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Introduction 

In recent years, a good deal of attention has been focused 
on the thermal conversion of biomass to gases and liquids, and in 
particular, on the products obtainable from short time, high 
temperature pyrolysis of wood and other lignocellulosics. This 
flash pyrolysis is usually carried out at or near atmospheric 
pressures, while hydropyrolysis commonly employs hydrogen pres- 
sures to 20 UPa. 

Residence times of only a few seconds or less with reaction 
at high temperatures requires a reactor configuration capable of 
very high heating rates. Two of the most appropriate designs are 
the entrained flow reactor, and the fluidized bed reactor. Many 
flash pyrolysis studies have employed one or the other of these 
reactor types. 

In general, two approaches to flash pyrolysis of biomass 
have been used by various workers. One approach has the objec- 
tive of producing a maximum yield of a desirable gas, which in 
atmospheric pressure non-catalytic pyrolysis processes is usually 
ethylene, or other olefins. Examples of processes for this 
purpose, such as "ultrapyrolysis" (10) (17), "ablative pyrolysis" 
(7). the flash pyrolysis process described by Anta1 ( 2 )  and the 
fluidized bed process of Kuester (14) have been studied in recent 
years for the production of olefins. These processes are charac- 
terized by high temperatures >(650"C) and residence times of 1 
second or less. 

A second approach to flash pyrolysis has been described by 
Scott and Piskorz (19)(20) and Scott et al. (21). In these 
publications the development has been outlined of an atmospheric 
pressure flash pyrolysis process utilizing a fluidized bed of 
solid as heat carrier. The process studied has as a primary 
objective the determination of conditions for maximum yield of 
liquids from biomass, particularly forest materials. Results 
indicated that at apparent vapor residence times of about 0.5 
seconds, organic liquid yields of 60%-70% on a moisture free 
basis could be obtained from hardwoods such as aspen-poplar and 
maple. Lower but still high yields of organic liquids (40%-60%) 
could be obtained from agricultural wastes such as wheat straw, 
corn stover and bagasse. 
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\!or? r e c e n t l y ,  K n i g h t  et a:. (11) h a v e  d e s c r i b e d  t h r  O ~ P -  

r a t i o n  of a n  e n t r a i n e d  flow rear tor  for  t h e  p r o d u c t i o n  of l i q -  
u i d s .  A somewti- t  d i f f e r e n t  u p f l o u i  e n t r a i n e d  p y r o l y z e r  for  t h e  
p r o d u c t i o n  of l i q u i d s  f r o m  wood h a s  b e e n  d e s c r i b e d  b y  
B e a u m o n t  ( 5 ) .  K o s s t r i n  ( 1 2 )  h a s  a l s o  u s e d  a f l u i d i z e d  h e d  f o r  
t h e r m a l  c o n v e r s i o n  uf  b i o m a s s  t u  l i q u i d .  I n  g e n e r a l ,  p r o c e s s e s  
f o r  the a t t a i n m e n t  of h i g h  l i y u i d  y i e l d s  o p e r a t e  a t  much lower 
t e m p e r a t u r e s ,  commonly 4SOo-5500C t h a u  d o  p r o c e s s e s  t u  yield 
g a s e o u s  p r o d u c t s ,  b u t  a t  a b o u t  t h e  same v a p o r  r e s i d e n c e  times o f  
a b o u t  500 m s .  

I n  r a p i d  p y r o l y s i s  p r o c e s s e s ,  t h e  r a t e  o f  h e a t  t r a n s f e r  i s  
a l l - i m p o r t a n t .  I d e a l l y ,  i n  s u c h  a p r o c e s s ,  t h e  time r e q u i r e d  f 0 . r  
a b i o m a s s  p a r t i c l e  t o  r e a c h  a b o u t  95% o f  t h e  r e a c t i o n  t e m p e r a t u r e  
w o u l d  be much less t h a n  t h e  p a r t i c l e  r e s i d e n c e  t i m e  i t s e l f .  T h e  
r e s i d e n c e  times n o r m a l l y  q u o t e d  i n  t h e r m a l  p y r o l y s i s  s t u d i e s  tire 
u s u a l l y  mean g a s  r e s i d e n c e  t i m e s ,  t h a t  i s ,  t h e  n e t  e m p t y  r eac to r  
v o l u m e  d i v i d e d  b y  t h e  v o l u m e t r i c  f l o w  r a t e ,  u s u a l l y  t a k e n  a t  
r eac to r  i n l e t  c o n d i t i o n s .  P a r t i c l e  r e s i d e n c e  times are n o t  a s  
p r e c i s e l y  k n o w n ,  a n d  w i l l  v a r y  w i t h  t h e  r eac to r  c o n f i g u r a t i o n  a n d  
t y p e .  M e a s u r e m e n t  o f  mean p a r t i c l e  r e s i d e n c e  times h a s  n o t  b e e n  
d o n e  i n  t h e  m a j o r i t y  o f  f a s t  p y r o l y s i s  p r o c e s s  s t u d i e s .  H o w e v e r ,  
B e r r u t i  ( 6 )  m e a s u r e d  t h e s e  r e s i d e n c e  times i n  a f l u i d i z e d  s a n d  
b e d  f o r  1 mm wood p a r t i c l e s ,  a n d  f o u n d  t h a t  t h e s e  v a r i e d  f r o m  
2 t o  6 s d e p e n d i n g  o n  t h e  g a s  r e s i d e n c e  t i m e  (400  t o  800 m s ) .  
R e c e n t l y ,  S o l o m o n  e t  a l .  ( 2 2 )  r e p o r t e d  m e a s u r e m e n t s  o f  t h e  v e l o -  
c i t y  o f  f i n e  c o a l  p a r t i c l e s  i n  a downward  f l o w  e n t r a i n e d  reactor  
a n d  f o u n d  t h e s e  were o n l y  a b o u t  40% o f  t h e  gas v e l o c i t y  o v e r  most 
o f  t h e  r e a c t i o n  p e r i o d .  T h e r e f o r e ,  a l t h o u g h  t h e  r e s i d e n c e  t i m e  
o f  p a r t i c l e s  is g e n e r a l l y  n o t  known v e r y  p r e c i s e l y  i n  f a s t  p y r o l -  
y s i s  p r o c e s s e s ,  i t  w i l l  l i k e l y  b e  f r o m  2 t o  10 times t h e  a p p a r e n t  
g a s  r e s i d e n c e  t ime f o r  most o f  t h e  a p p l i c a b l e  r e a c t o r s ,  t h a t  i s ,  
f o r  e n t r a i n e d  f l o w ,  f l u i d  b e d ,  s p o u t e d  b e d  or c y c l o n i c  reac tors .  
I t  is  l i k e l y ,  t h e r e f o r e ,  t h a t  g i v e n  a reactor  c a p a b l e  o f  h i g h  
h e a t  f i u x ,  a n d  p a r t i c l e s  o f  a p p r o p r i a t e  s i z e  w i t h  t h e  " n o r m a l "  
g a s  r e s i d e n c e  t i m e  o f  a b o u t  500 m s ,  t h e  h e a t - u p  t i m e  may n o t  b e  a 
l a r g e  f r a c t i o n  o f  t h e  t o t a l  p a r t i c l e  r e s i d e n c e  t i m e .  

I t  is l i k e l y  t h a t  e a c h  p r o c e s s  w i l l  h a v e  i t s  l i m i t s  s u c h  
t h a t  i n a d e q u a t e  h e a t  t r a n s f e r  c a u s e s  m a r k e d  c h a n g e s  i n  t h e  d i s -  
t r i b u t i o n  o f  t h e  p y r o l y s i s  p r o d u c t s .  H o w e v e r ,  w i t h i n  t h e s e  
. l i m i t s  ( w h i c h  may n o t  d i f f e r  v e r y  much f o r  d i f f e r e n t  r e a c t o r s  
c a p a b l e  o f  h i g h  h e a t  t r a n s f e r  r a t e s ) ,  t h e  p r o d u c t  d i s t r i b u t i o n  a t  
a g i v e n  g a s  r e s i d e n c e  t i m e  m i g h t  b e  e x p e c t e d  t o  be a f u n c t i o n  o f  
t h e  f i n a l  r e a c t i o n  t e m p e r a t u r e  o n l y ,  e s p e c i a l l y  i f  p a r t i c l e s  are 
smaller t h a n  a b o u t  1 mm a n d  are r e a s o n a b l y  d r y .  T h e  p r i n c i p a l  
c r i t e r i o n  f o r  t h i s  t o  be t r u e  i s  t h a t  t h e  h e a t - u p  t i m e  f o r  t h e  
pa r t i c l e  s h o u l d  be c o n s i d e r a b l y  less t h a n  t h e  t i m e  s p e n t  n e a r  
r e a c t i o n  t e m p e r a t u r e ,  p o s s i b l y  o n l y  20% of  t h e  t o t a l  p a r t i c l e  
r e a c t i o n  t ime. As a r e s u l t ,  t h e  k i n e t i c  r a te  o f  r e a c t i o n  w i l l  
p r o b a b l y  be t h e  r a t e  l i m i t i n g  p rocess .  An e q u i v a l e n t  c r i t e r i o n  
d u e  t o  L i d g n  (16)  w o u l d  b e  t o  r e q u i r e  t h a t  a p a r t i c l e  r e a c h  
d e c o m p o s i t i o n  t e m p e r a t u r e  e . g .  450'C b e f o r e  a n y  s i g n i f i c a n t  
w e i g h t  l o s s  i s  o b s e r v e d .  
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E x p e r i m e n t a l  

For t h i s  w o r k ,  t w o  c o m p l e t e l y  d i f f e r e n t  p y r o l y s i s  r e a c t o r s  
were u s e d ,  o p e r a t e d  by t w o  d i f l e r e n t  r e s e a r c h  g r o u p s .  The 
" u l t r a p y r o l y s i s "  e n t r a i n e d  f l o w  r e a c t o r  was d e v e l o p e d  hy w o r k e r s  
a t  t h e  U n i v e r s i t y  of Western O n t a r i o .  a n d  was r a p a b l p  o f  o p e r a -  
t i o n  to 1 0 0 0 ° C  w i t h  g a s  r e s i d e n c e  times of 50 m s  t o  900 m s  ( 1 0 ) .  
T h e  s e c o n d  r e a c t o r  was t h e  f l u i d i z e d  bed p y r o l y s i s  u n i t  dG!vclop,ed 
a t  t h e  U n i v e r s i t y  o f  W a t e r l o o  f o r  t h e r m a l  c o n v e r s i o n  of b i o m a s s  
t o  l i q u i d s  ( 2 0 ) .  I t  o p e r a t e d  u p  t o  7 5 0 ° C  w i t h  g a s  r e s i d e n c e  
times of 300 t o  1500 m s .  T y p i c a l  o p e r a t i n g  r a n g e s  f o r  t h e  two 
r e a c t o r s  a re  s u m m a r i z e d  i n  T a b l e  1. D e t a i l e d  d e s c r i p t i o n s  o f  t h e  
r e s p e c t i v e  a p p a r a t u s  a n d  p r o c e d u r e s  a re  g i v e n  i n  t h e  two a r t i c l e s  
c i t e d .  

T a b l e  I R a n g e  of E x p e r i m e n t a l  P a r a m e t e r s  

J 

i 

U l t r a p y r o l y s i s  F l u i d  Bed 

T e m p e r a t u r e ,  " C  7 0 0 - 1 0 0 0  4 0 0 - 7 5 0  

Reactor R e s i d e n c e  Time ( G a s ) ,  m s  50-900 300- 1500 

Maximum F e e d  Rate,  k g / h r  1 .o 3 - 0  

E s t i m a t e d  H e a t i n g  Rates ,  " C / s  IO' - i o 5  104-105  

P r e s s u r e .  a t m  abs.  1 .o 1 .o 

R e a c t i o n  A t m o s p h e r e  N2 N, or 
P r o d u c t  Gas 

I n  a l l  tes ts  r e p o r t e d  h e r e ,  o n l y  o n e  f e e d  ma te r i a l  w a s  u s e d ,  
A v i c e l  PH-102 m i c r o c r y s t a l l i n e  c e l l u l o s e .  B o t h  g r o u p s  o f  e x p e r i -  
menters u s e d  s a m p l e s  f r o m  t h e  same l o t ,  w h i c h  a t  t i m e  of u s e  h a d  
m o i s t u r e  c o n t e n t  f r o m  2 . 9 - 4 . 0 1 ,  w i t h  a s h  <0.1%, a n d  C 1 4 . 2 4 .  H 
6 .16 ,  0 4 9 . 6 .  P a r t i c l e  s i z e  r a n g e  was - 2 5 0  + 4 0  urn w i t h  a mean 
p a r t i c l e  d i a m e t e r  o f  100 u m .  

R e s u l t s  

T h e  p y r o l y s i s  e x p e r i m e n t s  i n  t h e  f l u i d  b e d  were a l l  c a r r i e d  
o u t  a t  g a s  r e s i d e n c e  t imes of 4 5 0 - 5 5 0  m s .  I n  t h i s  r a n g e ,  y i e l d s  
of l i q u i d ,  g a s  a n d  c h a r  show o n l y  a small v a r i a t i o n  w i t h  t ime.  
P y r o l y s i s  i n  t h e  t r a n s p o r t  r e a c t o r  o v e r  t h e  r e a c t i o n  t i m e  s p a n  of 
350-900 m s ,  showed t h a t  t h e  y i e l d s  o f  l i q u i d ,  c h a r  a n d  g a s  b e c a m e  
n e a r l y  i n d e p e n d e n t  o f  r e s i d e n c e  t i m e  i n  t h e  reactor .  A c c o r d i n g -  
l y ,  y i e l d s  f r o m  t h e  t r a n s p o r t  r eac to r  i n  t h i s  a s y m p t o t i c  range a t  
500 m s  were c o m p a r e d  t o  d a t a  f r o m  t h e  f l u i d i z e d  b e d  p y r o l y z e r .  
A l l  d a t a  were r e p o r t e d  as p e r c e n t  by w e i g h t  o f  t h e  m o i s t u r e  f r e e  
f e e d  o f  t o t a l  l i q u i d s  ( i n c l u d i n g  water o f  r e a c t i o n ) ,  g a s  a n d  

3 



c h a r .  Y i e l d s  were n o r m a l i z e d  t i . )  100% by c o r r e c t i n g  t h e  l i q u i d  
y i e l d .  I n  a l l  e x p e r i m e n t s ,  m a t e r i a l  b a l a n c e s  w e r e  g e n e r a l l y  +5% 
o r  b e t t e r ,  a n d  t h p  m a ~ o r  errors were r o n s i d e r e d  t o  r e s i d e  i n  
losses o f  t h t  m o s t  v o l a t i l e  l i q u i d s  d u r i n g  l i q u i d  r e c o v e r y .  a n d  
i n a c c u r a c i e s  i n  t h e  water b a l a n c e .  A l s o ,  m e t h a n o l  was n o r m a l l y  
u s e d  as t h e  s o l v e n t  f o r  r e c o v e r y  of t a r s  f r o m  l i n e s  a n d  c o n d e n -  
s e r s ,  w h i c h  m e a n s  t h a t  m e t h a n o l  y i e l d s  c o u l d  n o t  b e  d e t e r m i n e d .  

