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ABSTRACT 
To produce and p u r i f y  n s e f u i  compounds i n  t a r  from coking  and 

from lowtempera ture  p y r o l y s i s o f  c o a l ,  hydrocrackingofalkylphenol 
m i x t u r e  i s  very  i m p o r t a n t  r e a c t i o n .  I n  t h i s  s t u d y ,  t h e  e f f e c t  of  
oxygen compounds such  a s  dimethylcarbonate(DMC) a d d i t i o n  on t h e  
hydrocracking  of a l k y l p h e n o l s w a s  i n v e s t i g a t e d t o  decreasehydrogen  
loss by t h e  product ion  of water .  Hydrocracking of  t h r e e  
dimethylphenols(DMP) was c a r r i e d  out u s i n g  a tmospher ic  f l o w  
a p p a r a t u s  w i t h  q u a r t s  reactor a t  700'C, r e s i d e n c e  t ime of  3-10 s e c  
and hydrogen t o  r e a c t a n t  mole r a t i o  of  a b o u t  10 .  From t h e  
hydrocracking  of 3,5-DMP w i t h o u t  DMC, m-xylene and m-cresol were 
produced w i t h  t h e  p r o d u c t i o n  r a t i o  o f  1 : l . e .  However t h e  
dehydroxyla t ion  t o  produce m-xylene was d e c r e a s e d  by t h e  a d d i t i o n  
of  1 0 %  DMC w i t h  t h e  p r o d u c t i o n  r a t i o  of 1 :2 .7 .  S i m i l a r  r e a c t i o n  
b e h a v i o r  w a s  observed  i n  t h e  hydrocracking of 2,S-DMP. These a r e  
c o n s i d e r e d  due t o t h e  s t r o n g  i n t e r a c t i o n  between DMC and hydroxyl  
group.  R e l a t i o n s h i p  between r e a c t i o n  b e h a v i o r  and molecular  
s t r u c t u r e  would be also d i s c u s s e d .  

INTRODUCTION 
Mild g a s i f i c a t i o n  and l o w  tempera ture  p y r o l y s i s  a r e  c o n s i d e r e d  

t o  be t h e  most promising p r o c e s s  f o r  high-moisture ,  subbi tuminous 
and l i g n i t e  c o a l  t o  produce upgraded s o l i d  f u e l  w i t h  h igh  h e a t i n g  
v a l u e  and l o w  s u l f u r ,  and t o  produce a u s e f u l  l i q u i d  f u e l .  However 
t h e s e  l i q u i d  p r o d u c t s  c o n t a i n  c o n s i d e r a b l e  amounts of oxygen, and 
a r e  r i c h  i n  a l k y l p h e n o l s  w i t h  a lky lbenzenes  and a l k y l -  
n a p h t h a l e n e s . [ l ]  Gas phase  thermal  demethyla t ion  of a series of 
methyl  s u b s t i t u t e d b e n z e n e s  under  a e x c e s s  hydrogen s t r e a m h a s  been 
a s u b j e c t  of many i n v e s t i g a t o r s .  Reac t ion  behavior ,  i n c l u d i n g  
k i n e t i c s ,  and product  d i s t r i b u t i o n  f o r  t o l u e n e  and methylbenzenes 
can be accounted f o r  by t h e  f o l l o w i n g  f r e e  r a d i c a l  mechanism. [Z] 

