous Pol ymeri c 
l enp ,  "C Time, min S:Ph2CH2 products ,  w t X a  products ,  w t X a  

300 30 1 
250 30 1 

1 .0  
2.7 

425 30 1 6.6 
60 

120 
3@ 

425 
425 

1 7.0 
1 6.8 

425 0.5 4.6 
425 30 2 18.1 
425 Ob 1 5.6 

14.8 
29.e 
35.2 
33.6 
34.0 

9.9 
44.2 
24.2 

:Weight percent  o f  t o t a l  s u l f u r  p l u s  diphenylmethane charged. 
The heat-up t i n e  was 2 minutes w i t h  an immediate temperature quench. 
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Table 3 Time Dependence of S8-Ph2CH2 Product  D i s t r i b u t i o n a  

Time a t  temperature,  min b Products  

Benzene 
To1 uene 
Thiophenol 
Unkncwn 
T h i o ben zop he none 
Thioxanthene 
T r i  phenyl methane 
5-Phenjii f l u o r e n e  
9,10-Dihydro-9,10-dipherjylanthracene 
Tetraphenyl  e t h y l  ene 
12,13-Dihydrodinaphthothiophene 
l,l,l-Tripheny1-2-phenylethane 
Conversion 

OC 

0.4 
0.6 
2.0 
1.2 
0.9 
1.3 
0.5 
0.9 
0.2 
7 .6  
1.6 
0.2 

46.9 

30 

1.1 
3.9 
6.S 

0 
0 

0.7 
1.3 
0 

0.2 
0 .4  
1.6 
0.3 

49.9 

6@ 

1.3 
4.2 
7.3 

0 
0 

G.9 
1.6 
0 

0.3 
0 

1.5 
0 

48.8 

120 

1.8 
3.3 
5.5 

0 
0 

0.7 
1.1 
0 

0.3 
0 

1.7 
0.3 

47.5 

aThe r e a c t i o n  temperature was 425°C; t h e  S:Ph CP 

bThe r e s u l t s  a r e  g i v e n  i n  mole pe rcen t  based on t h e  diphenylmethane charged. 
'The heat-up t ime  was 2 min  w i t h  an immediate temperature quench. 

mole r a t i o  was 1; and t h e  
r e a c t i o n s  were done under an atmosphere o f  a?goa. 

Table 4 Diphenylinethane Conversion w i t h  S8-H2Sa 

Time e t  temperature,  min 

0' 15 30 60 120 

b Products 

Benzene 
Toluene 
Th i ophenol 
Diphenyl  s u l f i d e  
Unknown 
Dibenzothiophene 
Thioxanthene 
Triphenylmethane 
Tetraphenyl  e thy lene  
12,13-Dihydrodinaphthothiophene 
Polymer 
Ph2CH2 convers ion 

0.8 
0 

0.3 
0 

24.4 
7.8 

0.4 1.0 1.1 1.3 
6.7 6.0 6.9 6.7 
7.5 9.0 8.6 8.2 

Trace 0.4 0.2 0.4 
0.7 0.7 0.6 0.6 
0 .5  0.8 0.7 0.7 
1.5 2.0 1.4 1.2 
0.2 0.4 0.3 0.2 
0 0 0 0  

Trace 0.4 Trace Trace 
27.9 25.2 27.6 29.0 
34.3 35.8 32.9 31.5 

:The r e a c t i o n  temperature was 425°C and t h e  H S:S:Ph CH molar  r a t i o s  were 2 . 5 : l : l .  
The r e s u l t s  a r e  g i v e n  i n  mole pe rcen t  bc.sed gpon thg  a i o u n t  o f  s t a r t i n g  m a t e r i a l  
except  f o r  t h e  amount c;f polymer. The l a t t e r  i s  g i ven  i n  we igh t  pe rcen t  o f  Ph2CH2 
p l u s  S charged. 

'The hegt-up t i m e  was 2 niin w i t h  an imniediate quench. 
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Table 5. Diphenylniethane Product D i s t r i b u t i o n  Using t h e  Fe203 - Si02 C a t a l y s t a  

Gases CO .. 

Added H.0 t i  H" ' H  
H s'(P! H ~ S ' ( P )  !2 (6) H~+&. 

Benzene 1 7 1  43 
Products 2----- 83 
To1 uene 1 75 67 21 88 
Cyclohexanes @ 3 7 0 5 
Others 0 I 2 a 1 
Conversion 1 88 8 1  d l  100 

I 
P=presul f i d e d  
U=utlsul f ided  

aThe reac t i ons  were done i n  t h g  12ml r o c k i n g  autoc laves a t  425'C f o r 3 1  h r .  H (4 .9  
x 10- 
used. 
r e s u l t s .  
p s i  H 2  and r a i s i n g  t h e  temperature t o  425°C and keeping i t  t h e r e  f o r  1 h r .  

moles), H S (3.9 x 10- 
A 10 we ig6 t  pe rcen t  l o a d  o f  c a t a l y s t  was used. 

moles), and diphenylmethane ( 3  x 10- moles) wgre 
The c i t e d  data i s  d u p l i c a t e  

The p r e s u l f i d i n g  wds done by exposing t h e  c a t a l y s t  t o  250 p s i  H2S, 1400 

bThe r e a c t i o n  temperat rue was 450GC. 

Table 6. The ReactJon o f  Diphenylinethane Using t h e  Tanabe Newly Synthes ized 
Ca ta l ys ts  

None Fe203 Fe 0 Fe 0 Fe,O 
-- on 2rd2 on ? ia2 on $id, ~00.~00% 

CO/H O/H2S NA Trace 4 2 Trace 34 

H Z / S  9 30 92 95 8 1  99 
H,/H;S HA 30 82 98 100 09 

tlL" NA 5 45 16 23 50 
H;/H~S/H~O NA 2 3 4 4 26 

aThe reac t i ons  were done i n  th3  12nil  r o c k i n g  autoc laves a t  425°C f o r 3 1  h r .  H (4 .0  
x 10- moles) ,  H,S (3.9 x 10- moles) ,  and d iphenylnethane (3  x 10- moles) wgre 
used. 
r e s u l t s .  
p s i  H2 and r a i s i n g  the  temperature t o  425°C and keeping i t  t h e r e  f o r  1 hr. 

A 10 weight  pe rcen t  l oad  of c a t a l y s t  was used. The c i t e d  data i s  d u p l i c a t e  
The p r e s u l f i d i n g  was done by exposing t h e  c a t a l y s t  t o  250 p s i  H2S, 1400 

bThe c a t a l y s t  i s  p r e s u l f i d e d  f o r  t h i s  run. 

I 
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