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INTRODUCTION 

We a r e  i n t e r e s t e d  i n  the  chemical p r o p e r t i e s  of d i r e c t  coa l  l iquefac t ion  
recyc le  so lvents .  Of immediate concern is t h e  chemistry during the l iquefac t ion  
s t e p  which r e s u l t s  i n  the  "hydrogen s h u t t l i n g "  o r  "hydrogen t ransfer"  reac t ion .  
The quest ion of which components of so lvent  mixtures make a s i g n i f i c a n t  cont r i -  
but ion t o  "hydrogen s h u t t l i n g "  o r  "hydrogen t ransfer"  during the  conversion pro- 
cess  has received modest a t ten t ion . (2 ,3 ,4)  It appears t h a t  t h i s  problem has been 
addressed from the  viewpoint of experiments with ind iv idua l  model compounds using 
them a s  solvents  o r ,  a l t e r n a t i v e l y ,  with s y n t h e t i c  mixtures  composed of two t o  s i x  
compounds. In those i n t e n t i o n a l l y  s impl i f ied  so lvent  systems, reac t ions  of the  
components under l i q u e f a c t i o n  condi t ions can be followed with varying degrees of 
convenience. The s i t u a t i o n  i s  d i f f e r e n t  with a u t h e n t i c  recyc le  solvents .  The 
d e s i r e  t o  gain i n s i g h t  i n t o  the  reac t ions  of components of these  mater ia l s  under 
l iquefac t ion  condi t ions o f f e r s  except ional  oppor tuni t ies  n o t  descr ibable  i n  terms 
of convenience, see Fig. 1 f o r  example. Nevertheless ,  because of our i n t e r e s t  i n  
the  mechanism of hydrogen t r a n s f e r ,  we have undertaken an inves t iga t ion  of hydrogen 
exchange i n  the recycle  so lvents .  

Our approach t o  the  subjec t  makes use of t h e  observat ion of the hydrogen- 
deuterium exchange reac t ion .  The problem is  conceived t o  be threefo ld  a s  follows: 
f i r s t ,  we have determined the  r e l a t i v e  degree of hydrogen-deuterium exchange of 
se lec ted  ind iv idua l  pure compounds which a r e  thought t o  be present  in recyc le  sol- 
vents ;  second, we have determined the composition (pr imar i ly  t h e  major components) 
of severa l  recyc le  so lvents ;  and t h i r d ,  f o r  one recyc le  so lvent ,  w e  determined 
which compounds undergo hydrogen-deuterium exchange when heated a t  coa l  conversion 
temperatures i n  t h r e e  s e p a r a t e  experiments with three  d i f f e r e n t  deuterium sources. 

EXPERIMENTAL 

Individual  pure compounds. In  a t y p i c a l  experiment t h e  compound i n  quest ion 
was heated with an amount of diphenylmethane-d2, PhzCD2, such tha t  the  number of 
deuteriums was equivalent  t o  t h e  number of hydrogens i n  the  inves t iga ted  compound. 
The reac t ions  were c a r r i e d  out  i n  a 7.5 m l  s t a i n l e s s  s t e e l  tubing bomb a t  400°C 
f o r  the  appropriate  amount of t i m e .  
of reac tan ts .  Workup procedures var ied depending on t h e  p r o p e r t i e s  of the  mixture. 
In  each case gc analyses  were obtained t o  determine t h e  number of products present .  
When poss ib le ,  diphenylmethane-dz was recovered and d i s t i l l e d  i n  vacuum and t h e  
compound under i n v e s t i g a t i o n  w a s  e i t h e r  c r y s t a l l i z e d  o r  sublimed. The samples were 
then analyzed by 'H nmr, 'H nmr, and gc-ms. Exchange was ca lcu la ted  from these  
data  and the r e s u l t s  a r e  recorded i n  Table 1. 