The r e s u l t s  o f  p y r o l y s i s  e x p e r i m e n t s  w i t h  A v i c e l  c e l l u l o s e  
a r e  shown i n  F i g u r e s  1-4 w i t h  a l l  d a t a  p r e s e n t e d  on  a d r y  f e e d  
b a s i s .  F i g u r e  1 s h o w s  t h a t  o v e r  t h e  t e m p e r a t u r e  r a n g e  o f  450'C- 
9 0 0 ° C  t h e  y i e l d s  o f  g a s ,  c h a r  a n d  l i q u i d s  f r o m  two d i f f e r e n t  
r e a c t o r s ,  o p e r a t e d  b y  two d i f f e r e n t  r e s e a r c h  g r o u p s ,  are  i n  v e r y  
c l o s e  a g r e e m e n t .  F i g u r e s  2 a n d  3 show t h e  v a r i a t i o n  i n  CO a n d  
CO, y i e l d s  w i t h  t e m p e r a t u r e  o v e r  t h e  same r a n g e .  A g a i n ,  a g r e e -  
m e n t  of  t h e  two sets o f  r e s u l t s  is v e r y  g o o d .  Y i e l d s  of h y d r o -  
c a r b o n  g a s e s  are shown i n  F i g u r e  4, a n d  t h e  g o o d  a g r e e m e n t  of 
d a t a  f r o m  t h e  t w o  reac tors  is a g a i n  e v i d e n t  f o r  b o t h  CHL y i e l d  
a n d  C,H, + C,H, y i e l d .  

L i q u i d  p r o d u c t s  f r o m  t h e  p y r o l y s i s  tests were o b t a i n e d  o v e r  
a t e m p e r a t u r e  r a n g e  o f  375°-700"C. T h e s e  l i q u i d s  were a n a l y z e d  
f o r  s p e c i f i c  c h e m i c a l  c o m p o n e n t s  u s i n g  m e t h o d s  d e s c r i b e d  clse- 
w h e r e  (18). R e s u l t s  f o r  n i n e  o f  t h e  more s i g n i f i c a n t  c o m p o n e n t s  
o b t a i n e d  i n  a water e x t r a c t  o f  t h e  t a r s  are  shown i n  F i g u r e s  5-8. 
A l l  of t h e s e  r e s u l t s  were o b t a i n e d  u s i n g  t h e  f l u i d  b e d  p y r o l y s i s  
s y s t e m  of t h e  U n i v e r s i t y  of Waterloo. I t  is  a p p a r e n t  t h a t  a t  a 
c o n s t a n t  r e a c t i o n  t i m e ,  w e l l  d e f i n e d  a n d  f a i r l y  n a r r o w  opt imal  
t e m p e r a t u r e  r a n g e s  e x i s t  c o r r e s p o n d i n g  t o  t h e  maximum y i e l d s  f o r  
e a c h  c o m p o n e n t .  

D i s c u s s i o n  

I n  o r d e r  t o  d e t e r m i n e  i f  t h e  c r i t e r i o n  o f  t h e  r a t i o  o f  h e a t -  
up time t o  rime a t  r e a c t i o n  t e m p e r a t u r e  is ~1.0, i t  is  n e c e s s a r y  
t o  estimate h e a t  t r a n s f e r  rates i n  t h e  reactors  a n d  f o r  t h e  
p a r t i c l e s  u s e d .  I f  t h e  i d e a s  of K o t h a r i  a n d  A n t a 1  (13)  a r e  
a c c e p t e d ,  t h e  time r e q u i r e d  f o r  t h e  c e n t r e  o f  a p a r t i c l e  t o  
a p p r o a c h  500°C w o u l d  r e p r e s e n t  t h e  h e a t - u p  t i m e .  L e d e  ( 1 5 )  comes 
t o  s imilar  c o n c l u s i o n s  f o r  p y r o l y s i s  a t  h i g h  h e a t  f l u x e s ,  b u t  
sets t h e  d e c o m p o s i t i o n  t e m p e r a t u r e  a t  466OC fo r  wood.  T h e  most 
e x t r e m e  c a s e ,  t h a t  i s ,  t h e  l o n g e s t  h e a t - u p  t i m e  i n  t h e  p r e s e n t  
work,  w o u l d  b e  f o r  t h e  l a r g e s t  p a r t i c l e s  a t  t h e  lowest reactor 
t e m p e r a t u r e s .  T h e  c e n t e r  p o i n t  t e m p e r a t u r e  was c a l c u l a t e d  f o r  
600 a n d  100 U m  p a r t i c l e s  f o r  t h e  h e a t i n g  c o n d i t i o n s  o f  a 
f l u i d i z e d  b e d  (16), f o r  a r e a c t o r  t e m p e r a t u r e  o f  500'C w i t h  f e e d  
a t  20'C. T h e  time r e q u i r e d  f o r  t h e  p a r t i c l e  m i d - p o i n t  
t e m p e r a t u r e  t o  r e a c h  45OoC was f o u n d  t o  b e  618 m s  for t h e  600 U m  
p a r t i c l e  a n d  62 m s  f o r  t h e  100 Urn  p a r t i c l e .  I n a s m u c h  a s  t h e  
s o l i d  p a r t i c l e  r e s i d e n c e  times f o r  t h e  l a r g e r  p a r t i c l e s  were f r o m  
2 t o  6 s e c o n d s  i n  t h e  f l u i d i z e d  b e d ,  a n d  for smaller  p a r t i c l e s  i n  
t h e  t r a n s p o r t  r eac to r  were a t  l eas t  500 m s ,  t h e  c r i t e r i o n  of 
r a t i o  of h e a t - u p  t i m e / a v a i l a b l e  r e a c t i o n  time <<l  i s  w e l l  s a t i s -  
f i e d  f o r  a l l  t h e  work r e p o r t e d  h e r e .  

Y 

I 

- 

I 
I 
1 

i 
4 



A n o t h e r  a p p r o a c h  w a 5  t a k e n  by LidtSn (16) t o  e s t i m a t e  the. 
i m p o r t a n c e  of t h e  h e a t - u p  p e r i o d .  On t h e  basis of l o w  t e m p e r a -  
t u r e  p y r o l y s i s  r e s u l t s  r e p o r t e d  i n  t h c  l i t c i r a t u r e .  a n d  t h c  re- 
s u l t s  o b t a i n e d  i n  o u r  l a b o r a t o r y ,  i t  w a s  a s s u m e d  t h a t  i i  t h e  
p a r t i r l r  t e m p e r a t u r e  r e a c h e d  at l e a s t  -150°C b e f o r e  more t h a n  10% 
O f  t h c .  wood d e c o m p o s e d  ( a s  m e a s u r e d  by  a r a t v - o f - w e i g h t  loss 
k i n c t i c  e x p r r b s s i o n )  t h e n  excessive rliar p r o d u c t i o n  u-oulcl bt. 
u v o i a e d ,  a n d  t h e  c o n d i t i o n  f o r  h i g h  t a r  y i e l d s  w o u l d  b e  m e t ,  
s i n c e  t a r  d e c o m p o s i t i o n  w o u l d  b e  m i n i m i z e d  by t h e  r a p i d  v o l a t i l i -  
z a t i o n  a n d  r e m o v a l  of t a r  c o m p o n e n t s .  Assuming  P f i r s t  order  
w e i g h t  loss  e x p r e s s i o n ,  t h i s  h e a t - u p  t i m e  c r i t e r i o n  c a n  hr ex- 
p r e s s e d  a s  

(1) 

w h e r e  t ,  i s  t h e  t i m e  r e q u i r e d  f o r  t h e  p u r t i c l e  c e n t r e  t o  r e a c h  
450°C arid T ( t )  a re  t h e  s e t  o f  f u n c t i o n s  d e s c r i b i n g  t h e  p a r t i c l e  
c en t r e  t e m p e r a t u r e  a s  a f u n c t i o n  of time a f t e r  i n t r o d u c t i o n  of 
f e e d  i n t o  t h e  r eac to r .  T h e  v a l u e  of t h e  f i r s t  o r d e r  r a te  c o n -  
s t a n t ,  k ,  u s e d  s h o u l d  b e  o n e  w h i c h  i s  a p p l i c a b l e  f o r  t h e  r a t e  of 
w e i g h t  l o s s  of t h e  b i o m a s s  s p e c i e s  u s e d .  For  t h e  p u r p o s e s  o f  
e v a l u a t i n g  t h e  a b o v e  c r i t e r i o n ,  t h e  k i n e t i c  p a r a m e t e r s  f o r  t h e  
r a t e  e x p r e s s i o n  d e s c r i b i n g  t h e  t o t a l  d e c o m p o s i t i o n  of wood as  
g i v e n  by T h u r n e r  a n d  Mann ( 2 3 )  were u s e d ,  t h a t  i s  

k = 2.468 ( I O 6 )  exp - 106.5/RT s-’ ( 2  1 

w h e r e  t h e  a c t i v a t i o n  e n e r g y  i s  g i v e n  i n  k J / m o l e .  

N u m e r i c a l  i n t e g r a t i o n  o f  t h e  r i g h t  h a n d  s i d e  o f  e q u a t i . o n  ( 1 )  
for hardwood  p a r t i c l e s  i n  a f l u i d i z e d  b e d  r eac to r  a t  5 0 0 ° C  s h o w s  
t h a t  f o r  a l l  p a r t i c l e  s i z e s  less t h a n  2 mm d i a m e t e r  t h e  c r i t e r i o n  
w i l l  b e  s a t i s f i e d .  I t  f o l l o w s  t h a t  f o r  a l l  t h e  d a t a  p r e s e n t e d  
h e r e  f o r  t h e  t w o  reac tors ,  t h e  p a r t i c l e s  were h e a t e d  t h r o u g h o u t  
t o  a t  l e a s t  4 5 0 ° C ,  e v e n  a t  t h e  lowest r e a c t i o n  t e m p e r a t u r e s ,  
b e f o r e  a n y  a p p r e c i a b l e  w e i g h t  l o s s  o c c u r r e d  f r o m  t h e m .  U n d e r  
t h e s e  c o n d i t i o n s ,  t h e n ,  t h e  p r o d u c t  d i s t r i b u t i o n  f r o m  e i t h e r  
reactor f o r  t h e  same g a s  r e s i d e n c e  times c o u l d  b e  e x p e c t e d  t o  h e  
a f u n c t i o n  o f  r e a c t o r  t e m p e r a t u r e  o n l y ,  e v e n  t h o u g h  b i o m a s s  
s o l i d s  were w e l l  m i x e d  i n  one r e a c t o r ,  a n d  i n  p l u g  f l o w  i n  t h e  
o t h e r .  

R e c e n t l y ,  L i d g n  (16) a n d  D i e b o l d  ( 8 )  u s i n g  d i f f e r e n t  r e a c -  
t o r  c o n f i g u r a t i o n s  h a v e  p r e s e n t e d  v e r y  s imilar  k i n e t i c  m o d e l s  f o r  
t h e  s e c o n d a r y  d e c o m p o s i t i o n  o f  p r i m a r y  p y r o l y s i s  t a r s  f r o m  bio- 
mass. The k i n e t i c  s t e p s  f o r  w h i c h  ra te  c o n s t a n t s  were e v a l u a t e d  
a r e  p r o p o s e d  t o  be p a r a l l e l  i n i t i a l  f i r s t  o r d e r  d e c o m p o s i t i o n s ,  
o n e  y i e l d i n g  v o l a t i l e  l i q u i d s ,  w h i l e  t h e  o t h e r  y i e l d s  c h a r  a n d  
g a s ,  w i t h  r e s p e c t i v e  r a t e  c o n s t a n t s  k l  a n d  k,. T h e  r a t i o  o f  
kl/ k 2  i n  b o t h  m o d e l s  was a s s u m e d  t o  be a c o n s t a n t  w i t h  r e s p e c t  t o  
t e m p e r a t u r e  a n d  t o  r e p r e s e n t  a t h e o r e t i c a l  maximum ( u l t i m a t e )  
l i q u i d  ( o r  t a r )  y i e l d .  The  v o l a t i l e  o r g a n i c s  were t h e n  a s s u m e d  
t o  d e c o m p o s e  by a n o t h e r  f i r s t  o r d e r  p r o c e s s  t o  lower molecular  
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w e i g h t  p r o d u c t s ,  b e c a u s e  e x p e r i m e n t a l  r r s u l t s  f o r  s h o r t  t i m e  
p y r o l y s i s  s u g g e s t  t h a r  l i t t l e  s e c o n d a r y  c h a r  is  f o r m e d  i n  t h i s  
s tep.  (see Figure 1 ) .  E x p e r i m e n t a l  r e s u l t s  a l s o  s u g g e s t  t h a t  t h e  
p r i m a r y  d e c o m p o s i t i o n  step is  l a r g e l y  c c m p l e t e d  be fo re  s i g n i f i -  
c a n t  loss o f  t a r  y i e l d  o c c u r s ,  as e v i d e n c e d  by a n e a r l y  minimum 
c h a r  y i e l d  a t  t h e  maximum l i q u i d  y i e l d ,  a s  w e l l  as low g a s  y i e l d s  
a t  t h i s  p o i n t .  As t a r  y i e l d  d e c r e a s e s  d u e  t o  s e c o n d a r y  decompo-  
s i t i o n  r e a c t i o n s .  gas y i e l d  i n c r e a s e s  p r o p o r t i o n a l l y .  I t  b e c o m e s  
p o s s i b l e ,  t h e n ,  t o  n e g l e c t  t h e  r a t e  o f  the  t a r  f o r m i n g  s t e p  a n d  
t o  e x p r e s s  t h e  c h a n g e  of t a r  y i e l d  d u e  t o  s e c o n d a r y  r e a c t i o n s  by 
a s i m p l i f i e d  k i n e t i c  e x p r e s s i o n ,  g i v e n  b y  b o t h  Lide 'n  (16) a n d  
D i e b o l d  ( 8 )  as 

w h e r e  x i s  t h e  f r a c t i o n a l  t a r  y i e l d ,  x o  i s  t h e  t h e o r e t i c a l  
" u l t i m a t e "  t a r  y i e l d ,  k i s  t h e  f i r s t  o r d e r  ' c o n s t a n t  f o r  t h e  t a r  
d e c o m p o s i t i o n  s t e p  a n d  0 i s  t h e  r e a c t i o n  time f o r  t h e  v a p o r  
p h a s e .  T h e  v a l u e s  u s e d  P o r  t h e  r e a c t i o n  parameters f o r  t a r  
d e c o m p o s i t i o n  were 

L i d 6 n  k3 = 3.1 x 10' e x p  ( - 1 0 7 5 0 0 / R T )  s 1  x o  = 0 . 7 0 3  

D i e b o l d  k, = 1.551 x lo5 e x p  ( - 8 7 6 3 4 / R T )  s 1  x = 0 . 7 8  or 0.76 

L i d e n ' s  p a r a m e t e r s  are b a s e d  o n  e x p e r i m e n t a l  d a t a  f r o m  hardwood 
( p o p l a r )  p y r o l y s i s  i n  a f l u i d i z e d  b e d ,  w h i l e  D i e b o l d ' s  v a l u e s  a r e  
o b t a i n e d  from m e a s u r e m e n t s  o f  t h e  a b l a t i v e  p y r o l y s i s  o f  s o f t w o o d  
f o l l o w e d  b y  t h e r m a l  c r a c k i n g  o f  t h e  p y r o l y s i s  v a p o r s .  

