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INTRODUCTION 

The i m p o r t a n t  e l emen ta ry  r e a c t i o n s  of c o a l  l i q u e f a c t i o n  are t h e  
decomposi t ion  of  c o a l  s t r u c t u r e ,  t h e  s t a b i l i z a t i o n  of  f r agmen t s  by 
t h e  s o l v e n t  and t h e  d i s s o l u t i o n  of c o a l  u n i t s  i n t o  t h e  s o l u t i o n .  

dona t ing  a r o m a t i c  s o l v e n t  ( 1 - 4 )  a t  t empera tu res  from 400'C t o  45OoC, 
r e s u l t i n g  i n  t h e  f o r m a t i o n  of so c a l l e d  s o l v e n t  r e f i n e d  c o a l  w i t h  carbon 
c o n t e n t  of 86-88% on maf b a s i s  independent  o f  c o a l i f i c a t i o n  g rade  of  
f e e d  c o a l .  

These r e a c t i o n s  proceed  smoothly i n  t h e  p re sence  o f  hydrogen 

\ 
W h i l e ,  oxygen c o n t a i n i n g  s t r u c t u r e s  o f  c o a l  must be  p l a y i n g  

impor t an t  p a r t s  i n  t h e  c o u r s e  o f  coal l i q u e f a c t i o n .  I t  w i l l  be  key 
p o i n t s  t h a t  what k i n d s  of  oxygen c o n t a i n i n g  s t r u c t u r e  a r e  decomposed and 
what k inds  of s t r u c t u r e  are formed i n  t h e  c o u r s e  o f  r e a c t i o n .  I t  has  
been proposed ( 5 , 6 )  and r e c e n t l y  s t r e s s e d  (7-11) t h a t  t h e  u n i t s  o f  c o a l  
s t r u c t u r e  are  l i n k e d  by e t h e r  l i n k a g e .  

We have s t u d i e d  t h e  the rma l  decomposi t ion  of d i a r y 1  e t h e r  i n  d e t a i l ,  
s i n c e  t h e  c l e a v a g e  o f  e t h e r  l i n k a g e  must be  one of  t h e  most r e s p o n s i b l e  
reac t ions  f o r  c o a l  l i q u e f a c t i o n  among t h e  v a r i o u s t y p e s  of decomposi t ion  
r e a c t i o n  and w e  found t h a t  t h e  C-0 bond of po lynuc leus  aromatic e t h e r s  
i s  c l eaved  c o n s i d e r a b l y  a t  c o a l  l i q u e f a c t i o n  t empera tu re .  

EXPERIMENTAL 

T e t r a l i n  and 1-methylnaphtha lene  w e r e  r e a g e n t  g rade  and w e r e  used 
~ a f t e r  washing w i t h  s u l f u r i c  a c i d ,  a l k a l i ,  and  wa te r  and t h e  subsequent  

d P s t i l l a t i o n  a t  7OoC under  reduced p r e s s u r e .  Var ious  a d d i t i v e s  and 
model compounds were  r e a g e n t  g r a d e ,  and some of them were used  a f t e r  
r e c r y s t a l l i z a t i o n .  Phenyl  naph thy l  e t h e r  and phenyl  9-phenanthry l  e t h e r  
were syn thes i zed  by r e f l u x i n g  a m i x t u r e  of  a r y l  bromide, pheno l ,  Cu20 
a'nd Y-col l id ine  ( 1 2 ) .  

Samples were added t o  300 m l  o r  90 m l  magnet ic  s t i r r i n g  (500 rpm) 
a u t o c l a v e s .  A f t e r  p r e s s u r i z i n g  w i t h  hydrogen, t h e  a u t o c l a v e  w a s  hea t ed  
t o  t h e  r e a c t i o n  t e m p e r a t u r e  w i t h i n  45 min. and ma in ta ined  a t  t h e  temper- 
a t u r e  for  t h e  d e s i r e d  r e a c t i o n  t i m e .  

A t  t h e  comple t ion  o f  a r u n ,  t h e  a u t o c l a v e  was coo led  by e lec t r ic  
f a n  t o  room t e m p e r a t u r e  and t h e  a u t o c l a v e  g a s e s  were ven ted  through 
g a s  meter and a n a l y z e d  by gas  chromatography. L iqu id  p o r t i o n s  of t h e  
samples were s u b j e c t e d  t o  g a s  chromatographic  a n a l y s i s  t o  de t e rmine  t h e  
composi t ion  of p r o d u c t s .  
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RESULTS AND DISCUSSION 

Thermal treatment of various aromatic compounds 
In order to study the reaction of coal structure, various aromatic 

compounds were chosen-as the coal model and treated at 45OOC. 
conversion of the reaction along with the detected products were shown 
in Table 1. 