Overall reanion 0 + CHI 

I n  t h e  above c h a i n  scheme, t h e  propagat ion  rate i s  e f f e c t i v e l y  
c o n t r o l l e d  by r e a c t i o n  ( a ) .  T h i s  r e a c t i o n  c a n  be  p i c t u r e d  as a 
p e r p e n d i c u l a r  approach t o  hydrogen atom t o  phenyl  carbon atom, t o  
which methyl  group is a t t a c h e d .  W e  have found t h e  same mechanism 
c a n  be a p p l i e d  for t h e  demethyla t ion  of methylnaphtha lenes ,  and t h e  
r e l a t i v e  r e a c t i v i t i e s  of  b o t h  methylbenzenes and methyl- 
naphtha lenes  have been c o r r e l a t e d  wi th  t h e  r e a c t i v i t y  i n d i c e s ,  
t h e o r e t i c a l l y  c a l c u l a t e d  by molecular  o r b i t a l  method. [ 3 , 4 ]  
According t o  t h e  r e s u l t s  f o r  methyl  s u b s t i t u t e d  aromatic compounds 
and t h e  r e a c t i o n  behavior  f o r  t h e  o t h e r  a l k y l  a romat ic  compounds, 
demethyla t ion  r a t e s  f o r m e t h y l n a p t h a l e n e s  a r e  g e n e r a l l y  h i g h e r t h a n  
t h a t  formethylbenzenes ,  and t h e  removal of h i g h e r  a l k y l g r o u p t a k e s  
p l a c e  c o m p e t i t i v e l y  w i t h  demethyla t ion .  I n  t h i s  r e a c t i o n ,  a romat ic  
s t r u c t u r e  does  n o t  cracked,  and simple aromat ic  compounds, w i t h o u t  
having  a l k y l  s u b s t i t u e n t s ,  a r e  produced w i t h  h igh  s e l e c t i v e l y  i n  
t h e  presence  of e x c e s s  hydrogen. 
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On t h e  o t h e r  hand, k i n e t i c  s t u d i e s  of  t h e  thermal  hydrocracking  
Of c r e s o l s ,  and 2,4,6- t r imethylphenol  have been d i s c u s s e d  i n  terms 
Of t h e  r e a c t i o n  mechanism by Davies e t  a 1  151, Kawase e t  a 1  [61 ,  
and Moghul e t  a 1  171. The same t y p e  of k i n e t i c  e q u a t i o n  w i t h  
d i m e t h y l a t i o n ,  and t h e  fo l lowing  c o n c u r r e n t  r e a c t i o n  scheme have 
been proposed t o  account  f o r  t h e  exper imenta l  measurement of  t h e  
r e a c t i o n  r a t e ,  and t h e  product  d i s t r i b u t i o n .  

OH 

I 2- CHJ + H20 ~ LJ 
However t h e  r e l a t i o n s h i p  between molecular  s t r u c t u r e  and k i n e t i c  
o b s e r v a t i o n s  has n o t  y e t  been e x p l a i n e d  s a t i s f a c t o r y .  I n  t h i s  
r e a c t i o n ,  hydrogenwasconsumedtoproducewaterbydehydroxylation. 

I n  t h i s  s tudy ,  t h e  e f f e c t  of oxygen compounds a d d i t i o n  on t h e  
hydrocracking of a lkylphenolswas  i n v e s t i g a t e d t o  d e c r e a s e  hydrogen 
consumption due t o  t h e  product ion  of  water. 

EXPERIMENTAL 
Commercial r e a g e n t  g r a d e  dimethylphenols(DMP), d imethyl -  

carbonate(DMC) and d ie thylcarbonate(DEC)  were used  as r e c e i v e d .  
Thermal hydrocracking  of  DMP w a s  c a r r i e d  o u t  u s i n g  a Small  
a tmospher ic  f low a p p a r a t u s  a t  t empera tures  of 700'C w i t h  r e s i d e n c e  
times of 3-10 s e c ,  and hydrogen-to-reactant  molar r a t i o  of more 
t h a n  1 0 .  The r e a c t o r  was made of a q u a r t z  t u b i n g ,  21.5 mm i n  i n s i d e  
d iameter  and 120 mm i n  l e n g t h ,  and was equipped w i t h  a thermo-sheath 
p l a c e d  a l o n g i t s c e n t r a l a x i s .  Annularspaceofthevesse lwas  f i l l e d  
w i t h  10-20 mesh q u a r t z  t i p s ,  r e s u l t i n g  i n  a f r e e  volume of  a b o u t  
18.3 m l .  DMP were in t roduced  i n t o  t h e  r e a c t o r  q u a n t i t a t i v e l y  by 
u s i n g  a s m a l l  l i q u i d  f e e d i n g  pump, and hydrogen s t r e a m  was s u p p l i e d  
byusingamassflowcontroller. DMPwasmixedwithanadequateamount  
of  t o l u e n e  a s  a s t a n d a r d  r e f e r e n c e  and 10% DMC or DEC i n  some of  
t h e  exper imenta l  runs .  Gaseous and l i q u i d  p r o d u c t s  w e r e  s u b j e c t e d  
t o  a c o n v e n t i o n a l  gas  chromatographic  a n a l y s i s .  