The bomb w a s  usua l ly  charged with about 2 g 

Recycle so lvents .  These m a t e r i a l s  were obtained from the  Wilsonvi l le  p i l o t  
plant  and from Gulf Research and Development Company.(5) 
using a Hewlett-Packard 5880 gas  chromatograph f i t t e d  with a 15-meter g l a s s  capi l -  
l a r y  column coated with OV-101,  and a flame i o n i z a t i o n  de tec tor .  Gc-ms da ta  were 
obtained using a Hewlett-Packard 59958 gas chromatograph/mass spectrometer f i t t e d  
with the  same column. Exchange experiments were done using three d i f f e r e n t  

Gc analyses  were obtained 
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deuterium sources ,  diphenylmethane-dz, pyrene-dn, and Dz gas. The solvent  chosen 
f o r  these experiments was a Wilsonvi l le  V-131, Hydro Run 257.12-8, t o  which had 
been added l i g h t  SRC, subsequently r e f e r r e d  t o  a s  "hydrosolvent." 
less s t e e l  tubing bomb, there  was added 1 g of hydrosolvent followed by 1 g of 
diphenylmethane-dz. The bomb was closed and heated i n  a f l u i d i z e d  sand bath f o r  
two hours. The contents  of t h e  bomb were then removed, a port ion was dissolved i n  
acetone f o r  ana lys i s  by gc and gc-ms. In  a second experiment, pyrene containing 
56.5% deuterium was used. The t h i r d  experiment was done i n  a 7 m l  tubing bomb con- 
t a i n i n g  1 g of hydrosolvent under 540 p s i  deuterium gas pressure.  A c o n t r o l  
experiment i n  which hydrosolvent a lone  was heated showed t h a t  no s i g n i f i c a n t  compo- 
s i t i o n a l  changes took place due t o  t h e  severe reac t ion  condi t ions a s  ind ica ted  by 
c a p i l l a r y  gc a n a l y s i s ,  Figure 1, and nmr spectroscopy, Figure 2 .  Further  informa- 
t i o n  on other  recyc le  so lvents  w i l l  be  given i n  a subsequent publ icat ion.  

To a 3-ml s ta in-  

DISCUSSION AND RESULTS 

Several  groups have used deuterium t r a c e r  techniques t o  i n v e s t i g a t e  hydrogen 
t r a n s f e r  t o  coa l  during l iquefac t ion . (6 ,7 ,8 .9)  Generally, these experiments make 
use of deuterium containing model s o l v e n t s  t o  produce coal-derived products which 
were c a r e f u l l y  monitored f o r  deuterium content  and d i s t r i b u t i o n .  The a l t e r n a t i v e  
approach, t h a t  is, t h e  use of a deuterium exchange source followed by monitoring 
deuterium content  and d i s t r i b u t i o n  i n  coal-derived s o l v e n t s  i s  d e a l t  with here. 
The choice of compounds t o  be used f o r  deuterium sources  is  based on e a r l i e r  
work.(lO). We showed t h a t  the  a c t i v a t i o n  energy f o r  exchange of deuterium i n  the 
CDz group of diphenylmethane-d2, when heated wi th  ordinary t e t r a l i n ,  is 134 kT/mole. 
This value i s  compared with t h e  a c t i v a t i o n  energy of 1 7 1  kJ/mole f o r  exchange of 
t h e  -CDz-CDz- deuteriums of bibenzyl-dt,, and with approximately 256 kJ/mole f o r  
thermal cleavage of t h e  c e n t r a l  C-C bond of b i b e n z y l . ( l l )  
provides  a good source f o r  e a s i l y  exchangeable deuterium. 

Therefore diphenylmethane 

The choice of deuterated pyrene a s  another  &exchange source i s  derived from 
repor t s  in t h e  l i t e r a t u r e  (3,4) t h a t  pyrene is a good nondonor solvent  f o r  coa l  
conversion and t h a t  i t  a c t s  a s  a hydrogen c a r r i e r .  The t h i r d  deuterium source, 
D z  gas ,  was used p a r t l y  because most c o a l  conversion processes  a r e  accomplished 
under high hydrogen gas pressures .  
Jf r e a c t i v i t y  of hydrogen gas  with r e l a t i o n  t o  how i t  i s  car r ied  t o  coa l  by 
so lvent .  