E q u a t i o n  ( 3 )  w a s  a p p l i e d  t o  t h e  r e s u l t s  f r o m  t h e  p y r o l y s i s  
o f  A v i c e l  c e l l u l o s e  w i t h  p r e d i c t i o n  as  s h o w n  i n  F i g u r e  9. I n  
a p p l y i n g  e q u a t i o n  ( 3 )  t o  t h e s e  r e s u l t s ,  t h e  u l i m a t e  y i e l d .  x o ,  
was a s s u n e d  t o  be iOOp6, a l t h o u g h  t h e  low t e m p e r a t u r e  r e s u l t s  
s u g g e s t  a v a l u e  s l i g h t l y  less t h a n  t h i s  m i g h t  b e  more a p p r o p r i -  
a t e .  S i m i l a r l y ,  t h e  y i e l d  o f  water was n e g l e c t e d ,  a l t h o u g h  i t  
r a n g e s  f rom 2%-5b.  The  p r e d i c t e d  t a r  y i e l d s  as s h o w n  i n  F i g u r e  9 
are i n  r e m a r k a b l y  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t ,  c o n s i d e r i n g  t h e  
a s s u m p t i o n s  o f  t h e  m o d e l ,  a n d  t h e  f a c t  t h a t  p a r a m e t e r s  d e r i v e d  
from wood p y r o l y s i s  a re  b e i n g  u s e d  t o  p r e d i c t  y i e l d s  f r o m  t h e  
p y r o l y s i s  o f  a m i c r o c r y s t a l l i n e  c e l l u l o s e .  F u r t h e r ,  n o  e f f o r t  
w a s  made t o  o p t i m i z e  v a l u e s  o f  t h e  p a r a m e t e r s  w i t h  t h e  e x p e r i m e n -  
t a l  d a t a ,  b u t  o n l y  t o  u s e  t h e  v a l u e s  o f  L i d e n  or D i e b o l d .  

I n  s u m m a r y ,  e q u a t i o n  ( 3 )  a p p e a r s  t o  g i v e  a r e a s o n a b l e  des- 
c r i p t i o n  o f  t h e  c o m p l e x  c r a c k i n g  r e a c t i o n s  i n  w h i c h  b i o m a s s  
p y r o l y s i s  t a r s  a r e  c o n v e r t e d  t o  g a s e o u s  p r o d u c t s ,  a t  l e a s t  o v e r  
t h e  t e m p e r a t u r e  r a n g e  o f  a b o u t  50O0-9OO0C, a n d  f o r  s h o r t  v a p o r  
p h a s e  r e a c t i o n  t i m e s .  

T h e  y i e l d s  o f  i n d i v i d u a l  c o m p o n e n t s  shown i n  F i g u r e s  5-8 
s u g g e s t  s t r o n g l y  t h a t  a series o f  s e q u e n t i a l  d e c o m p o s i t i o n  s t e p s  
i s  o c c u r r i n g .  H o w e v e r ,  it i s  n o t  c l e a r  f r o m  these results w h a t  
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the precursor for any particular compound may be, or what system 
of parallel o r  sequential reactions can satisfactorily explain 
the nature of the variation of yield with temperature. More 
extensive analyses of these data are now underway. 
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The thermal decomposition of wood in to  charcoal and tar i s  an old process. 
O n e  example of the existing technology for  wood carbonization i s  the 
Lambiotte process. T h e  ATOCHEM plant located i n  Premery. France, i s  based 
on the pr inciple of external gas c i rculat ion and i s  a completely continuous 
process (1). The heating gas moves upward i n  the retor t  and constantly 
releases i t s  heat i n to  the wood, which i s  moving downward. The annual wood 
charcoal production of th is  plant i s  nowadays 20 OOO t. The charcoal finds 
i t s  use i n  the barbecue and the i ron industries. Another example i s  the 
Brazilian beehive k i l n  for charcoal production i n  a batch mode.  I n  Brazil, 
charcoal i s  mainly sold to the iron, the cement and the barbecue industries. 
I n  1986, the to ta l  annual production of wood charcoal i n  Brazi l  was 
7.5 x 106 t (2) 

The recovery of by-products i s  important for  the economy of both processes. 
The French recover high-value chemicals such as food aromas from the 
pyroligneous liquors (3). The Brazilians market the wood tar by-product as 
a bunker fuel o i l  (4). However, further studies are s t i l l  needed and are 
baing conducted by the industry i n  order to make a greater and a better use 
of the tar and o i l  fraction. 

Laboratory (5) and Process Development Unit (6,7) studies or ig inal ly 
conducted a t  the Universiti! de Sherbrooke, and now conducted j o in t l y  with 
the private industry a t  the Universit6 Laval. have led to the conclusion 
that thermal decomposition under reduced pressure i s  an at t ract ive approach 
for the conversion of biomass in to  chemical and fuel  products. T h i s  
approach i s  characterized by l o w  pressure and short residence time of the 
vapor products i n  the reactor. When compared with conventional, atmospheric 
pressure Carbonization, vacuum pyrolysis has the potential to s igni f icant ly 
enhance the yields of organic l iqu id  products w i t h  respect to so l id  and 
gaseous products. The pyrolyt ic o i l s  obtained from th is  process can be 
deoxygenated in to transportation fuels ( 8 )  and sugars (9) upon further 
upgrading. Specialty as well as rare chemicals can also be extracted from 
the o i l  product (10). 
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This paper discusses the preliminary engineering data leading to the 
construction of a vacuum pyrolysis p i l o t  blant fo r  the conversion of wood 
into oi ls,  chemicals and charcoal. 

EXPERIMENTK 

A shematic of the Process Development Unit (P.D.U.) used i n  th is  study i s  
shown on Figure 1. The reactor i s  a multiple-hearth furnace 2 m high and 
0.7  m diameter. with s ix hearths. Heat transfer i s  provided through heating 
elements. 

A t  the onset of an experiment wood chips are poured batchwise i n  a hopper 
that s i t s  on top o f  the reactor. The hopper i s  equipped w i t h  a feeding 
device and i s  hermetically sealed. For the experiments reported. 6 to 16 kg 
of wood chips with a granulometry 1/4" to 1/2" Tyler Sieves were fed a t  a 
constant rate of 0.8 t o  4 kg h-1. 

A mechanical vacuum pump removed the organic vapor and gas products f r o m  the 
reactor through a series of outlet manifolds set along the reactor cylinder. 
Each outlet was connected t o  a heat exchanger where the vapors were 
condensed and recovered as l iqu id  in to  individual glass receivers. Cold tap 
water circulating on the shel l  side o f  the exchangers was used as Cooling 
medium. The vapors from the heat exchange units were collected i n  a t ra in  
o f  receivers that served as a secondary condensing unit.  The f irst receiver 
was immersed i n  a bath of a water-ethylene glycol mixture. Receivers 2 and 
3 were immersed i n  baths of dry ice-acetone. Receiver 4 was f i l l e d  with 
glass wool a t  room temperature. 

Pressure i n  the system was lower than 80 mm Hg (absolute) under steady-state 
conditions. The nomndensable gas was continuously pumped in to  a 500 L 
vessel that was set under vacuum a t  the beginning of the run. 

The sol id residue was directed toward the bottom of the reactor. The 
residual charcoal was received i n  a metall ic ja r  instal led on a load ce l l .  

A t  time zero of the run, wood chips were fed i n  the preheated reactor. The 
heating plate temperatures increased f rom top to bottom of the reactor. A 
typical temperature pro f i le  was 200 OC to 450 OC. The radial temperature 
gradient for  any heating plate was lower than 5 OC during any single run. 

The P.D.U. was attached to a central microprocessor that permitted 
simultaneous data acquisition and control of some 75 operating parameters 
(64 are recorded and 11 are controlled). A i r  leakage through the system was 
lower than 1.3 X 10-3 atm L s-1. 

The experiments conckrcted on the P.D.U. were performed with Populus 
deltoides. The 8-year-old fast-growing poplar clone D-38 was planted i n  
Brockville, Ontario. The sample was essentially a l l  sapwood with no bark. 
I t  was shipped to our laboratories i n  the form of chips by Forintek Canada 
Carp., Ottawa. I t s  elemental composition was determined to  be 48-2% C .  6.44 
H, 45.3% 0, 0.09% N. and 0.0- S. I t s  gross heating value was 4660 kcal kg- 
1 with and average ash content of 0.6%. Moisture of the a1r-dI-y feedstock 
was determined to be 5.9%. 

RESULTS WD DISCUSSION 

Yields and mass balance 

Results for the operation o f  the multiple-hearth furnace a t  varying f ina l  
therm1 decomposition temperature and reactor pressure are presented i n  
Table 1 of the paper. O i l ,  pyrolyt ic water, charcoal and gas yields are 
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presented along with the mass balance calculation for each run. Table 1 
indicates that the largest amount of oil is obtained at the lowest pressure 
and the higher temperature conditions. The oil yield in particular drops 
sharply with even a slight increase in pressure. Table 1 also indicates 
that a reactor temperature in the range of 425 - 450 OC is optimum to get 
the maximum yield of oil from wood. Table 2 summarizes the data Obtained 
for the gas phase composition for the different runs. 

gep&r.atl.on of water from the organic liquid phase 

One objective of the vacuum pyrolysis process is to produce large quantities 
of liquid fuels and chemicals from wood. However during the process the 
liquid organic product is mixed with water (moisture and pyrolytic water). 
Since extraction of chemicals or further processing of pyrolytic oils mixed 
with water is difficult and expensive, it is highly desirable to separate 
the bulk of the aqueous phase from the organic liquid phase. 

The separation of water and the organics was achived during this study by 
using a series of shell and tube heat exchangers with cool to warm water 
circulating in the shell section. This series of heat exchangers served as 
a primary condensing stage for the recovery of the liquid organic fraction. 
Water was primarily recovered in the series of traps that followed (see 
Figure 1). The relative proportion of water and oil in both condensing 
sections is shown in Table 3 of the paper. Table 3 indicates that the lower 
the pressure, the better the separation between oil and water (see runs C019 
and C025). On the other hand at similar operating pressure, the lower the 
cooling temperature, the more efficient the recovery of oil in the primary 
condensing section (see runs C023 and C025). 

Oil refining 

Further fractionation of the wood oil product is necessary if the objective 
is to either recover pure chemical compounds, or upgrade or process specific 
chemical group composents. Results which are reported by Renaud e- (8) 
and Pakdel eta (10) show that the multiple-hearth reactor can be operated 
in a mode that ewbles the separation and recovery of selected fractions of 
liquid fuels and chemicals. 

Heat requirement for the pyrolysis reaction 

Another engineering parameter to be considered when designing a full scale 
pyrolysis plant is the amount of energy required for the pyrolysis of each 
mass unit of wood fed to the reactor. Such value has been empirically 
determined using the P.D.U. described in this paper, and the detailed 
procedure has been published elsewhere (11). The determination was based on 
the difference of electric energy consumed before of after wood was fed to 
the reactor (heat loss to the atmosphere). and that of the electric energy 
required for maintaining the multiple-hearth furnace at predetermined set- 
point temperature with wood chips flowing through the reactor. It was 
concluded that the heat required for vacuum pyrolysis of  aspen wood is about 
134 kcal kg-1 of anhydrous wood. Overall, the reaction is slightly 
endothermic - 

14 



The amount of heat removed when c o o l i n g  the o r g a n i c  vapor  p r o d u c t s  a t  t h e  
pr imary  condens ing  s t a g e  w a s  also e x p e r i m e n t a l l y  de te rmined  (see F i g u r e  1). 
The h e a t  exchange (&) between t h e  c o o l i n g  medium (water) and  the ho t  vapor  
P r o d u c t s  was calculated u s i n g  t h e  Equat ion  1. 

Equat ion  1) & = mCp ( T w . i n  - T u . o u t )  

where m ' i s  t h e  w a t e r  f l o w r a t e ,  Cp is the h e a t  c a p a c i t y  for water a n d  T n . i n  
and T,.,,t is the water  tempera ture  a t  the i n l e t  and the outlet of t h e  heat 
exchanger ,  r e s p e c t i v e l y .  A f t e r  t a k i n g  i n t o  account  the h e a t  loss t o  t h e  
atmosphere,  t h e  overall heat exchanged w h i l e  c o o l i n g  t h e  gas and vapor  
p r o d u c t  to  50 OC was found to  be 112 k c a l  kg-1 of  a i r - d r y  w o o d .  

The exper imenta l  se t -up  s i m u l t a n e o u s l y  enabled t h e  c a l c u l a t i o n  of t h e  
overall h e a t - t r a n s f e r  c o e f f i c i e n t  U f o r  t h e  h e a t  exchangers ;  T h e  data were 
plugged i n  Equat ion  2. 

Equat ion 2 )  & = UA (AT) 

where A is t h e  t r a n s f e r  area and ( T )  is the t e m p e r a t u r e  d r i v i n g  f o r c e .  The 
c a l c u l a t i o n s  led to the c o n c l u s i o n  t h a t  U v a l u e s  v a r y  between 7 and 13 k c a l  
h-1 m-2 OC-1 a c c o r d i n g  to the p o s i t i o n  of the h e a t  exchanger  attached t o  t h e  
mul t ip le -hear th  f u r n a c e  (11). 

Determination of.. S L c G e f i  heat__of-ction 

The equipment used  enabled u s  t o  determine the s t a n d a r d  heat of  r e a c t i o n  f o r  
p y r o l y s i s  of a i r - d r y  wood c h i p s .  For m a t t e r  of convenience  the standard 
state f o r  wood considered as "a p u r e  subs tance ' '  was 323 K (50 OC) and 12 mm 
Hg. The standard h e a t  of reaction was c a l c u l a t e d  u s i n g  the Equat ion  3. 

Equat ion 3) AH0 323 = A H o t  - A W r  - AHop 

w h e r e  A H O r  is the total e n t h a l p y  change f o r  t h e  r e a c t a n t s  from 
t e m p e r a t u r e  T to  323 K. 

A H O p  is t h e  total  e n t h a l p y  change f o r  the p r o d u c t s  from 323 K to 
t e m p e r a t u r e  T 

A H O t  is t h e  e n t h a l p y  change f o r  the  t h r e e - s t e p  p r o c e s s  i n c l u d i n g  
the e n t h a l p y  change during the i s o t h e r m a l  r e a c t i o n  a t  323 K .  

F i g u r e  2 i l l u s t r a t e s  how e a c h  t e r m  i n  Equat ion  3 was e m p i r i c a l l y  determined 
during r u n  12023. A W ,  and A H O p  i n  Equat ion  3 were calculated u s i n g  a n  
a v e r a g e  heat c a p a c i t y  of  0.5 cal 9-1 OC-1 for wood and 0.246 cal 9-1 oC-1 
for wood c h a r c o a l .  The v a l u e  f o r A H 0 3 2 3  i n  Equat ion  3 was found to  be 22 
k c a l  kg-1. which c o n f i r m s  that the r e a c t i o n  is s l i g h t l y  endothermic.  
Although t h i s  v a l u e  has l i m i t i n g  practical u s e .  it should be viewed as a n  
attempt to  improve our theoritical knowledge of thermodynamics of  wood 
p y r o l y s i s -  

C a l c u l a t i o n  of thermal  e f f i c i e n c y  of the reactor system 

TM thermal  e f f i c i e n c y  of t h e  sys tem def ined  as the ratio of u s e f u l  energy  
provided  by . t h e  vacuum p y r o l y s i s  reactor, to  the energy  s u p p l i e d  to  it 
d u r i n g  a s p e c i f i c  period of  o p e r a t i o n s ,  has been  determined f o r  the same 
exper iment  CO23. The calorific v a l u e s  of the end-products  r e p r e s e n t e d  t h e  
f o l l o w i n g  p e r c e n t a g e s  of  t h e  heating v a l u e  of the i n i t i a l  f e e d s t o c k :  wood 
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charcoal 36%. wood o i l  41% and gas, 5%. Using these data together with 
values from Figure 2 enabled us to  determine that the thermal efficiency was 
82%. For th is calculation the mechanical pump electr ic energy requirement 
was not considered and the reactor was assumed to be perfectly insulated. 