RESULTS AND D I S C U S S I O N S  
R e a c t i o n  behavior of DMP 

Fromthe  hydrocrackingof  3.5-DMPmixedwithtoluene, benzene from 
t o l u e n e ,  m-xylene and m-cresol wi th  t r a c e  of phenol  from DMP were 
mainly produced w i t h  methane. The convers ion  of  t o l u e n e  and 3,5- 
DMP w i t h  and wi thout  DMC were i l l u s t r a t e d  i n  Fig.1. These show good 
f i t t i n g s  of  f i r s t - o r d e r  k i n e t i c  e q u a t i o n  w i t h  r e s p e c t  t o  both  
t o l u e n e  and 3,5-DMP. S i m i l a r  r e a c t i o n  behavior  was also observed  
f o r  2 ,5-and 2,6-DMP, however , theconver s ion ra t ioo fDMPto to luene  
c a l c u l a t e d  by f i r s t - o r d e r  r a t e  l o w  w a s  same i n  a l l  t h r e e  c a s e s  w i t h  
and wi thout  DMC. Products  d i s t r i b u t i o n  a t  700°C from 3,5-DMP a r e  
shown i n  Fig.2 and Table  1. 63.5 mol 8 m-cresol and 34.5 m o l  % 
m-xylene were produced w i t h  product ion  r a t i o  of  1.8 f rom t h e  
hydrocracking  of 3,5-DMPat70OSCwith r e s i d e n c e  t i m e o f  5 s e c w i t h o u t  
DMC. T h i s  r e s u l t  i n d i c a t e  s t h e  r a t e  of demethyla t ion  i s  f a s t e r t h a n  
t h a t  of  dehydroxyla t ion .  From t h e  o v e r a l l  r e l a t i v e  f i r s t - o r d e r  
c r a c k i n g  r a t e  and t h e  product  d i s t r i b u t i o n ,  t h e  r a t e  p e r  one 
e q u i v a l e n t  methyl  and hydroxyl  groups f o r  t h r e e  DMP's were 
c a l c u l a t e d  a s  shown i n  Fig.  3. The s p e c i f i c  r a t e s  of  demethyla t ion  
and dehydroxyla t ion  a r e  a f f e c t e d  by both  number and p o s i t i o n  of 
s u b s t i t u e n t s  of t h e  r e a c t a n t  molecule. Removal of t h e  s u b s t i t u e n t  
a t  o r t h o  p o s i t i o n  of  DMP i s  q u i t e  d e f i n i t e l y  e a s i e r  t h a n  t h a t  of 
t o l u e n e .  

effect of DMC addit ion on t h e  hydrocracking of DMP 
From t h e  hydrocracking Of 3 ,s-  DMP mixed w i t h  t o l u e n e  and DMC, 

observed  convers ion  f o r  bo th  t o l u e n e  and 3,5-DMP w i t h  1 0 %  DMC w a s  
h i g h e r  t h a n  t h a t  w i t h o u t  DMC a s  shown i n  Fig.1. The product ion  of 
m-cresol i n c r e a s e d  and t h a t  of  m-xylene d e c r e a s e d  by t h e  a d d i t i o n  
of 1 0 %  DMC a s  shown i n  Fig.2 and Table  1. The p r o d u c t i o n  r a t i o  o f  
m-cresol t o  m-xylene changed d r a s t i c a l l y  from 1 .8  t o  2.7 by t h e  
a d d i t i o n  of DMC. This  i n d i c a t e s  t h e  dehydroxyla t ion ,  caused  by t h e  
a t t a c k i n g  hydrogen atom t o  t h e  phenyl  carbon a d j a c e n t  t o  hydroxyl  
group,  was prevented  by t h e  S t rong  i n t e r a c t i o n  between DMC and 
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hydroxyl  group i n  3,5-DMP. S i m i l a r  e f f e c t  was observed  by t h e  
a d d i t i o n  of DEC. C o n t r a r y  t o  t h e s e ,  demethyla t ion  was a c c e l e r a t e d  
probably  by t h e  i n d i r e c t  e l e c t r o n i c  e f f e c t  of DMC. However, i n  t h e  
c a s e  of 2,5-DMP, t h e  e f f e c t  of DMC a d d i t i o n  o n  t h e  p r o d u c t s  
d i s t r i b u t i o n  was n o t  s t r o n g ,  and t h e  product ion  r a t i o  of c r e s o l s  
t o  p-xylene changed o n l y  from 3.0 t o  3.6, a s  shown i n  Table  1. The 
d e c r e a s e  of p-xylene and t h e  i n c r e a s e  of cresols i n  t h e  p r o d u c t s  
d i s t r i b u t i o n  was less t h a n  12 mol%. I t  was t h o u g h t  t h a t  t h e  
i n t e r a c t i o n  between DMC and  h y d r o x y l g r o u p i n  2,5-DMP was s l i g h t l y  
h i n d e r e d  by t h e  n e i g h b o r i n g  methyl  group a t  o r t h o  p o s i t i o n .  
T h e r e f o r e  t h e  e f f e c t  of  DMC on t h e  dehydroxyla t ion  was weakened 
by t h e  steric h indrance .  