Recently, the thermal decomposition of diaryl alkanes such as 
dibenzyl and 1,3-diphenylpropane has been studied by Sat0 and coworkers 
(13), Collins and coworkers (14). These compounds were confirmed to be 
decomposed to alkylbenzenes gradualy as a function of carbon chain length. 

The 

Although diphenyl ether and dibenzofuran were very stable at 45OoC, 
2,2'-dinaphthyl ether was decomposed slowly and benzyl ethers completely. 

The apparent activation energy for the thermal decomposition of 
phenyl benzyl ether was calculated to be about 50 kcal/mole from the 
data obtained at 320-350OC. 

These results imply that highly aromatic ether linkages will be 
considerably broken at coal liquefaction temperatures resulting in a 
main source of phenolid groups of the dissolved coal. 

Phenolic compounds were confirmed to be very stable against thermal 
treatment. Diphenyl methanol and benzophenone were stable against 
decomposition but hydrogenated to form diphenylmethane quantitatively. 
Phenyl benzyl ketone was found to be partially hydrogenated or de- 
carbonylated to form diphenyl alkanes. 

and dihydroxynaphthalene as reported by Brower (15). 

the parent hydrocarbons. According to Brower, carboxylic acid is quite 
stable in glass apparatus, but decomposed completely in a stainless 
steel autoclave. 

Naphthoquinone was completely eliminated and hydrogenated to naphthol 

Carboxylic acid and carboxylate were completely decarboxylated to 

The thermal decomposition of aromatic ethers 

containing polynucleus ar0mati.c structure of coal at liquefaction tem- 
According to the results of Table 1, the bond scission of oxygen 

perature of 45OOC seems to occur mainly at methylene or ether structures. 
Therefore, it will be very important to study the characteristics of 
these structures in the thermolysis. 

It has been often proposed that the units of coal structure are 
linked by ether linkages. Recently, Ruberto and his coworkers ( 7 , 8 ) ,  
Ignasiak and Gawlak (9) concluded that a significant portion of the 
oxygen in coal occurs in ether functional groups. 

Thermal decomposition of seven diaryl ethers at various reaction 

The decompositions of phenyl benzyl ether and dibenzyl ether 
conditions and the composition of reaction products are shown in Table 2. 

proceeded very rapidly at 4OO0C, and these results corresponded well to 
the low bond dissociation energy of PhCH2-0. 

but partly isomerized to benzyl phenol. 

The formation of products can be explained by the following reaction 
scheme. PhCH20CH2Ph --+ PhCH2O- + sCH2Ph - PhCHO + PhCH) 

Phenyl benzyl ether was mostly converted to toluene and phenol, 

Dibenzyl ether was entirely converted to toluene and benzaldehyde. 

PhCHO j PhH + CO PhCHO + 2H2 -+ PhCH3 
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The h i g h  y i e l d  o f  t o l u e n e  ove r  1 0 0 %  was conf i rmed t o  be  due t o  t h e  
hydrogena t ion  of  benza ldehyde  by t e t r a l i n .  A s  shown i n  F i g u r e  1, t h e  
y i e l d  of t o l u e n e  i n c r e a s e s  w i t h  i n c r e a s i n g  r e a c t i o n  t i m e ,  on t h e  o t h e r  
hand, benzaldehyde d e c r e a s e s  g r a d u a l l y  a f t e r  r e a c h i n g  a maximum v a l u e ,  
g i v i n g  t o l u e n e  a s  t h e  hydrogenated  p r o d u c t  and benzene and carbon monoxide 
a s  t h e  decomposi t ion  p r o d u c t s .  

Although d i p h e n y l  e t h e r  and d ibenzofu ran  were v e r y  s t a b l e  f o r  
t he rmolys i s  a t  450°C f o r  120 min . ,  t h e  ra te  of  decomposi t ion  i n c r e a s e d  
w i t h  i n c r e a s i n g  t h e  number o f  benzene n u c l e u s ,  t h a t  i s ,  phenyl  naphthyl  
e t h e r  was conve r t ed  to  t h e  v a l u e  of  25% and phenyl  phenan th ry l  e t h e r  
4 6% a t  t h e  s a m e  r e a c t i o n  c o n d i t i o n s .  