Heattransfer phenomana i n  the reactor 

I n  the pyrolysis reactor, heat can be transferred by conduction. by 
radiation and by convection. Heat transfer by convection i s  negligible due 
to the l o w  pressure conditions i n  the reactor. Both conduction and 
radiation play a signif icant role during pyrolysis and the la t te r  factor i s  
increasingly important a t  higher temperature levels (12). 

The overall heat-transfer coeff icient was estimated using the general 
relat ion €I= uc\ (AT). For the multiple-hearth furnace used, the actual heat 
transfer area used was estimated to  be approximately 30% of the total  
available surface (6 heating plates), since the wood chips moving bed didn’t 
cover the entire section. The transfer area was estimated to be 0.4 m2 
The t%mperature driving force was calculated to be 62 OC (logarithnic mean). 
with 25 OC and 437 OC f o r  the temperature of incoming raw material and the 
exit ing charcoal. respectively. and 200 OC and 450 OC for  the tenperature of 
the top and the bottom heating plate, respectively. With Q,, equal to 150 
kcal kg-1 (air-dry wood). the overall heat-transfer coefficient was found to 
be equal t o  22 kcal h-1 m-2 OC-1. 

CONCLUSION 

A multiple-hearth reactor has been successfully tested f o r  the production of 
high yields of l iqu id  fuels and chemicals. The reactor enabled the 
separation and recovery of water  on the one hand and o i l  fractions or the 
other hand. O i l  yields reached about 33% by weight of the a i r d r y  
feedstock. 

Heat required for the pyrolysis of wood i s  s l igh t ly  endothermic and was 
determined to be 134 kcal kg-1 (on an anhydrous basis). The standard heat 
of reaction a t  323 K and 12 mm Hg was found to be approximately 22 kcal k g l  
of air-dry wood. The thermal efficiency of the process i s  high, i n  tha 
range of 82%. The overall heat transfer coefficient i n  the reactor 1s about 
22 kcal h-1 m-2 OC-1 which i s  i n  range with the existing ConmnWCial 
multiple-hearth furnaces. Preliminary theorit ical calculations indicate 
that a signif icant reduction of the heat surface area of the reactor can be 
achieved by operating the reactor a t  a higher tamperature zone i n  order to 
enhance the radiative effect. 
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ABSTRACT 

A vor t ex  tube  has  c e r t a i n  advantages  as a chemical r eac to r ,  e s p e c i a l l y  i f  the  
r e a c t i o n s  a r e  endothermic,  t h e  r e a c t i o n  pathways a r e  tempera ture  dependent ,  and t h e  
products  are tempera ture  s e n s i t i v e .  With low temperature d i f f e r e n c e s ,  t h e  vo r t ex  
r e a c t o r  can t r ansmi t  enormous h e a t  f l u x e s  t o  a process  s t ream con ta in ing  e n t r a i n e d  
s o l i d s .  h i s  r e a c t o r  has  n e a r l y  plug flow and is i d e a l l y  s u i t e d  f o r  t h e  product ion  
of p y r o l y s i s  o i l s  from biomass a t  low p r e s s u r e s  and r e s idence  times t o  produce about  
10 w t  % char ,  13% water,  7% g a s ,  and 70% oxygenated primary o i l  vapors  based on mass 
balances.  'Ihis product d i s t r i b u t i o n  was v e r i f i e d  by carbon,  hydrogen, and oxyRen 
elemental balances.  The o i l  p roduct ion  appears  t o  form by fragmenting a l l  of t he  
major c o n s t i t u e n t s  o f  t h e  hiomasn. 

INTRODUCTION 

The p y r o l y s i s  of biomass fo l lows  a complex se t  of d i f f e r e n t  chemical pathways, which 
have thus  f a r  no t  been w e l l  e s t ab l i shed .  However, s e v e r a l  g l o b a l  pathways have  been 
e s t ab l i shed .  which exp la in  most of t h e  observed phenomena. As shown i n  F igu re  1. 
t h e  f i r s t  r eac t ion  in f a s t  p y r o l y s i s  of biomass is t h e  depolymer iza t ion  of t h e  
l i g n o c e l l u l o s e  macropolymers t o  form v i scous  primary o i l  p recursors .  These 
p recu r so r s  a r e  formed w i t h  almost no by-products, and consequent ly  t h e i r  e l emen ta l  
composition i s  very  similar t o  t h e  o r i g i n a l  biomass. With low h e a t i n g  rates, much 
of t h e  primary o i l  p recu r so r s  c a n  repolymer ize  t o  the rma l ly  s t a b l e  polymers th rough  
t h e  e l imina t ion  of mostly water t o  even tua l ly  form t h e  m a t e r i a l  known as char. 
Phys ica l  evidence f o r  a l i q u i d  or  p l a s t i c  phase in t e rmed ia t e  i n  t h e  fo rma t ion  o f  
char  is t h e  phys ica l  shr inkage  of t h e  macrodimensions of wod .  which t akes  p l ace  
dur ing  cha r r ing  (1) i n  a manner analogous t o  hea t  sh r inkab le  polye thylene  tub ing .  
If t h e  hea t ing  of t h e  biomass proceeds very  quick ly  t o  tempera tures  above 450OC. 
most of t h e  primary o i l  p r e c u r s o r s  can  c r a c k  and vapor i ze  b e f o r e  t h e y  form char.  In 
t h e  vapor state. t h e  primary o i l  molecules are q u i t e  d i l u t e ,  which slows p o s s i b l e  
second-order po lymer iza t ion  r eac t ions .  This d i l u t i o n  allows any u n s t a b l e  pr imary  
o i l  vapors  t o  be conver ted  by f i r s t - o r d e r  r e a c t i o n s  t o  more s t a b l e  compounds, which 
can be co l l ec t ed  from a r e a c t o r  des igned  t o  have a s h o r t  gaseous  r e s idence  t i m e  
followed by rap id  quenching. h e r m a l  s t a b i l i t y  is r e l a t i v e ,  however, and these  
s t a b i l i z e d  primary o i l  vapors  r e a d i l y  c rack  t o  gases  fo l lowing  a g l o b a l  f i r s t - o r d e r  
r e a c t i o n  (2) .  h e  cracking  of t h e  primary o i l  vapors  proceeds w i t h  a 10% l o s s  in 
36 m s  a t  7OO0C and ex t r apo la t ed  10% l o s s e s  i n  6 m s  a t  9OO0C and 591 m s  a t  500°C. 

Obviously,  t h e  lower t h e  tempera ture  of t h e  primary vapors i n  t h e  r e a c t o r ,  t h e  
g r e a t e r  t h e  y i e ld  of primary vapor s  which can  s u r v i v e  pas s ing  th rough  t h e  r e a c t o r  t o  
t h e  quench zone. Hinimizing t h e  t i m e  r equ i r ed  t o  t r a v e l  from t h e  vapor format ion  
zone in t h e  r e a c t o r  t o  a lower tempera ture  quench zone a l s o  h e l p s  t o  maximize t h e  
primary oil vapor y i e l d s .  The i d e a l  r e a c t o r  would t h u s  provide  l a r g e  h e a t  f l u x e s  
p r e f e r e n t i a l l y  t o  t h e  pyro lyz ing  biomass p a r t i c l e .  wh i l e  n o t  ove rhea t ing  t h e  s u r f a c e  
of  t h e  p a r t i c l e  t o  cause  c rack ing  of t h e  primary vapors t o  gases  a s  t he  vapors  
escape  the  su r face  of t h e  p a r t i c l e .  h e  i d e a l  r e a c t o r  would a l l o w  t h e  vapor s  t o  b e  
immediately swept away by a c o l d e r  carrier g a s  s t ream out  of t h e  r e a c t o r  t o  a cold 
quench zone i n  o r d e r  t o  p re se rve  as much of t h e  vapors  as poss ib le .  h e  r e s i d e n c e  
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t i m e  of t h e  biomass p a r t i c l e s  i n  t h e  i d e a l  r e a c t o r  must be long enowh  t o  ensure 
complete p y r o l y s i s ,  bu t  t h e  accumulat ion of dead cha r  i n  t h e  r e a c t o r  is 
undes i r ab le .  It would a l s o  be  advantageous i f  t h e  r e a c t o r  could s e l e c t i v e l y  remove 
dead char  and r e c y c l e  p a r t i a l l y  pyrolyzed p a r t i c l e s .  

The use of thermal r a d i a t i o n  f o r  f a s t  p y r o l y s i s  h a s  been explored,  a s  t h i s  approach 
p r e f e r e n t i a l l y  h e a t s  t h e  s o l i d  wi th  p o t e n t i a l l y  h i g h  h e a t  f l w e s .  However, hea t ing  
t h e  p a r t i c l e  w i th  a h igh  temperature  h e a t  sou rce  can d r i v e  t h e  s u r f a c e  temperature 
of t h e  p a r t i c l e  t o o  h igh  and some vapor c rack ing  would be  expected. 'Ihe u s e  of  hot 
f l u e  gases  or hot  s o l i d s  a s  a h e a t  t r a n s f e r  medium r e q u i r e s  t h a t  they be a t  very 
high temperatures  t o  l e s s e n  t h e  amount of t h e  medium which must be generated o r  
r ecyc led ;  f l u e  gases  or h o t  sand a t  900' t o  1000°C have been used f o r  f a s t  
p y r o l y s i s ,  but tend t o  produce h i g h e r  y i e l d s  of noncondensible g a s e s  from cracking 
t h e  primary p y r o l y s i s  o i l  vapor s  t o  g a s e s  a s  desc r ibed  above. ' h e  i d e a l  r e a c t o r  fo r  
t h e  py ro lys i s  of biomass t o  primary o i l s  would ach ieve  high h e a t  t r a n s f e r  r a t e s  
through t h e  use of  a mechanism which has  an i n h e r e n t l y  high hea t - t r ans fe r  
c o e f f i c i e n t ,  r a t h e r  t h a n  through t h e  u s e  of  a high-temeprature source.  Such a hea t  
t r a n s f e r  mechanism i s  a t t a i n e d  by t h e  conduct ion of hea t  from a moderately hot 
r e a c t o r  wa l l  d i r e c t l y  t o  t h e  biomass p a r t i c l e .  

It can be r e a d i l y  demonstrated t h a t  when a s t a i n l e s s  s t e e l  w i re  a t  500' t o  9OO0C is  
con tac t ed  wi th  a m o n o l i t h i c  p i e c e  of  biomass,  t h e  biomass s u r f a c e  is a b l a t i v e l y  
pyrolyzed and converted t o  a l i q u i d  which a l lows  passage of t h e  wi re  and t o  vapors 
which condense t o  form smoke. I f  t h e  s t o r e d  energy i n  t h e  wire  i s  t r a n s f e r r e d  t o  
t h e  biomass by s l i d i n g  t h e  wi re  a c r o s s  t h e  biomass,  p y r o l y s i s  r a t e s  over  3 cm/sec 
a r e  observed (3). This method of h e a t  t r a n s f e r  h a s  been s t u d i e d  by pushing a wooden 
rod i n t o  a heated,  s t a i n l e s s  s t e e l  d i s k ,  and t h e  p y r o l y s i s  r a t e  has  been found t o  be 
p ropor t iona l  t o  t h e  p r e s s u r e  exe r t ed  and t o  t h e  temperature  d i f f e r e n c e ,  where t h e  
biomass s u r f a c e  w a s  c a l c u l a t e d  t o  be pyrolyzing a t  466OC. Heat t r a n s f e r  
c o e f f i c i e n t s  a s  h i g h  a s  8 W/cm2 were r e p o r t e d ,  which is over  300 t imes h ighe r  than 
f o r  thermal  r a d i a t i o n  from a w a l l  a t  900°C having an e m i s s i v i t y  of one (4).  

Although a r e a c t o r  can be designed t o  push wooden rods  i n t o  a hot  s u r f a c e  f o r  
r e s e a r c h  purposes (4, S),  most p r a c t i c a l  biomass f eeds tocks  a r e  expected t o  be  i n  
t h e  form of  sawdust or ch ips .  A modified entrained-bed r e a c t o r  was s e l e c t e d  i n  
which the  e n t r a i n e d  p a r t i c l e s  e n t e r  t h e  r e a c t o r  t a n g e n t i a l l y  so t h a t  c e n t r i f u g a l  
f o r c e s  push t h e  f e e d s t o c k  p a r t i c l e s  on to  t h e  e x t e r n a l l y  heated c y l i n d r i c a l  wal l .  
Drag f o r c e s  induced on t h e  p a r t i c l e  by t h e  e n t r a i n i n g  g a s  s t ream s e r v e  t o  keep the 
p a r t i c l e s  moving on t h e  wal l .  Since t h e  p a r t i c l e s  a r e  on or v e r y  n e a r l y  on t h e  
w a l l ,  they tend t o  i n t e r c e p t  p r e f e r e n t i a l l y  t h e  h e a t ,  which i s  conducted through the 
r e a c t o r  wall .  With nonreac t ing  s o l i d  p a r t i c l e s  i n  a hea t  exchanger made from a 
cyclone sepa ra to r ,  t h e  t o t a l  h e a t  t r a n s f e r r e d  t o  t h e  p rocess  s t ream was r e l a t i v e l y  
independent of t h e  s o l i d s '  c o n t e n t  a t  ca r r i e r - to - so l id s  (C/S) mass r a t i o s  a s . 1 0 ~  a s  
one, whereas with more s o l i d s ,  t h e  h e a t  t r a n s f e r r e d  inc reased  d rama t i ca l ly .  The 
temperature  rise i n  t h e  g a s  s t r eam was as  l i t t l e  a s  h a l f  of t h a t  s een  i n  t h e  s o l i d s  
a t  t h e s e  l o w  C/S r a t i o s .  The h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  w a l l  to  a so l id s -  
f r e e  gas  w a s  foiind t o  f o l l o w  t r a d i t i o n a l  convec t ive  h e a t  t r a n s f e r  r e l a t i o n s h i p s ,  but 
t o  be 1.8 t imes h i g h e r  i n  t h e  cyclone than  i n  a s t r a i g h t  t ube  f o r  t h e  same en te r ing  
tube  diameter  and e n t e r i n g  g a s  v e l o c i t i e s  (6). A r epor t ed  p r o p e r t y  of a cyclone i s  
t h a t  above an e n t e r i n g  Reynold's number of 3000, t h e  cyclone has  plug f low (7). "he 
cyclone is an i n t e r e s t i n g  r e a c t o r  concept f o r  t h e  p y r o l y s i s  of  biomass,  a s  reported 
i n  t h e  l i t e r a t u r e  (7 ,  8). However, t h e  r e a c t o r  of i n t e r e s t  i n  t h i s  paper i s  a 
v o r t e x  tube ,  which h a s  many s i m i l a r i t i e s  t o  a cyclone s e p a r a t o r .  