Consequently we are cur ious  about the  extent  

The so lvents  assoc ia ted  with SRC processes  a r e  usua l ly  discussed i n  terms of 
t h e i r  H-donor content  as exemplified by hydroaromatic compounds. These compounds 
may be produced by p a r t i a l  hydrogenation of some p a r t  of t h e  coal-derived product. 
By c o n t r a s t ,  shor t  contact  t i m e  (SCT) so lvents  may need t o  funct ion e s p e c i a l l y  a s  
H-transfer  agents  r a t h e r  than H-donors. Key molecules f o r  t h i s  purpose a r e  
be l ieved  t o  b e  t h e  polynuclear condensed aromatic compounds. 
viewpoint ,  which may be somewhat overs impl i f ied ,  w e  decided t o  study a group of 
aromatic compounds, including polynuclear  aromatics ,  f o r  t h e i r  a b i l i t y  t o  undergo 
hydrogen exchange reac t ions ,  it being assumed t h a t  r e a c t i v i t y  toward hydrogen 
exchange i s  r e l a t e d  t o  hydrogen s h u t t l i n g .  

Considering t h i s  

The procedure f o r  accomplishing exchange of t h e  aromatic  hydrogens is  given 
Three aspec ts  of i n  the  experimental p a r t  and t h e  da ta  a r e  recorded i n  Table 1. 

the  da ta  a r e  immediately recognized: 
i n  comparing anthracene and phenanthrene; 2) exchange rate i s  r e l a t e d  t o  s t a b i l i t y  
a s  exemplified by naphthacene and 9-phenanthrol; and 3) exchange appears t o  be 
p o s i t i o n a l l y  s e l e c t i v e  i n  molecules such a s  phenanthidine, beta-naphthol, and 
methylnaphthalene. 

1) exchange r a t e  i s  r e l a t e d  t o  s t r u c t u r e  a s  

I n  general ,  polynuclear aromatic  hydrocarbons undergo hydrogen-deuterium 
exchange slowly. The r e s u l t s  with pyrene a r e  of p a r t i c u l a r  i n t e r e s t  i n  view of 
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the  repor t s  t h a t  pyrene is an e f f i c i e n t  solvent  f o r  c o a l  conversion. 
t i o n  is t h a t  pyrene funct ions a s  a good hydrogen t r a n s f e r  agent .  The reac t ion  
pathways a r e  n o t  known i n  d e t a i l ;  however, hydrogen exchange through hydrogenation- 
dehydrogenation may w e l l  b e  involved. In  our s tudy,  pyrene underwent exchange 
very Slowly, only 1 . 2 %  i n  2 hours. We then observed t h a t  ex tens ive  exchange takes  
Place,  30.7% i n  2 hours ,  when pyrene and diphenylmethane a r e  heated together  i n  
the Presence of naphthacene, a compound which i t s e l f  undergoes extensive decompo- 
s i t i o n  and exchange under the experimental condi t ions.  Because of t h i s  observation, 
we were curious t o  know i f  a pyrene-diphenylmethane-dz mixture would undergo r a p i d  
exchange when heated i n  t h e  presence of a t h i r d  compound which exchanges rap id ly  
but i s  otherwise s t a b l e .  
i t s e l f  undergoes exchange. When phenol, pyrene, and diphenylmethane-dz were heated 
f o r  two hours, t h e  phenol was 1 4 %  exchanged b u t  t h e  pyrene was only 0.84 percent  
exchanged. In another experiment, pyrene heated with bibenzyl-d4 f o r  2 hours at  
400°C undergoes 2.9% exchange. 
small amounts of dihydropyrene and a more sa tura ted  pyrene. Bibenzyl slowly under- 
goes homolytic bond cleavage a t  a known rate (11) under these condi t ions t o  produce 
f r e e  r a d i c a l  intermediates .  From the  information above i t  is tempting t o  propose 
t h a t  pyrene func t ions  a s  a hydrogen s h u t t l i n g  agent through r a d i c a l  intermediates  
but  other  mechanisms could be involved. 

The implica- 

The candidate  f o r  t h i s  experiment was phenol. Phenol 

The r e i s o l a t e d  reac t ion  mixture a l s o  contained 

It i s  impossible, i n  the  space provided, t o  give a l l  t h e  exchange data  a v a i l -  
a b l e  f o r  molecules present  i n  recycle  so lvents .  The p a r t i c u l a r  solvent  w e  s tudied 
contained methylnaphthalene, biphenyl, and diphenyl e t h e r  as t h e  most abundant 
components. Of these  t h r e e  components, only methylnaphthalene underwent H-D 
exchange. This r e s u l t  was observed with a l l  t h r e e  deuterium sources .  