These r e s u l t s  s t r o n g l y  s u g g e s t  t h a t  i n  c o a l  s t r u c t u r e  t h e  c o v a l e n t  
bond o f  benzy l  e t h e r s  composed o f  a l i p h a t i c  ca rbon  and oxygen w i l l  be 
e n t i r e l y  r u p t u r e d  a t  t empera tu res  lower t h a n  4 O O 0 C ,  and t h e  c o v a l e n t  
bond composed of  a r o m a t i c  carbon and  oxygen w i l l  be c o n s i d e r a b l y  
decomposed a t  45OoC, s i n c e  t h e  u n i t  s t r u c t u r e  of b i tuminous  c o a l  i s  
c o n s i d e r e d  t o  be composed o f  po lynuc leus  o f  s e v e r a l  benzene  r i n g s .  

The e f f e c t  o f  p h e n o l i c  compounds on  t h e  decomposi t ion  o f  d i a r y 1  e t h e r s  
I t  h a s  been  known t h a t  p h e n o l i c  compounds (16,171 i n  t h e  presence  

of hydrogen-donat ing  s o l v e n t  have a remarkable  e f f e c t  on  t h e  d i s s o l u t i o n  
of  c o a l .  T h e r e f o r e ,  i t  i s  i m p o r t a n t  to  c l a r i f y  t h e  fundamenta l  s t r u c t u r e  
o f  c o a l  be ing  decomposed e f f e c t i v e l y  by t h e  a d d i t i o n  o f  phenol .  

The the rma l  decomposi t ion  of  d i b e n z y l  was n o t  a f f e c t e d  by t h e  
a d d i t i o n  o f  phenol  or p -c re so l .  I n  c o n t r a s t ,  t h e  decomposi t ion  of  
2 , 2 ' - d i n a p h t h y l  e t h e r  i n c r e a s e s  remarkably  i n  t h e  p r e s e n c e  o f  pheno l i c  
compounds a s  shown i n  Tab le  3 ,  and t h e  e f f e c t  seems t o  i n c r e a s e  w i t h  
i n c r e a s i n g  t h e  e l e c t r o n  dona t ing  p r o p e r t y  of s u b s t i t u e n t  on  t h e  benzene 
nuc leus .  

The e f f e c t  o f  hydroquinone  and p-methoxyphenol is  remarkable ,  
b u t  t h i s  seems beyond argument a t  p r e s e n t  because  c o n s i d e r a b l e  p a r t s  
o f  them can  n o t  be  r e c o v e r e d  a f t e r  r e a c t i o n ,  s u g g e s t i n g  t h a t  very  
complex s i d e  r e a c t i o n s  are t a k i n g  p l a c e .  

Fur thermore ,  w e  s t u d i e d  t h e  e f f e c t  o f  p h e n o l i c  compounds on  t h e  
t h e r m o l y s i s  o f  phenyl  b e n z y l  e t h e r  a t  32OoC, because  even  r e a c t i v e  
pheno l s  such  as  p-methoxy phenol  a r e  q u i t e  s t a b l e  a t  t h i s  t empera tu re .  

t h e  conve r s ion  o f  pheny l  benzy l  e t h e r .  I n  t h i s  t h e r m o l y s i s ,  benzy l  
phenyl  e t h e r  w a s  decomposed t o  t o l u e n e  and phenol  (ca. 60%) and a l s o  
i somer i zed  t o  benzy l  phenol  ( ca .  4 0 % ) .  

As shown i n  Tab le  4 ,  a l l  phenols  t e s t e d  w e r e  conf i rmed t o  accelerate 

A c c e l e r a t i n g  e f f e c t  due  t o  pheno l s  on  t h e  r u p t u r e  of  e t h e r  l i n k a g e s  

t o  enhance t h e  the rma l  decomposi t ion  o f  c o v a l e n t  bond, b u t  w e  cou ld  
n o t  o b s e r v e  a n y  a c c e l e r a t i n g  e f f e c t  due t o  pheno l  on  t h e  decomposi t ion  
of  d i b e n z y l .  

s c i s s i o n  of  e t h e r  l i n k a g e .  

e t h e r  by s o l v a t i n g  t r a n s i t i o n  s t a t e  of t h e  s c i s s i o n  o f  e t h e r  l i n k a g e  and 
by hydrogen t r a n s f e r  t o  t h e  formed a lkoxy r a d i c a l s .  