Vortex tubes  have a t a n g e n t i a l  e n t r a n c e  i n t o  one end of  a c y c l i n d r i c a l  t ube  and an 
e x i t  a t  t h e  o t h e r  end of  t h e  tube.  I f  a second e x i t  is added n e a r  t h e  t a n g e n t i a l  
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316 SS c y l i n d r i c a l  vo r t ex  tube  wa l l  was machined t o  l eave  a 3mm high  and 3-m wide 
r a i s e d  h e l i c a l  r ib .  High-speed movies taken  of t h e  cold-flow system v e r i f i e d  t h a t  
the r a i s e d  r i b  forced  t h e  s o l i d s  t o  t ake  t h e  des i r ed  t i g h t  h e l i c a l  pa th  (13). A 

I. t r a c e r  gas  experiment,  fo l lowing  t h e  progress  of propane p y r o l y s i s ,  v e r i f i e d  tha t  
t h i s  r e a c t o r  des ign  was e s s e n t i a l l y  plug flow, wi th  t h e  i n n e r  v o r t i c e s  c o n t r i b u t i n g  
a ve ry  sma l l  amount of i n t e r n a l  r ecyc l ing  ( 1 4 ) .  
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The temperature a t  the e x i t  of t h e  i n s u l a t e d ,  but unheated, r e c y c l e  loop is 
t y p i c a l l y  400' t o  45OoC. 'Ihe c a r r i e r  gas  is preheated t o  between 600' and 7OO0c 
p r i o r  t o  expansion through t h e  e j e c t o r  nozzle.  With these  c o n d i t i o n s ,  the 
temperature  of  t h e  p y r o l y s i s  s t ream i s  480' t o  520°C, as i t  e x i t s  t h e  v o r t e x  r e a c t o r  
system. About 10% of t h e  feed is converted t o  cha r ,  which is recycled with the 
scorched feed u n t i l  i t  is a t t r i t e d  t o  l e s s  t h a n  5 0  micrometers i n  s i z e .  'he vor t ex  
r e a c t o r  system a c t s  as a p a r t i c l e  size c l a s s i f i e r ,  and t h e  cha r  f i n e s  a r e  en t r a ined  
o u t  of t h e  vo r t ex  system t o  be  removed by a cyclone s e p a r a t o r  having a higher  
c o l l e c t i o n  e f f i c i e n c y .  I h e  f i n e  c h a r  h a s  a v o l a t i l e  con ten t  of 15% t o  20% and burns 
r e a d i l y ,  e s p e c i a l l y  when hot .  The bulk d e n s i t y  of t h e  f i n e  cha r  i s  between 0.18 and 
0 . 2 4  g/mL, depending upon whether it was f r e s h l y  poured o r  has  been allowed t o  
s e t t l e  ( t h e  bulk d e n s i t y  of  t h e  sawdust f eeds tock  was 0.24  g/mL). 'Ihe empi r i ca l  
formula f o r  t h i s  v o l a t i l e  cha r  is C H 0 , 5 3 0 0 , 1 2 ,  and it has  a hea t ing  value (HHV) of 
33 k J / g  ( 1 4 , 0 0 0  Btul lb) .  A microscopic  examinat ion of t h e  cha r  f i n e s  shows t h a t  t h e  
p a r t i c l e s  have t h e  appearance of  broken thin-wal led tubes ;  i.e., charred and broken 
c e l l  wa l l s .  

As noted above, t h e  primary vapor s  a r e  c rack ing  s i g n i f i c a n t l y  even a t  5OO0C and a 
r e s idence  time of h a l f  a second. I f  t h e  r e c y c l e  loop  of t h e  vo r t ex  r e a c t o r  is 
removed, t h e  y i e l d  of  permanent g a s e s  is about  3%, based on t h e  r eac t ed  feed. The 
i n i t i a l  g a s e s ,  which a r e  formed under t h e s e  c o n d i t i o n s ,  a r e  e x t r a o r d i n a r i l y  r i c h  i n  
carbon d iox ide  and a r e  a s s o c i a t e d  w i t h  t h e  formation of  char.  With t h e  r e c y c l e  loop 
open, some of t h e  pr imary p y r o l y s i s  vapors  a r e  r ecyc led  along w i t h  t h e  c a r r i e r  gas ,  
unreacted s o l i d s ,  and l a r g e  char.  The a d d i t i o n a l  time. which t h e  recycled primary 
vapors  spend i n  t h e  vo r t ex  r e a c t o r  l e a d s  t o  a small  l o s s  i n  t h e  y i e l d  of primary 
vapor s  and a higher  y i e l d  of noncondensible  g a s e s  of about 7%. lhe composition of 
t h e  gases  s h i f t s  cons ide rab ly  from t h e  i n i t i a l  gases  formed t o  t h a t  a s s o c i a t e d  with 
a sma l l  loss of primary vapors.  An even g r e a t e r  sh i f t  i n  t h e  gas  composition occurs 
with more ex tens ive  c rack ing  of t h e  primary vapors  t o  produce an assymptot ic  g a s  
composi t ion a s  t h e  primary vapors  nea r  e x t i n c t i o n ,  which i s  low i n  carbon dioxide,  
a s  shown i n  Table 1. 

The experimental  de t e rmina t ion  o f  t h e  feed consmed,  t h e  cha r  y i e l d ,  and the  
noncondensible gas  y i e l d s  a r e  r e l a t i v e l y  s t r a igh t fo rward .  However, t h e  primary 
vapor  and water y i e l d s  have proven d i f f i c u l t  t o  measure d i r e c t l y  due to  the  
formation of ae roso l s .  These a e r o s o l s  escape high-pressure s p r a y s ,  cyclofiic 
s e p a r a t o r s ,  and impingement o r  i n e r t i a l  c o l l e c t i o n  techniques.  The use of 
condensible  steam a s  t h e  c a r r i e r  g a s  makes t h e  water  y i e l d  ve ry  s e n s i t i v e  t o  small  
measurement e r r o r s  i n  t h e  steam c a r r i e r  g a s  flow. I h e  use of noncondensible gases  
as t h e  c a r r i e r  t e n d s  to  s t r i p  t h e  v o l a t i l e  o r g a n i c s  and t h e  water  o f  p y r o l y s i s  from 
t h e  condensate. These c o n s i d e r a t i o n s  have l ed  t o  t h e  use of  a noncondensible 
c a r r i e r  gas, n i t r o g e n ,  and t o  t h e  de t e rmina t ion  of  t h e  water formed dur ing  p y r o l y s i s  
and t h e  primary o i l  y i e l d  by d i f f e r e n c e .  By ana lyz ing  t h e  recovered condensate for 
wa te r ,  t h e  y i e l d  of water  may b e  determined. These techniques l e d  t o  t h e  conclusion 
t h a t  y i e l d s  of about 70% primary vapors  were achieved, based on taking the  
d i f f e r e n c e  between the  sawdust f ed  and t h e  measured g a s  flow and cha r  c o l l e c t e d .  
c o r r e c t i n g  f o r  t he  water  c o n t e n t  o f  t h e  condensates.  Af t e r  e lemental  compositions 
were obtained f o r  t h e  feed and t h e  c o l l e c t e d  p roduc t s ,  an elemental  balance was 
computed which v e r i f i e d  t h e  high pr imary vapor  y i e l d s  of  69 t o  77 w t  X ,  a s  shown in 
Table 2, based on t h e  y i e l d  of recovered c h a r  (2). 

The Primary p y r o l y s i s  o i ls ,  which have been recovered from the vo r t ex  r eac to r ,  a r e  
h igh ly  oxygenated and have n e a r l y  t h e  same elemental  composition a s  t h e  biomass 
feedstock.  ' h e  o i l s  have a da rk  brown c o l o r  and a r e  a c i d i c  with a pH between two 
and th ree .  'he h e a t i n g  v a l u e  (HHV) of  t h e  d r y  oils is 20 t o  22 kJ/g (8700 t o  
9 5 0 0  Btu/lb).  The oils can absorb up t o  about 25% water be fo re  forming twO 
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phases.  The v i s c o s i t y  of  t h e  oils was 1300 cp a t  3OoC, and t h e  d e n s i t y  was 1.3 g/mL 
(15) .  Although t h e  primary vapors  have a low molecular  weight a s  determined by t h e  
FJMBMS ( 1 6 ) ,  t h e y  r a p i d l y  polymerize upon phys ica l  condensation t o  form high- 
molecular-weight compounds in t h e  o i l s  (17). Attempts t o  s lowly d i s t i l l  t h e  oils 
l e d  t o  t h e  r ap id  polymerizat ion o f  t h e  oils b o i l i n g  above 100°C ( 1 5 ) .  The o i l s  have 
s i g n i f i c a n t  chemical a c t i v i t y ,  which sugges t s  t h e i r  p o t e n t i a l  use i n  l o w s o s t  
adhes ives ,  c o a t i n g s ,  and p l a s t i c s .  

The concept of supplying h e a t  through t h e  wa l l  of a vo r t ex  r e a c t o r  to  d r i v e  
endothermic processes  is i n  i ts e a r l y  developnent.  The scale-up p o t e n t i a l  o f  t h i s  
concept  depends upon t h e  angu la r  momentm of t h e  s w i r l i n g  c a r r i e r  gases  t o  keep t h e  
e n t r a i n e d  feed p a r t i c l e s  moving on t h e  wal l .  me h e a t  f l u x  d e l i v e r e d  t o  t u b u l a r  
py$o lys i s  r e a c t o r s  t y p i c a l l y  ranges between 5 and 15 W/cm2 (20 .000  t o  50,000 Btu/hr- 
f t  ). Reported d a t a  f o r  vo r t ex  t u b e s  i n d i c a t e s  t h a t  with d i ame te r s  l a r g e r  t h a n  
2.5 cm most of t h e  angular  momentwn is r e t a i n e d  even a f t e r  t r a v e l i n g  a tube l eng th  
equ iva len t  t o  20 tube diameters .  The major momentm l o s s e s  a r e  due t o  t h e  
f r i c t i o n a l  con tac t  of t h e  s o l i d s  and t h e  gases  wi th  t h e  vortex-tube wall. With 
l a r g e r  vo r t ex  t u b e s  needed f o r  scale-up,  t h e  angu la r  momentm of  t h e  p rocess  s t ream 
w i l l  i n c r e a s e  more than t h e  f r i c t i o n a l  l o s ses .  The h e a t  t r a n s f e r r e d  t o  t h e  r e a c t o r  
w i l l  s c a l e  by the  product  o f  t h e  diameter  AND t h e  length.  These c o n s i d e r a t i o n s  have 
l e d  to  c a l c u l a t i o n s  which suggest  t h a t  a vo r t ex  r e a c t o r  w i th  a 250 TPD c a p a c i t y  
would have a diameter  of only about 0 .5  m and a l e n g t h  of  9 t o  12 m. ' h e  
f a b r i c a t i o n  technique would most l i k e l y  be by t h e  welding up o f  a s p i r a l l y  wrapped 
tube  t o  form the  raised, h e l i c a l  r i b .  

CONCLUSIONS 

For t h e  f a s t  p y r o l y s i s  of biomass, a vo r t ex  r e a c t o r  h a s  s i g n i f i c a n t  advantages f o r  
t h e  product ion of primary p y r o l y s i s  vapors ,  i nc lud ing :  high hea t  t r a n s f e r  
c o e f f i c i e n t s  which al low t h e  use  of moderately low temperatures  of t h e  vo r t ex  
r e a c t o r  w a l l s  t o  supply t h e  endothermic hea t  of p y r o l y s i s ;  s e p a r a t i o n  of  t h e  
p a r t i a l l y  pyrolyzed feed p a r t i c l e s  from t h e  char;  t h e  a b i l i t y  t o  r e c y c l e  t h e  
p a r t i a l l y  pyrolyzed f eed ;  t h e  a b i l i t y  t o  accep t  a wide spectrum of p a r t i c l e  s i z e s  i n  
t h e  feed;  s h o r t  gaseous r e s idence  t imes;  n e a r l y  plug flow; and p r e f e r e n t i a l  hea t ing  
of t h e  s o l i d  feed over t h e  vapor s t ream, t o  p re se rve  t h e  primary vapors.  Primary 
p y r o l y s i s  vapor y i e l d s  i n  t h e  70% range have been ca l cu la t ed  by mass ba l ances  and 
v e r i f i e d  by elemental  ba l ances ,  a l though phys ica l  c o l l e c t i o n  of t h e s e  vapors  h a s  
proven t o  be e l u s i v e  due t o  t h e  formation of p e r s i s t e n t  a e r o s o l s  and due to  the 
v o l a t i l i t y  of t h e  vapors i n  t h e  c a r r i e r  g a s  (methods t o  recover  t h e s e  vapor s  more 
completely with p r a c t i c a l  means a r e  under development). 
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Table 1. Pyrolys is  Gas Composition at Various Cracking Sever i t ies  (mol %) 
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a b l e  2. Elemental Balance for Fast Pyrolysis to Primary Vapors 

Feed + Primary k'apors + Water + Char + Gas 

CH1.400.62 + CH1.200.49 + H2° + CH0.5300.12 -+ CH0.3801.33 

Exp . 
Char Yield Primary Vapors Water Prompt Gas 

7.5 

10.5 

12.7 

76.8 11.7 4.0 

73.1 12.8 4.1 

69.0 14.0 4.3 
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FAST PYROLYSIS OF PRE-TREATED WOOD AND CELLULOSE 
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Introduction 

Over the last several years, the Waterloo Fast Pyrolysis 
Process (WFPP) has been developed to maximize yields of liquids 
by the rapid thermal decomposition of lignocellulosic biomass. 
The process operates at atmospheric pressure and the reaction is 
carried out in a fluidized bed of sand as a heat transfer medium. 
Optimal conditions for woody biomass are 45O0-55O0C and about 0.5 
seconds gas residence time. The nature of the fluidizing gas has 
little influence on yields. 

Liquid yields from wood at optimal conditions are 70%-80% of 
the dry feed, with the organic liquid yields being 60%-65% of the 
dry wood fed. A description of the process and the yields ob- 
tained with various types of biomass has been published previous- 
ly by the authors (1)(2). Extensive identification and quantifi- 
cation of many of the individual compounds present in these 
pyrolytic oils have also been reported (3)(4)(5). 

Shortly before his death, Shafizadeh suggested (6) that pre- 
treatment of the wood by a mild acid hydrolysis to remove hemi- 
celluloses followed by pyrolysis of the wood would allow a higher 
yield of fermentable sugars to be obtained, because the pentoses 
could be recovered from the acid hydrolysate and added to the 
anhydrosugars customarily formed in wood pytolysis oils. How- 
ever, this argument overlooked the fact that very low yields of 
anhydrosugars are normally obtained from wood except under slow 
heating at low temperatures (and perhaps vacuum) conditions. 
Certainly, yields of anhydrosugars and glucose from the rapid 
pyrolysis of wood in the WFPP are usually less than 5%. However, 
it was decided in this work, for other reasons, to investigate 
the effect on pyrolysis yields, and on the composition of the 
liquid product, of a mild pre-hydrolysis to remove part or most 
of the pentoses while leaving the cellulose content unaffected. 
The results of preliminary work are reported here. 

Experimental 

Samples of a standard poplar wood and of commercial cellu- 
lose products (IEA hybrid poplar, SS-144 chromatographic cellu- 
loses and Avicel pH 102 microcrystalline cellulose) were used as 
test materials. Properties of these feeds are given in Table 1. 

pyrolysis of raw and treated wood or cellulose was carried 
out at standardized conditions for all runs (500"C, 0.46 seconds 
gas residence time, N 2 ,  -590 urn particle size) using the bench 
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s c a l e  f l u i d i z e d  b e d  a p p a r a t u s  w h i c h  h a s  b e e n  d e s c r i b e d  e l s e w h e r e  
( 1 ) .  M e t h o d s  of a n a l y s i s  o f  t a r ,  g a s ,  c h a r  a n d  water y i e l d s  h a s  
a l s o  b e e n  d e s c r i b e d  p r e v i o u s l y  ( 2 ) .  