On t h e  o t h e r  haod, t h e r e  were no d i f f e r e n c e s  i n  t h e  product  
d i s t r i b u t i o n  and t h e  convers ion  from t h e  hydrocracking of 2,6-DMP, 
as shown i n  Table  1. I t  was v e r y  c l e a r  t h a t  t h e  i n t e r a c t i o n  between 
DMC and hydroxyl  group was almost  comple te ly  d i s a p p e a r e d  by t h e  
ne ighbor ing  t w o  methyl  groups  a t  o r t h o  p o s i t i o n .  

CONCLUSION 
The s t r o n g  e f f e c t  of  DMC a d d i t i o n  on t h e  p r o d u c t s  d i s t r i b u t i o n  

was observed  from t h e  hydrocracking  of 3,5-DMP a t  700°C. The 
product ion  r a t i o  of m-cresol  to  m-xylene changed d r a s t i c a l l y  from 
1.8 t o  2.7 by t h e  a d d i t i o n  of  DMC. These a r e  c o n s i d e r e d  due t o  t h e  
s t r o n g  i n t e r a c t i o n  between DMC and hydroxyl  group i n  3,5-DMP. 
S i m i l a r  r e a c t i o n  b e h a v i o r  w a s  observed f o r  t h e  c a s e  of  2,5-DMP, 
however, t h e  product ion  r a t i o  of c r e s o l s t o  p - x y l e n e i n c r e a s e d o n l y  
20% from 3 . 0  t o  3.6.  Moreover, t h e r e  were no d i f f e r e n c e s  i n  t h e  
products  d i s t r i b u t i o n  and t h e  conversion f o r  t h e  c a s e  of 2,6-DMP. 
These i n d i c a t e  t h a t  t h e  i n t e r a c t i o n  between DMC and h y d r o x y l g r o u p  
i n  2,5- and 2,6-DMP i s  s l i g h t l y  and s t r o n g l y  h indered  by t h e  
ne ighbor ing  methyl  group i n  t h e  molecule. These f i n d i n g s  s u g g e s t  
t h a t  t h e  a d d i t i o n  of  DMC can  d e c r e a s e  hydrogen consumption on t h e  
hydrocracking  of  a l k y l p h e n o l s .  These a r e  also v e r y  v a l i d  t o  
c o n c e n t r a t e  and p u r i f y  phenol  and cresols economica l ly  by t h e  
hydrocracking of  coal d e r i v e d  tar .  
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Fig. 1 Hydrocracking of 3,5-Dimethylphenol at 700°C 
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Fig. 2 Products Distribution from the Hydrocracking 
of 3,5-Dimethylphenol at 700°C 
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Fig. 3 Relative Rates of Demethylation and Dehydroxylation at 700% 

Table 1 Products Dstribution at 700°C. Ssec. 
3,5-DMP 2,5 - D M P 2,6-DMP 

non DMC DEC non DMC non DMC Additive 
Conversion (mol%) 

9.0 10.5 8.8 20.3 20.9 23.3 23.9 DMP 
Toluene 2.5 3.5 2.9 3.3 4.0 3.5 3.9 

m-Xylene 34.5 26.5 26.4 28.0 28.0 
p-Xylene 24.2 21.2 

o-Cresol 19.7 20.8 67.3 67.1 

m-Cresol 63.5 71.4 72.0 53.4 55.0 

________________________________________------------------------- 
Product distribution (mol%) 

Phenol 2.0 2.1 1.6 2.7 3.0 4.7 4.9 

________________________________________------------------------- 
CresolsjXylene 1.8 2.7 2.7 3.0 3.6 2.4 2.4 
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