Phenols  are  weak a c i d s  and p o l a r  s o l v e n t ,  and so o f t e n  obse rved  

T h e r e f o r e ,  pheno l s  m u s t  be  p a r t i c i p a t i n g  d i r e c t l v  i n  t h e  c o u r s e  Of 

Pheno l i c  compounds may enhance t h e  ra te  of  decomposi t ion  o f  a romat i c  
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Prev ious ly  w e  have  shown t h a t  p h e n o l i c  compounds have  a remarkable  
p o s i t i v e  e f f e c t  ( 4 )  on t h e  c o a l  l i q u e f a c t i o n  i n  t h e  p re sence  of  t e t r a l i n ,  
depending s t r o n g l y  on  t h e  c h a r a c t e r  o f  c o a l  a s  w e l l  a s  on  t h e  concen- 
t r a t i o n s  of phenols .  
d i a r y l  e t h e r s  w i l l  g i v e  a good e x p l a n a t i o n  f o r  t h e  p r e v i o u s  r e s u l t s ,  
because  a l i p h a t i c  e t h e r  s t r u c t u r e s  of  some young c o a l s  w i l l  b e  decom- 
posed r a p i d l y  a t  r e l a t i v e l y  low t e m p e r a t u r e s  and so t h e  ra te  of c o a l  
d i s s o l u t i o n  w i l l  n o t  b e  a f f e c t e d  by t h e  a d d i t i o n  of  pheno l s ,  on  t h e  
o t h e r  hand, t h e  polycondensed a r o m a t i c  e t h e r  s t r u c t u r e s  w i l l  be 
decomposed e f f e c t i v e l y  by t h e  a d d i t i o n  of pheno l s  i n  t h e  c o u r s e  of  c o a l  
l i q u e f a c t i o n .  

The e f f e c t  o f  pheno l s  on t h e  decomposi t ion  of 

The e f f e c t  of m i n e r a l  m a t t e r s  on  t h e  decomposi t ion  e t h e r s  
Recent lv .  t h e  e f f e c t  o f  m i n e r a l  ma t t e r s  of  c o a l  on  t h e  coal 

l i q u e f a c t i o n - h a s  a t t r a c t e d  much a t t e n t i o n .  
amounts of  FeS or p y r i t e  are  r e s p o n s i b l e  f o r  t h e  hydrogena t ive  l i q u e -  
f a c t i o n  of  c o a l .  
of mine ra l  matters of  c o a l  on  t h e  decomposi t ion  rate and p r o d u c t s  o f  
aromatic e t h e r s ,  and  so t h r e e  d i a r y l  e t h e r s  were t h e r m a l l y  t r e a t e d  i n  
t h e  p re sence  of c o a l  a s h  o b t a i n e d  by low t empera tu re  combustion of 
I l l i n o i s  No.6 c o a l .  

It  was shown t h a t  s m a l l  

T h e r e f o r e ,  it i s  i n t e r e s t i n g  t o  e l u c i d a t e  t h e  e f f e c t  

It  was found t h a t  t h e  a d d i t i o n  of coal a s h  remarkably  accelerates 
t h e  r a t e  of decomposi t ion  o f  d i b e n z y l  e t h e r  and a l s o  d r a s t i c a l l y  changes  
t h e  d i s t r i b u t i o n  o f  r e a c t i o n  p r o d u c t s ,  t h a t  i s ,  benzy l  t e t r a l i n  becomes 
t h e  main r e a c t i o n  p roduc t  i n s t e a d  o f  a m i x t u r e  of  t o l u e n e  and  benza l -  
dehyde, as shown i n  Tab le  5.  

components of c o a l  a s h ,  s i n c e  B e l l  and coworkers (18)  r e p o r t e d  t h a t  
benzy l  e t h e r  a c t s  a s  a n  a l k y l a t i n g  r e a g e n t  i n  t h e  p r e s e n c e  o f  L e w i s  

This  r e s u l t  i s  q u i t e  s u r p r i z i n g ,  b u t  can  be  a s c r i b e d  t o  t h e  a c i d i c  

a c i d  such as ZnC12. 
I n  t h e  c a s e s  o f  pheny l  benzy l  e t h e r  and phenyl  9-phenanthry l  e t h e r ,  

t h e  e f f e c t  o f  a s h  components was n o t  so remarkable .  