Wood or c e l l u l o s e  was h y d r o l y z e d  i n  a b a t c h  r eac to r  a t  90°C 
u s i n g  s u l f u r i c  a c i d  c o n c e n t r a t i o n s  o f  1%, 3% a n d  5% w i t h  r e a c t i o n  
times o f  6 o r  1 9  h o u r s  a n d  l i q u i d  to s o l i d  w e i g h t  r a t i o s  of 4 : l  
or 12:l. A summary of r e a c t i o n  c o n d i t i o n s  i s  g i v e n  i n  T a b l e  1. 
H y d r o l y s i s  c o n d i t i o n s  were s e l e c t e d  t o  g i v e  a h i g h  d e g r e e  o f  
c o n v e r s i o n  of t h e  g l u r u r o n o x y l a n ,  w h i c h  i s  t h e  p r i n c i p a l  compo- 
n e n t  uf h a r d w o o d  h e m i c e l l u l o s e ,  t o  x y l o s e ,  w h i l e  l e a v i n g  t h e  
ce l lu lose  u n a f f e c t e d .  A f t e r  t r e a t m e n t ,  t h e  s a m p l e  was f i l t e r e d ,  
w a s h e d  t o  a pH o f  6 . 3  a n d  d r i e d  a t  room t e m p e r a t u r e .  

A n a l y s i s  of a c i d  h y d r o l y s a t e  a n d  o f  t h e  water e x t r a c t  o f  t h e  
p y r o l y s i s  o i l s  was d o n e  b y  HPLC (Aminex  HPX-87H c o l u m n  a t  6 5 " C ,  
e l u e n t  0 . 0 7  N H3P0, , ,  e l u e n t  f l o w  r a t e  0 . 3 2  x 2 . 2 5  m l / m i n ) .  

Resu l t s  

T a b l e  2 s h o w s  t h e  a m o u n t  of x y l a n  r e m o v e d  d u r i n g  t h e  v a r i o u s  
a c i d  t r e a t m e n t s .  The  c a l c u l a t e d  p e r c e n t  r e m o v a l  i s  b a s e d  on  a n  
a s s u m e d  v a l u e  o f  20 .5% b y  w e i g h t  o f  p e n t o s a n s  i n  t h e  IEA p o p l a r  
( 7 ) .  T h e  t o t a l  w e i g h t  l o s s  from t h e  wood e x c e e d e d  t h e  e q u i v a l e n t  
amount o f  x y l o s e  r e c o v e r e d ,  b e c a u s e  o f  t h e  h y d r o l y s i s  of some 
l i g n i n  a n d  some m i n o r  h e m i c e l l u l o s e  c o n s t i t u e n t s .  T h e  r e s u l t s  o f  
T a b l e  2 s u g g e s t  t h a t  a t  e v e n  t h e  m i l d e s t  h y d r o l y s i s  c o n d i t i o n s  
( 1 %  HzSOU a t  9 0 ° C  f o r  19 h o u r s  a t  a 4 : l  l i q u i d  t o  s o l i d  r a t i o )  
most  o f  t h e  r e a d i l y  h y d r o l y z a b l e  x y l a n  h a s  b e e n  c o n v e r t e d  t o  
x y l o s e .  C h a n g i n g  t h e  l i q u i d  t o  s o l i d  r a t i o  a t  c o n s t a n t  a c i d  
s t r e n g t h  h a d  l i t t l e  e f f e c t ,  i n d i c a t i n g  t h e  r e l a t i v e  c o m p l e t e n e s s  
of t h e  i n i t i a l  h y d r o l y s i s  r e a c t i o n s  of h e m i c e l l u l o s e .  Also shown 
i n  T a b l e  2 a re  t h e  b l a n k  run c a r r i e d  o u t  u s i n g  h o t  water o n l y ,  as  
w e l l  as t h e  c o n d i t i o n s  f o r  t h e  a c i d  t r e a t m e n t  o f  t h e  c o m m e r c i a l  
cel luloses  u s e d .  

T h e  r e s u l t s  o f  t h e  p y r o l y s i s  runs f o r  t h e  u n t r e a t e d  a n d  
t r e a t e d  p o p l a r  wood a re  g i v e n  i n  T a b l e  3. T h e  two r u n s  i n  w h i c h  
most o f  t h e  x y l a n  was r e m o v e d  b y  a c i d  h y d r o l y s i s  g a v e  a 78%-80% 
y i e l d  of o r g a n i c  l i q u i d ,  a n d  a g r e a t l y  r e d u c e d  y i e l d  o f  water. 
T h e  c h a r  a n d  g a s  y i e l d s  were a l so  r e d u c e d  t o  a b o u t  o n e  h a l f  t h e  
v a l u e  of t h a t  for t h e  u n t r e a t e d  wood.  T a b l e  4 g i v e s  t h e  a n a l y s e s  
o f  t h e  o r g a n i c  l i q u i d  f r a c t i o n  p r o d u c e d  i n  t h e  p y r o l y s i s  r u n s  
shown i n  T a b l e  3. T h e  most n o t a b l e  f e a t u r e  i s  t h e  s h a r p  i n c r e a s e  
i n  l e v o g l u c o s a n  a n d  i n  t o t a l  s u g a r  c o n t e n t  of t h e  o i l s  f r o m  t h e  
a c i d  h y d r o l y z e d  w o o d ,  w h i l e  a s h a r p l y  r e d u c e d  y i e l d  of h y d r o x y -  
a c e t a l e d h y d e  o c c u r r e d  s i m u l t a n e o u s l y .  A m a r k e d  d e c r e a s e  i n  t h e  
a m o u n t s  of a c i d  p r o d u c e d  from t r e a t e d  wood i s  a l so  a p p a r e n t .  

S i m i l a r  r e s u l t s  are  shown i n  T a b l e  5 f o r  a commercial low 
a s h  c e l l u l o s e  ( S S 1 4 4 )  w h i c h  g a v e  h i g h  y i e l d s  o f  h y d r o x y a c e t a l d e -  
h y d e  f r o m  p y r o l y s i s  a t  5OO0C, a n d  much less l e v o g l u c o s a n .  A f t e r  
a m i l d  h y d r o l y s i s ,  l e v o g l u c o s a n  y i e l d  was s h a r p l y  i n c r e a s e d ,  a n d  
t h a t  of h y d r o x y a c e t a l e d h y d e  d e c r e a s e d .  A l a r g e  i n c r e a s e  i n  
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c e l l o b i o s a n  y i e l d  was a l s o  o b s e r v e d  f o r  b o t h  this c e l l u l o s e  a n d  
f o r  t h e  t r e a t e d  wood.  

R e s u l t s  f o r  t h e  p y r o l y s i s  of u n t r e a t e d  a n d  f o r  n r i d  w a s h e d  
A v i c e l  PH-102 a r e  a l s o  g i v e n  i n  T a b l e  5. A g a i n ,  a l a r g e  i n c r e a s e  
i n  l e v o g l u c o s a n  y i e l d  a n d  a n  a l m o s t  z e r o  y i e l d  of h y d r o x y a c e t a l -  
d e h y a e  r e s u l t  f r o m  a c i d  w a s h i n g .  T h e  y i e l d s  of a c i d s  a n d  o f  
o t h e r  m i n o r  c o n s t i t u e n t s  i s  a l s o  s h a r p l y  d e c r e a s e d  f o r  t h e  n r i d  
w a s h e d  A v i c e l ,  a l t h o u g h  c e l l o b i o s a n  y i e l d  i n c r e a s e s .  

T h e  h y d r o l y s a t e  l i q u o r s  f r o m  wood were a n a l y z e d  f o r  C a ,  M g ,  
Na a n d  K c o n t e n t s ,  w h i c h  were c o m p a r e d  t o  t h o s e  f o u n d  f r o m  a n u l y -  
sis o f  t h e  a s h  f r o m  t h e  u n t r e a t e d  wood. E s s e n t i a l l y  a l l  t h e s e  
c a t i o n s  were r e m o v e d  i n  t h e  a c i d  t r e a t i n g  s t e p .  

D i s c u s s i o n  

T h e  reason f o r  t h e  g r e a t  increase i n  l e v o g l u c o s a n  a n d  t h e  
p a r a l l e l  d e c r e a s e  i n  h y d r o x y a c e t a l d e h y d e  y i e l d  f o l l o w i n g  a c i d  
t r e a t m e n t  i s  n o t  c l e a r  f r o m  t h e s e  r e s u l t s .  I t  is t e m p t i n g  t o  s a y  
t h a t  t h e  c h a n g e  i n  p r o d u c t  d i s t r i b u t i o n  i s  d u e  t o  t h e  r e m o v a l  of  
i n o r g a n i c  c a t ions  d u r i n g  t h e  a c i d  t r e a t i n g  p r o c e s s ,  s i n c e  it is 
known t h a t  t h e s e  c a t i o n s  c a n  c a t a l y z e  t h e  d e c o m p o s i t i o n  o f  c e l l u -  
l o se  a n d  i t s  d e g r a d a t i o n  p r o d u c t s .  H o w e v e r ,  t h e  l o w  a s h  c o n t e n t  
SS144 c e l l u l o s e  a l s o  showed t h i s  r e m a r k a b l e  i n c r e a s e  i n  l e v o g l u -  
cosan y i e l d .  Also a c o m p a r i s o n  o f  r e s u l t s  f o r  t h e  u n t r e a t e d  a n d  
t h e  a c i d  w a s h e d  A v i c e l  PH102 m i c r o c r y s t a l l i n e  c e l l u l o s e  ( a v e r a g e  
a s h  c o n t e n t  4 0  ppm) a l s o  s h o w s  a n  i n c r e a s e  i n  l e v o g l u c o s a n  y i e l d  
f r o m  27 .0%-38.4% o f  t h e  f e e d  when p y r o l y z e d  a t  500°C w h i l e  
h y d r o x y a c e t a l d e h y d e  a n d  c e l l o b i o s a n  d e c r e a s e d  f r o m  8 .6%-0.43% a n d  
10.1%-5.6% r e s p e c t i v e l y .  

W h i l e  t h e r e  i s  l i t t l e  d o u b t  t h a t  t h e  c o n t e n t  o f  i n o r g a n i c  
c a t i o n s  a f f e c t s  t h e  p r o d u c t  d i s t r i b u t i o n ,  it a p p e a r s  t h a t  i t  i s  \ 

n o t  t h e  o n l y  e f f e c t ;  a n d  t h e  m o r p h o l o g y  a n d  d e g r e e  o f  h y d r o g e n  
b o n d i n g  i n  t h e  c e l l u l o s e  m u s t  a l s o  i n f l u e n c e  t h e  c o m p o s i t i o n  of  
t h e  p y r o l y t i c  l i q u i d s .  

A p p a r e n t l y ,  t h e  x y l a n  c o n t e n t  o f  wood i s  a p r i m a r y  s o u r c e  of 
much o f  t h e  g a s  a n d  c h a r  f o r m e d  i n  f a s t  p y r o l y s i s ,  as  w e l l  a s  
b e i n g  a major c o n t r i b u t o r  t o  t h e  a c i d  c o n t e n t  o f  t h e  p y r o l y t i c  
o i l s .  

When t h e  resu l t s  o f  T a b l e s  3 a n d  4 are r e c a l c u l a t e d  o n  t h e  
bas i s  o f  c e l l u l o s e  c o n t e n t ,  t h e n  i t  i s  f o u n d  t h a t  f a s t  p y r o l y s i s  
o f  t h e  a c i d  t r e a t e d  wood c a n  c o n v e r t  75% o f  t h e  c e l l u l o s e  t o  
s u g a r s  - l a r g e l y  a n h y d r o s u g a r s ,  w i t h  15% r e d u c i n g  s u g a r s  a n d  15% 
d i s a c c h a r i d e s .  When t h e  pentose  c o n t e n t  o f  t h e  a c i d  h y d r o l y s a t e  
i s  a d d e d  t o  t h i s ,  a h i g h  c o n v e r s i o n  of t h e  wood t o  suga r s  i s  
o b t a i n e d ,  w i t h  a b o u t  80% o f  t h e  h o l o c e l l u l o s e  c o n t e n t  y i e l d i n g  
s u g a r s  o f  v a r i o u s  k i n d s .  F a s t  p y r o l y s i s  o f  a c i d  t r e a t e d  wood may 
w e l l  b e  a n  economical r o u t e  f o r  t h e  p r o d u c t i o n  of f e r m e n t a b l e  
s u g a r s ,  a s  P r o f e s s o r  S h a f i z a d e h  s u g g e s t e d .  
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lahle 1 

broDerries of feed Materials 

- 

Run No. 

A-1 (Yood) 

A-4 (Yood) 
A-5 (55-144) 
A-6 (Av ice l )  

A-3 (Uood) 

Le1 lulose 

Residue Af ter  
Hydro lys is  

grams' 

106 
101.2 

-150 
-150 
-150 

Poplar Wood 

Source Avicel pH 102 Schlelcher 6 Schuell 
XI44 T L C  Cellulose 

Powder 

noisture. ut% 2.9 4.0 
Ash. 2 mf < 0.01% 0.062 
Elemental Analysis, 2 

C 44.3 44.4 
H 6.16 6.17 
0 49.5 49.4 
N Tr Tr 

Cellulose (Typical) 2 > 99 > 95 
Hemi Cellulose (Typical) 2 -- -- 
Lignin (Typical) % _ _  -- 

1 Acid 
Conc. 

5% 
1% 

None 
5% 
5% 

Time 
hrs . 
6 

19 
5.5 
5.5 
5.5 

Temp 
OC 

90 
90 
90 
90 
90 

Clean Wood Only 
Ontario MNR 

Clone 0-38 

Liquid: Xylose 
Conc. S o l i d  I 

44;; 1 2.51 3.24% 

4: l  Tr 
4: l  T r  
4 : l  I N i l  

4.6 
0.46 

49.45 
6.05 

44.4 
0.07 

42.3 
31.0 
16-22 

Table 2 

I iyirolysis Condit ions fOP Uood and Cel lu lose 

I of Xylan 
Removed 

61% 
51X 
Tr  -_ -- 

I n i t i a l  amount i n  a l l  t e s t s  nas 150 grams 
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?..d mu, qmlhr 3.390 

rrp .C 504 

vaporMs.Time, s 0.46 

P.rt161. SI... D. -1000 

*Oi.tYI., 6 4.6 

c . l l u l o n ,  6 49 .1  

ll=.ld., 6 uod .I 

OrqanU Llquld b6.1 

w s u z  10.8 

chu 11.8 

0. 11.0 

99.8 
- 

29.6 

491 

0.46 

-590 

3.1 

49.1 

61.8 

11.1 
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Run 
Source 

Temp "C 
Y ie lds,  !6 mf of feed 

Organic l i q u i d  
Water 
Char 
Gas 

Hydrocyacetal dehyde 
Levoglucosan 
Cellobiosan 
G1 ucose 
Fructose 
Glyoxal 
Methyl glyoxal 
Formic Acid 
Acetic Acid 
Ethyl  eneglycol 
Formaldehyde 
Acetol 
Anhydrogl ucof uranose 
Oligiosaccharides 