More than 200 compounds were i d e n t i f i e d  i n  the  hydrosolvent .  In addi t ion ,  
there  were numerous components present  i n  minor amounts which could not  be r e l i a b l y  
character ized because of m s  background in te r fe rence .  The solvent  contained very 
small q u a n t i t i e s  of the  important components, t e t r a l i n ,  and pyrene, less than 0.5%. 
Although s imi la r ly  small q u a n t i t i e s  of isomers of methyl pyrene were present ,  t h e  
three  and four  condensed r i n g  polynuclear aromatic compounds were disappoint ingly 
scarce.  The most abundant s e r i e s  of compounds present  were mono- and polymethyl- 
naphthalenes and long s t r a i g h t  chain sa tura ted  hydrocarbons. 

The exchange da ta  f o r  the  recyc le  solvent  a r e  summarized a s  follows: 

1. Aliphat ic  hydrocarbons did not  exchange. Aromatic hydrocarbons l i k e  
naphthalene, biphenyl, diphenyl e t h e r ,  and phenanthrene show l i t t l e  
observable exchange with a l l  th ree  deuterated reagents ,  although 
phenanthrene did undergo exchange t o  about 1% when pyrene-dn was used. 

2. Certain compounds underwent extensive exchange with a l l  t h r e e  deuterated 
reagents .  These compounds w e r e  s u b s t i t u t e d  aromatics;  methyl- and poly- 
methyl te t ra l ins ,  methyl- and polymethylindanes, methyl- and polymethyl- 
naphthalenes, f luorene ,  t h e  methyl s u b s t i t u t e d  pyrenes and dihydropyrenes, 
methyl- and dimethylbiphenyl, and phenols. 

The pyrene present  i n  t h e  solvent  exchanges ex tens ive ly  with D2 gas but 
only s l i g h t l y  with diphenylmethane-d2. 

The exact  r e l a t i v e  degree of exchange i n  t h e  t h r e e  experiments can be  
ca lcu la ted  f o r  only a l imi ted  number of compounds because of gc-ms 
reso lu t ion  problems. 

3. 

4 .  

5. There was one surpr i se .  In  a l l  th ree  experiments toluene showed exten- 
s ive  exchange. 
i n  t h i s  labora tory  suggest t h a t  toluene should be r e l u c t a n t  to-undergo 
exchange. 

This  r e s u l t  is  unexpected because e a r l i e r  experiments 
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We conclude from t h e  above experimental  evidence t h a t  t h e  methyl s u b s t i t u t e d  
aromatic and hydroaromatic compounds i n  t h e  recyc le  so lvent  make t h e  most important 
cont r ibu t ion  t o  hydrogen s h u t t l i n g  and hydrogen t r a n s f e r .  

Table 1. Degree of Hydrogen-Deuterium Exchange 
( W )  of Se lec ted  Aromatic Compounds wi th  

Diphenylmethane-dn a t  400°C 

Compound 2 h r  5 h r  

Benzene 
Naphthalene 
Diphenylmethane 

Phenol 
Acenaph thene 
Acenaphthalene 
B ipheny 1 
D iphenylether  
1,2-Benzanthracene 
Naphthacene 

Chrysene 
Perylene 
T r  ipheny l e n e  
Phenanthrene 
Anthracene 
Pyrene 
Hexahy d r  opy ren e 
@-Naphthol 
9-Phenanthrol 

8-Methylnaphthalene 
Dibenzofuran 
Dibenzothiophene 
Carbazole 
Phenanthridine 

Aromatic Hydrogens 

0 
1 . 8  
0 

15 
Unstable a t  40OoC 
Unstable a t  400°C 

- 
- 
3.92 

38.9 
Decomposes 

0.93 
6.8 
2.02 
0.12 

10.06 
1.20 
6.03 
9.0 

2 1 . 1  
Decomposes 

5.34 
t r a c e  
t r a c e  
6.11 
6.69 

0 

Trace 
- 

- 

0 
0.4 

13.9 

2.20 
15.0 

3.2 
1.56 

16.91 
5.40 

1 8  
12.8 
22.75 

7.73 
t r a c e  
t r a c e  

19.84 
8.97 
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Figure 1 .  C a p i l l a r y  gc trace of the coal prMeSs recycle solvent ,  "Hydrosolwnt."  
The m s t  intense peak i s  diphenyl ether.  

Figure 2. 60 MHZ 'H nmr t p e c t r m  of  the coal process recycle solvent ,  
"Hydrosolvent. 
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