CONCLUSIONS 

Diary1  e t h e r  must b e  one  of  t h e  i m p o r t a n t  s t r u c t u r e s  r e s p o n s i b l e  

The ra te  of  decomposi t ion  o f  po lynuc leus  aromatic e t h e r s  i n c r e a s e s  

f o r  t h e  l i q u e f a c t i o n  of  coal among v a r i o u s  oxygen-conta in ing  o r g a n i c  
s t r u c t u r e s  o f  c o a l .  

w i t h  i n c r e a s i n g  t h e  number o f  n u c l e u s  of  a r y l  s t r u c t u r e  and are enhanced 
by t h e  a d d i t i o n  of p h e n o l i c  compounds. 

d i a r y l  e t h e r s  can be  a f f e c t e d  i n  t h e  p re sence  of  c o a l  a s h .  
The ra te  of  decomposi t ion  and  t h e  d i s t r i b u t i o n  of  p r o d u c t s  of some 
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TABLE 2 THERMAL DECOMPOSITION OF DIARYL ETHERS I N  TETRALIN 

Temp Time Conversion P r o d u c t s  (mole% of 
( " C )  b i n )  ( % I  r e a c t e d  e t h e r )  D ia ry1  e t h e r  

Diphenyl  e t h e r  

Dibenzof u r a n  
Phenyl  1-naphthyl  e t h e r  

2 ,2 ' -Dinaphthyl  e t h e r  

Phenyl  9-phenanthry l  e t h e r  

Phenyl  b e n z y l  e t h e r  

Dibenzyl  e t h e r  

450 30 
450 120 

450 30 
450 120 

450 60 

450 120 

450 120 

320 30 

400 30 

400 30 

0 
2 

3 .3  
25 

12 .5  

23.3 

45.5 

31.4 

1 0 0  

65  

PhOH 66 

2-Naphthol 04 
2-Naphthol 63 
PhOH 50,  
Phenanthrene 15  

Benzylphenol  40 

PhCH3 61,  PhOH 66, 
Benzylphenol  2 1  

PhCH3 106,  PhCHO 73, 
PhH 1 2  

PhCH3 55, PhOH 50, 

AT 4OOOC 

0 PhCH20CH2Ph 

PhCHO 

A PhH 

7 co 

\ 
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TABLE 3 EFFECT OF PHENOLS ON THE THERMAL DECOMPOSITION 2,2'-DINAPHTHYL 
ETHER AT 45OOC FOR 60 MIN 
(2,2'-Dinaphthyl ether 11 mole, Tetralin 225 mole, 
Additive 150 mole) 

Additive 
1-Methylnaphthalene 
Phenol 
p-Cresol 
2,4,6-Tremethylphenol 
1-Naphthol 
p-Phenylphenol 
p-Methoxyphenol 
Hydroquinone 

Conversion ( % )  
Dinaphthyl ether Phenol 

- 12.6 
17.1 1.5 
21.0 0 

26.0 3.5 
33.7 22.1 
34.1 0 
49.5 100 
63.5 57.7 

TABLE 4 EFFECT OF PHENOLS ON THE THERMAL DECOMPOSITION OF PHENYL 
BENZYL ETHER AT 32OOC FOR 30 MIN 
(Phenyl benzyl ether 27 mole, Tetralin 220 mole, 
Additive 140 mole) 

Additive Beznyl phenyl ether Phenols 
1-Me thylnaphthalene 31.4 - 
p-Creso 1 40.2 0 
p-Me thoxypheno 1 
1-Naph tho1 

44.1 
43.0 

1.1 
0 
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TABLE 5 EFFECT O F  COAL ASH ON THE THERMAL DECOMPOSITION OF DIARYL ETHERS 
( E t h e r s  4 mo le ,  T e t r a l i n  4 0  mole)  

A d d e d  Temp T i m e  C o v e r s i o n  P r o d u c t s  
A s h ( g )  ( " C )  ( m i n )  ( % )  (mole% of reacted e t h e r )  E t h e r s  

D i b e n z y l  e ther  __ 4 0 0  30 6 5  PhCH3 110, PhCHO 77, PhH 13 
Benzyltetralin 2.2 

0 . 0 1 5  4 0 0  30 100 PhCH3 6,  PhH trace, 
B e n z y l t e t r a l i n  152 

P h e n y l  b e n z y l  __ 4 0 0  30 100 PhCH3 61, PhOH 66, PhCH2Ph 6 ,  
e the r  Benzylphenol 27, 

B e n z y l t e t r a l i n  2 

0 . 0 1 5  400  30 100 PhCH3 38, PhOH 58, PhCH2Ph 3, 
Benzylphenol 39, 
B e n q k e t r a l i n  13 

__ P h e n y l  9- 4 5 0  1 2 0  4 6  PhOH 50, 
p h e n a n t h r y l  e t h e r  Phenanthrene 17 

0 . 0 5  4 5 0  1 2 0  55 PhOH 45, 
Phenanthrene 16 
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