X o f  O i l  Q u a n t i f i e d  

T a b l e  5 

P y r o l y t i c  Products from Cel iu ioses 

55-12 A-5 
C o m r c i  a1 Treated 

SS 144 SS 144 

500 

72.5 
10.8 

5.4 
7.8 

15.3 
7.0 
4 .O 
1.0 
2.0 
3.5 
0.8 
5.5 
4.9 
1.7 
1.2 
2.2 

502 

83.5 
6.1 
1.3 
3.9 
6.2 

3l;e 
11.5 

1.8 
3.0 
5.5 
1.3 
1.9 
0.1 
0.02 
0.94 
0.12 
5.5 
5.3 

89.6 

6 
Avicel 
pH-102 

500 

87.1 
3.1 
2.5 
8.9 
8.6 

26;9 
10.1 

2.1 
4.7 
6.5 
0 -23 
3.8 
1.4 
0.56 
0.72 
0.04 

A-6 
Treated 
Avicel  

503 

86.3 
7 

5.7 
3.3 
0.43 

38.41 
5.6 
2.0 
2.7 
2.1 
0.30 
1.5 
0.03 
0.00 
0.24 
G.02 
7 .O 
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EARLY PRODUCTS OF PYROLYSIS OF WOOD 

Wi l l i am F. DeGroot. Wei-Ping Pan, M. D a l i l u r  Rahman, Geoffrey N. Richards 

Wood Chemistry Laboratory. U n i v e r s i t y  o f  Montana, Missoula. Montana 59812 USA 

INTRODUCTION 

We are s t u d y i n g  t h e  f i r s t  s tages  i n  p y r o l y s i s  o f  wood and o the r  c e l l u l o s i c  
mater ia ls  as p a r t  o f  a s tudy  o f  t h e  c h e m i s t r y  o f  smo lde r ing  o r  low- temperature 
combustion. I n  t h e  1 a t t e r  processes bo th  o x i d a t i v e  and non-oxidative py ro l ys i s  
occur. This paper describes an i n v e s t i g a t i o n  o f  t h e  f i r s t  v o l a t i l e  p r o d u c t s  o f  
p y r o l y s i s  o f  wood and we b e l i e v e  t h a t  many o f  the conclusions regard ing the f i r s t  
py ro l ys i s  react ions a t  low temperatures are a p p l i c a b l e  a l s o  t o  h i g h e r  tempera tu re  
t r e a t m e n t s  o f  wood such as a r e  u t i l i z e d  i n  l i q u i f a c t i o n  processes. Our aim was 
p r i m a r i l y  t o  determine the  r e l a t i v e  ra tes  and modes o f  p y r o l y s i s  o f  the t h r e e  ma jo r  
c o n s t i t u e n t s  o f  wood ( v i z .  c e l l u l o s e ,  h e m i c e l l u l o s e s  and l i g n i n )  from t h e i r  
chemical ly i n t a c t  s i t u a t i o n  i n  whole wood. We b e l i e v e  t h a t  i n t e r a c t i o n s  o f  t hese  
substances and of t h e i r  d e g r a d a t i o n  products  dur ing p y r o l y s i s  make t h i s  approach 
necessary and may i n v a l i d a t e  some aspec ts  o f  e a r l i e r  s t u d i e s  o f  p y r o l y s i s  o f  
i so la ted  wood f rac t i ons .  

METHODS 

Our major  t e c h n i q u e  has been t h e  c o u p l i n g  o f  a the rmograv ime t r i c  analys is  
system (TG) w i t h  a Four ie r  t ransform i n f r a r e d  spect rometer .  The c o u p l i n g  i s  by a 
heated 1 m. t e f l o n  tube  f rom t h e  TG t o  an i n f r a r e d  gas c e l l .  A l l  o f  the r e s u l t s  
were obtained w i t h  cottonwood sapwood (Populus t r ichocarpa)  which had been ground t o  
pass an 80 mesh sieve. A l l  pyro lyses were c a r r i e d  ou t  i n  f l ow ing  n i t rogen,  the t ime 
l a g  between the thermal balance and the gas c e l l  was 1 min. and h e a t i n g  was e i t h e r  
i s o t h e r m a l  a t  250°C o r  a t  J" /min.  f r o m  100" t o  500'. I n  the isothermal runs f o r  
periods up t o  2 h rs .  t h e  whole i n f r a r e d  spect rum c o u l d  b e  accounted f o r  by t h e  
a b s o r p t i o n  bands o f  t h e  6 components shown i n  Table 1. The system was the re fo re  
ca l i b ra ted  f o r  these compounds by heat ing the pure l i q u i d  i n  a l o o s e l y  covered pan 
on the thermal balance a t  an appropr ia te temperature and r e l a t i n g  the r a t e  o f  weight 
loss t o  the i n f r a r e d  spectrum. Where a wavenumber range  i s  shown i n  T a b l e  1. t h e  
absorbance was i n t e g r a t e d  between these  v a l u e s  and where a s i n g l e  wavenumber i s  
g i ven ,  t h e  h e i g h t  o f  t h a t  Q b r a n c h  was used .  These v a l u e s  b o r e  a l i n e a r  
r e l a t i o n s h i p  t o  t h e  r a t e  o f  w e i g h t  l o s s  f o r  an i n d i v i d u a l  compound, and t h e  
r e s u l t a n t  ca l cu la ted  response f a c t o r s  were used t o  c a l c u l a t e  the r a t e s  o f  product ion 
o f  each p r o d u c t  from heated wood samples. For carbon d iox ide  t h e  c a l i b r a t i o n  was 
based on a i r  versus a pure n i t rogen  blank and the ca rbon  monoxide c a l i b r a t i o n  was 
then deduced from a standard m ix tu re  of  t he  two oxides i n  n i t rogen.  

The ef fects  o f  ca t i ons  on the  pyro lyses were invest igated w i t h  wood wh ich  had 
b e e n  washed w i t h  a c i d  t o  remove a l l  me ta l  i o n s  and w i t h  samples i n  which t h e  
indigenous cat ions had been replaced e n t i r e l y  w i t h  e i t h e r  potassium or  calcium ions. 
These i o n  exchange processes caused no other  chemical change i n  t h e  wood. E.g. the 
c o n t e n t  o f  L -a rab ino fu ranose  u n i t s  (wh ich  compr ise one o f  t h e  most ac id - l ab i l e  
groups i n  wocd) was unchanged. 

T o t a l  a b s o l u t e  g l ycose  con ten ts  o f  t h e  wood samples were determined by ac id  
hyd ro l ys i s .  r e d u c t i o n ,  a c e t y l a t i o n  and gas chromatography u s i n g  i - i n o s i t o l  as 
i n t e r n a l  s tandard  (1 ) .  U r o n i c  a c i d s  were determined on a a l i q u o t  p o r t i o n  o f  t he  
hydrolyzates (2) and v a n i l l i n  and s y r i n g a l d e h y d e  f r o m  l i g n i n  were genera ted  by 
n i t r o b e n z e n e  o x i d a t i o n  (3 )  and determined by gas chromatography o f  t r i m e t h y l s i l y l  
ethers. The glucan components o f  the heated wood samples were v e r y  r e s i s t a n t  t o  
h y d r o l y s i s  w i t h  72% s u l f u r i c  a c i d  and it was necessary t o  " react ivate"  w i th  water 
before hydro lys is .  
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RESULTS AND DISCUSSION 

I 

Figure 1 shows t h a t  t he  cat ions have a major in f luence on the r a t e  o f  p y r o l y s i s  
of wood. The r e s u l t s  conf i rm e a r l i e r  s t u d i e s  ( 4 )  and show t h a t  o f  t h e  t w o  m a j o r  
c a t i o n s  p r e s e n t  i n  wood, potassium i s  dominant i n  c a t a l y s i s  o f  pyro lys is ,  whereas 
c a l c i u m  tends t o  s t a b i l i z e  t h e  wood towards p y r o l y s i s .  The l o w  t e m p e r a t u r e  
i n f l e c t i o n  i n  t h e  DTG cu rves  a t  250-300" has o f t e n  been assumed t o  be associated 
w i t h  h e m i c e l l u l o s e  and /o r  l i g n i n  d e g r a d a t i o n  and s i n c e  t h e  c a t i o n s  o c c u r  
p redominan t l y  i n  the hemicel lu loses (5)  we have s tud ied py ro l ys i s  i n  t h i s  reg ion  i n  
some d e t a i l  by isothermal p y r o l y s i s  a t  250". F igure 2 shows t h e  w e i g h t  l o s s  under  
s u c h  c o n d i t i o n s  and t h e  r a t e s  o f  w e i g h t  l o s s  f o r  o r i g i n a l  wood and f o r  
potassium-exchanged wood were i n d i s t i n g u i s h a b l e .  The w e i g h t  l o s s  cu rves  f o r  
ac id -washed  and f o r  calcium-exchanged wood were a l s o  i n d i s t i n g u i s h a b l e ,  b u t  
corresponded t o  a much lower r a t e  o f  py ro l ys i s .  

The r a t e s  o f  f o r m a t i o n  o f  t h e  v o l a t i l e  p r o d u c t s  determined b y  i n f r a r e d  
spectroscopy 'are shown i n  F igure 3 f o r  t he  o r i g i n a l  wood. S im i la r  r e s u l t s  a re  a l s o  
ava i l ab le  f o r  the ion-exchanged woods. Table 2 shows the  p ropor t i on  o f  t o t a l  weight 
loss i n  the wood sample t h a t  can be accounted f o r  by the i n f r a r e d  analysis. The 40% 
o f  unaccounted we igh t  l oss  represents ma te r ia l  which condensed before reaching the  
i n f r a r e d  c e l l .  T h i s  i s  l i k e l y  t o  c o n s i s t  o f  a m i x t u r e  o f  l a r g e r  m o l e c u l e s  
conta in ing two o r  more carbon atoms. It i s  ev ident  t h a t  carbon d iox ide  and methanol 
are the f i r s t  products o f  p y r o l y s i s  a t  250". very  c l o s e l y  f o l l o w e d  by  wa te r ,  wh ich  
i s  t h e  major  p r o d u c t  on e i t h e r  a we igh t  o r  molar basis. Formic acid i s  produced 
s t e a d i l y  over a r e l a t i v e l y  l ong  p e r i o d ,  w h i l e  a c e t i c  a c i d  p r o d u c t i o n  peaks much 
l a t e r  t h a n  t h e  carbon d iox ide,  methanol and water. The changes i n  glycose, u ron ic  
acid, v a n i l l i n  and syringaldehyde content  are shown i n  Tab le  3. We conc lude  t h a t  
t h e  methanol i s  formed p r e d o m i n a n t l y  by p y r o l y s i s  o f  l i g n i n  w i t h  s y r i n g y l  u n i t s  
py ro l ys ing  ra the r  more r a p i d l y  than g u i a c y l .  The amount o f  methanol r e l e a s e d  i s  
much g r e a t e r  t han  could be accounted f o r  by the 4-0-methylglucuronic ac id  u n i t s  o f  
t h e  h e m i c e l l u l o s e s .  E v i d e n t l y  however, some un7t.s o r  reg ions o f  t he  l i g n i n  are 
espec ia l l y  l a b i l e :  on l y  about h a l f  o f  the a v a i l a b l e  methanol i s  released i n  1 hr. a t  
250", p o s s i b l y  i n  two s tages,  and the remainder requi res h igher  temperatures (see 
below). The carbon d iox ide  i s  e v i d e n t l y  der ived predominantly from d e c a r b o x y l a t i o n  
o f  u r o n i c  a c i d s  which decrease r a p i d l y  i n  the s o l i d  res idue and the molar y i e l d  o f  
carbon d iox ide corresponds approximately w i t h  the uronic  ac id  c o n t e n t  o f  t h e  wood. 
S ince t h e  g lucan  content  o f  t he  wood i s  v i r t u a l l y  unchanged i n  50 min. a t  250". i t  
appears t h a t  ce l l u lose  surv ives t h i s  t rea tmen t ,  a l t h o u g h  i t  i s  q u i t e  l i k e l y  t h a t  
some chain sc iss ion w i l l  occur and perhaps some t ransglucosy lat ion.  The ace t i c  a c i d  
i s  almost c e r t a i n l y  released by p y r o l y s i s  o f  the acety l  es te r  groups from t h e  x y l a n  
and i t s  y i e l d  i s  approximately t h a t  an t i c ipa ted  from the  acety l  content o f  the wood. 

The water, which i s  t he  major product, must be formed p r e d o m i n a n t l y  f rom t h e  
h e m i c e l l u l o s e s .  Some wa te r  w i l l  o b v i o u s l y  be formed f rom t h e  u r o n i c  acid and 
arabinose u n i t s  which decompose rap id l y ,  bu t  water must a lso be der ived f r o m  x y l o s e  
u n i t s  which show some decrease.  S ince we would a n t i c i p a t e  t h a t  the B-1,4-xylan 
chain should have a thermal s t a b i l i t y  s i m i l a r  t o  c e l l u l o s e  and s i n c e  g lucose  does 
n o t  decrease, i t  seems p robab le  t h a t  some o f  t h e  xylose u n i t s  may be subject  t o  
r a p i d  e l i m i n a t i o n  r e a c t i o n s  y i e l d i n g  w a t e r ,  p a r t i c u l a r l y  i n  t h e  r e g i o n s  o f  t h e  
h e m i c e l l u l o s e  mo lecu les  i n  which u r o n i c  ac ids are decomposing. The p y r o l y s i s  of 
acety l  es te r  groups might a l s o  be a s s o c i a t e d  w i t h  decompos i t i on  o f  t h e  a t tached  
xylose un i t s .  

The mechanism o f  formic a c i d  format ion i s  n o t  known. It could be der ived from 
e i t h e r  h e m i c e l l u l o s e s  o r  l i g n i n ,  a l t h o u g h  by  ana logy  w i t h  i t s  f o r m a t i o n  f r o m  
polysaccharides by a l k a l i  degradation, t he  former seem more l i k e l y .  

The inf luences o f  ca t i ons  on y i e l d s  o f  carbon d iox ide,  carbon monoxide (formed 
above 250"). methanol and f o r m i c  ac id  dur ing p y r o l y s i s  a t  temperatures up t o  400" 
are shown i n  F i g u r e s  4-7. The y i e l d s  o f  wa te r  and a c e t i c  a c i d  were much l e s s  
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s e n s i t i v e  t o  c a t i o n  v a r i a t i o n  and are no t  shown. F igure 4 shows t h a t  the potassium 
ions  favor increased format ion o f  carbon d iox ide  and lower the  tempera tu re  o f  peak 
p r o d u c t i o n  compared w i t h  t h e  acid-washed o r  c a l c i u m  forms.  The t o t a l  y i e l d  o f  
carbon d iox ide  i s  much g rea te r  than could be explained by decarboxy lat ion o f  u r o n i c  
ac ids alone. The mechanism o f  format ion o f  t h i s  carbon d iox ide  i s  n o t  known. Since 
the  bulk o f  t h e  ca rbon .d iox ide  i s  formed above 300' i t  must be d e r i v e d  a t  l e a s t  
p a r t 1  y from c e l l u l o s e .  Carbon monoxide was not  s i g n i f i c a n t l y  formed a t  250°, but 
was produced i n  s i m i l a r  mo la r  amount t o  carbon d i o x i d e  a t  h i g h e r  temperatures,  
peak ing  a t  abou t  350" ( F i g u r e  7). I t  seems p r o b a b l e  t h a t  t h i s  product a l so  i s  
l a r g e l y  produced from ce l l u lose .  

The format ion o f  methanol (Figure 5) shows a d i s t i n c t  second peak a t  about 300" 
f o r  o r i g i n a l  and f o r  potassium-exchanged wood. Presumably  t h e  methanol evo lved  
above 320" i s  c a t a l y z e d  b y  po tass ium and der ived by p y r o l y s i s  react ions from the 
more r e s i s t a n t  l i g n i n  which surv ives p y r o l y s i s  a t  lower temperatures.  ~ Formic ac id  
( F i g u r e  6 )  e v i d e n t l y  forms a t  higher temperatures by potassium cata lyzed py ro l ys i s  
react ions from ce l l u lose .  The same ac id  i s  a major product o f  a l k a l i n e  degrada t ion  
o f  c e l l u l o s e  i n  absence o f  a i r  and i t  i s  probable t h a t  the greater  e f fec t i veness  o f  
potassium compared w i t h  calcium i n  ca ta l yz ing  format ion o f  formic ac id  (and perhaps 
methanol) i s  assoc iated w i t h  the g rea te r  b a s i c i t y  o f  t h e  former. 
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Table 1. I n f r a r e d  absorbances used t o  q u a n t i f y  the f i r s t  v o l a t i l e  products 
from p y r o l y s i s  o f  wood and cond i t i ons  used f o r  c a l i b r a t i o n .  

Compound Wavenumbers (cm-1) ( " C )  Loss (Uglmin) 
Temperature Rate o f  Weight 

2240 - 2400 -_ CO2 

co 2020 - 2240 -- 

CH3COOH 1140 - 1230 23. 30 16. 32 

H20 1653 23, 30 17. 61 

HCOOH 1105 23. 26 12.6. 30.0 

CH30H 1032 23, 30 42.6, 137 
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Table 2. Y i e l d  o f  v o l a t i l e  p roduc ts  by i n f r a r e d  d e t e c t i o n  as percentage of 
t o t a l  we igh t  l oss :  cottonwood a t  250°C i n  n i t rogen .  

% o f  T o t a l  Weight Loss 

Methanol 3.5 3.7 3.8 4.4 

Formic a c i d  5.0 6.4 8.2 7.0 1 

I Ace t i c  a c i d  7.5 15.5 19.0 23.0 

- Carbon d i o x i d e  10.5 9.2 12.0 13.2 

13.2 11.5 - 16.0 - 18.3 - - Water 

To ta l  47.5% 53.1% 59.0% 60.8% 
!I 

i 
I' 

Time a t  250" 11 m in  23 min  40 min  58 min  

To ta l  we igh t  l o s s  5.5% 8.0% 11.0% 12.5% 

Tab le  3. 

Ana lys i s  (% d r y  we igh t )  O r i g i n a l  D r y  Wood 250"/N2/50 min. 

Analyses o f  cot tonwood a f t e r  hea t ing  a t  250°C under n i t rogen .  

( Anhydrog 1 ycoses ) 

Rhamnose 

Arabinose 

Xylose 

Mannose 

G1 ucose 

Uron ic  a c i d  

T o t a l  Carbohydrate 

V a n i l l i n  

Syr ingaldehyde 

Weight l o s s  

0.2 

0.5 

15.8 

3.0 

51.3 

4.9 

75.7 

2.7 

5.7 

0 
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t r a c e  

12.3 

2.4 

51.3 

1.7 

67.7 

1.8 

2.2 

11.9% 



FIG. 1 
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Conditions that Favor Tar Production 
from Pyrolysis of Large, Moist Wood Particles 
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Abstract 

The production of pyrolytic oils from biomass will be greatly facilitated if large, and perhaps 
moist, particles can be used directly as a feedstock. This paper describes experiments to quantify 
product evolution rates, as well as spatial and temporal temperature distributions, during pyrolysis 
of large wood particles. The experiments have been performed using well-defined, 
reactor-independent conditions which will aid in identifying favorable conditions for tar production 
from large particles. The experiments reveal that an optimum moisture content can facilitate tar 
production. The reacted fraction that is tar is greater for intermediate moisture contents, particle 
sizes, and heating rates, and the optimum tar production conditions for moist feed change with both 
heating intensity and particle size. 

lNTRODUCTlON 

The economics of making pyrolytic oils from biomass will be improved if large, and perhaps 
moist, particles can be used directly as a feedstock. This is a result of the high cost of size reduction 
and drying of fibrous and often green biomass. However, the pyrolysis of realistically sized particles 
(about 1 x 1 x .5 cm or greater) is complicated by the lack of uniform temperature profiles within 
the particle, and the synergistic effects that external heating intensity, moisture, and particle size 
have in altering the intraparticle temperature histories. Nevertheless, both present and planned 
industrial biomass converters employ large particles, sometimes using them in fluidized beds which 
are less sensitive to feed size distributions (1). 

Selectively producing a particular pyrolysis fraction such as tar, or specific components in 
any fraction, is difficult. The majority o i  studies to date have used finely ground (< 100 pm 
diameter) wood samples in which heat transfer rates are rapid enough to cause a uniform particle 
temperature, and mass transfer is fast enough to minimize secondary reactions. For these particles, 
pyrolysis with a high heating rate to moderately high temperatures generally favors tar formation, if  
the tar can be quickly removed from the reaction zone. However, reducing fibrous materials to such a 
small size is costly. Pyrolysis feeds are likely to be wood chips used routinely in the forest products 
industry. In wood chip pyrolysis, the particle interior heats slowly and secondary reactions of tar 
are significant. 

The scope of this preprint is limited to the presentation and discussion of experimental 
conditions of practical importance that maximize tar from pyrolysis of large wood particles. By 
design, results are as independent of reactor type to the greatest possible, and reveal the effects of 
heat and mass transport that are critical to conversion of the large, poorly conducting porous 
particles. Since typical feeds are heterogeneous, the entity appropriate for chemical engineering 
studies is the single particle. The findings are then applicable to all reactors in which the chosen 
experimental conditions prevail. The study of reacting single particles has proven extremely 
successful in the development of catalytic reactors (2) and coal pyrolysis (3,4.5). 

Since reaction temperature is not an independent variable for large pyrolyzing particles, 
special attention must be given to choosing experimental conditions for the 0.5 cm to 1.5 cm thick 
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Particles studied. Heating intensity can be made precise by controlling the applied heat flux at the 
particle surface or imposing a surface temperature, and measuring the particle thermal properties 
(6). One dimensional heating has been used experimentally (7,8) and typifies the type of heat 
transfer experienced by most wood chips owing to the large aspect ratios they usually have (9). The 
lowest heating intensity studied, 2 cal/cm2-s, barely chars thick samples (or causes smoldering 
combustion if  oxygen is present). The highest, 6 caVcm2-s, is found in furnaces or high temperature 
reactors designed for maximum heating of particles. Biomass moisture varies with species and age 
as well as from region to region. Typical moisture contents (dry basis) found for feed piles in the 
Pacific Northwest range from 10% to 110%, thus the choices for the experiments reported here. A 
more complete discussion of practical conditions appears elsewhere (1 0). Also, simultaneous 
variations in two or three experimental conditions were systematically investigated in order to 
determine if  pyrolysis tar yields, as well as other reaction products, were dependent on process 
condition Combinations in a non-additive, or multiplicative way (1 1). 

Apparatus - A description and diagram of the single particle pyrolysis reactor appears in Chan, et al. 
(12) but a brief presentation is given for completeness. A wood cylinder was placed in a glass sleeve 
and reactor assembly. An arc lamp provided radiative, spatially uniform, 1-D axial heating as 
verified by absolute calibration of the heat flux (6,13. 14). The heating period was the Same for all 
experiments, 12 min, sufficiently short to enable the study of active devolatilization in the thinnest of 
these particles. Thermocouples at 2, 4, and 6 cm from the heated face automatically measured the 
devolatilization front progress. An infrared pyrometer, mounted off-axis from the arc lamp beam, 
measured the surface temperature of the pellet. The glass housing and baffle allowed the front face of 
the pellet to be uniformly irradiated and prevented volatiles from condensing on the window. The 
large helium carrier gas flowrate quenched the volatiles and swept them without significant 
backmixing or reaction (6 ) to the analysis system. The helium pressure on the unheated face was 
slightly elevated to ensure volatiles flow toward the heated face for maximum recovery. It has been 
verified (7) that during devolatilization of a large particle, nearly of the volatiles flow toward the 
heated surface owing to the decreased porosity behind the reaction front. A cold trap (packed with 
glass wool and at -40 C) immediately downstream from the reactor condensed tars and water from the 
volatiles. Permanent gases were sampled near the cold trap exit at preselected times during the 
experiment using two automated gas sampling valves, thus providing information on evolution rates of 
gaseous products. 

Sample Preparation - The wood pellets were all cut, with great attention to grain direction, from 
uniform sections of the same lodge pole pine tree provided by Weyerhauser Co. (Corvallii Mill). The 
cylinders were oven-dried at 90 C for at least three weeks. Moisture was quantatively added using a 
microsyringe and balance, and allowed to come to a uniform distribution as described by Kelbon (13). 

Gas Analysis - Permanent gases, operationally defined as all components passing through the -40 C 
cold trap, were collected in 30 stainless steel sample loops of known volume. Immediately after the 
experiment, samples were automatically injected into a Perkin-Elmer Sigma 2 Gas Chromatograph 
using a Supelco 100/120 mesh Carbosieve S column 118 in. diameter and 5 ft. long. The peaks were 
integrated and identified by a Perkin-Elmer Sigma 15 Chromatography Data Station. Both a thermal 
conductivity detector and a flame ionization detector were used as described in Bousman (14). 

Tar Analysis - The tar is comprised of two parts, that which was trapped and that which was washed 
from the reactor, though the latter is often a small amount. The tar trap sample was analyzed for 
water and low molecular weight tar compounds by gas chromatography using a Supelco 80/100 mesh 
Porapak 0 column 1/8 in. diameter and 1.5 ft long. After the low molecular weight tar analysis, the 
trap tar and reactor tar samples were treated with approximately 2 g of MgS04 to remove water and 
then filtered. A known quantity of pbromophenol was added to each sample as an internal standard. 
Each sample was concentrated in order to remove THF while minimizing the loss of the other 
compounds. The resulting high molecular weight tar liquid was analyzed by gas chromatography using 
a either a J and W Scientific DBWAX or Carbowax 20M fused silica capillary column 0.25 mm ID, 30 
m long with a Perkin-Elmer splitting injection port. 
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All volatiles were later analyzed by gas chromatography. 

The major peaks which appeared in the 



majority of the samples are numbered and presented in this paper as simplified, composite 
chromatograms. 

Char Analysis - The char was weighed and a qualitative chemical analysis of some char samples was 
performed using a Fourier Transform Infrared Spectrometer (FTIRS) with preparation as described 
in Bousman (14). The surface area of the char was also characterized using COP adsorption. 

Experimental Design - The experimental conditions were picked according to a type of factorial 
experimental design which facilitates identification of optima and empirical models of the class given 
in Eq. 1 (11,15): 

yk = bo + biXi + zz bijxixj, for is j, 

yk is the k-th product yield of interest, 
where 

xi,xj are the independent variables (process controllables) and 
b,,, bi and bij are least square parameter estimates obtained from multiple regression. 

When variables combine to affect the reaction process in a non-additive way, as when the last term of 
Eq. 1 is large, non-linear dependence of yields on the process controllables is demonstrated. 
Plots of Eq. 1 are presented in subsequent figures as trend lines. - 

The range of intraparticle temperatures measured throughout pyrolysis at a constant heat flux 
of 4 cal/cm2-s for a particle initially at 60% moisture (Fig. 1) corresponds to those found in other 
studies for both small (16-18) and large (19) particles. As can be seen when moisture is added, the 
temperature rises in the first -30 sec to a plateau at 100 C until the water has locally evaporated, and 
then the temperature rises to the same level as found in dry wood particles, although at a somewhat 
later time. The surface temperature is of some qualitative value but once volatiles are produced, the 
infrared pyrometer cannot accurately "see" the surface and the measured temperature is artificially 
low. Note that reaction in zones near the surface experience quite high heating rates, which should 
favor tar production early in the devolatilization of a large particle. 

In this preprint, overall yields are reported as graphs rather than tables, and correspond to 
time-integrated pyrolysis or devolatilization products from a large wood particle heated under 
constant applied heat flux at the surface. The yields are expressed as weight fractions of that which 
reacted in the 12 min pyrolysis duration. Fractional yields are an important measure of selectivity 
and are useful for downstream separation process considerations. The appropriate measure of 
experimental reproducibility and accuracy is the standard error calculated from replicate runs. This 
is given as an uncertainty. However, because of the inherent difficulty in recovering all products, 
especially tars, the mass balances do not always add to 100%. Thus, another measure of error is the 
discrepancy in the mass balance. For these experiments, the average mass balance closure was 80%, 
with a standard deviation of 11%. 

In Fig. 2 the weight fraction water-free tar produced from the fixed duration pyrolysis of dry 
wood particles of several thicknesses is presented. The symbols, when there are two at the same heat 
flux. represent tar yield for 2 different particle densities. It can be seen that a 0.3 glcc density 
change has little effect on tar yield. The trend lines result from regression of al l  the data to a single 
Set of parameters for Eq. 1. The average prediction error as approximated by the standard error of the 
residuals is 2%, and the standard deviation of replicate runs is the same. In Fig. 2, the synergy, or 
interaction of particle size and heat flux can be clearly seen. The reduction in tar for an increase in 
heating rate. as characterized by the slope of the trend lines at any point, increases as the particle 
thickness increases. The thickest particle pyrolyzed at the lowest heat flux produces over 65% tar, 
and it decreases to 20% at the maximum intensity investigated. This is consistent with the extensive 
tar cracking that likely occurs near the particle surface char zone where high temperatures prevail 
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for severe heating. Note that all dry particles heated at the intermediate heat flux result in 
approximately 25%-35% tar. 

The pyrolytic tar produced from a wet wood particle is presented in Fig. 3 as a function of 
both initial moisture content (abcissa) and heating intensity for the thickest particle size used in this 
study, 1.5 cm. The prediction error and the experimental error in the measured tar from wet 
particle yrolysis is about 5%. Note that moisture causes the optimum tar conditions to occur at 4 
callcmf-s. rather than the 2 callcm2-s for dry particles, consistent with the lower particle 
temperature expected when water is present. Overall, the level of tar produced is considerably 
higher, 50-70%, than for dry wood particles. Hydrogen is measured in the gases, as well. 

In Fig. 4, a composition profile of some components of both tar and gas is presented. Changes 
in this profile simply highlight changes in composition as process conditions change. The ordinate is 
the weight fraction of the reacted portion of the 1 cm particle data used in this figure. Thus all 
components plotted are each less than 2% of the moist wood particle that was pyrolyzed. The error as 
estimated from replicated determinations is about 0.5%. The high molecular weight species 
composition appears to vary little as particle temperature is manipulated by changing both moisture 
and heating intensity of the pyrolysis. However, the low molecular weight tar compounds are in 
greater concentration for mild intensity heating (2 cal/cm2-s) than for a greater heating rate which 
appears to favor the hydrocarbon gases and hydrogen. Although the composition differences are 
nearly within the experimental error, moisture appears to slighly enhance the production of 
methanol and acetic acid for these experiments (1 cm particle). 

CONCLUSlONS 

Data has been presented which suggests that moisture can enhance the production of tar from 
the pyrolysis of large wood particles using conditions that occur in a large scale reactor where the heat 
flux a particle experiences is quite constant. The most favorable conditions result in about 70% of the 
reacted biomass becoming tar. If one assumes that the mass balance discrepancy results from tar 
condensing on reactor surfaces, this is a conservative estimate. 
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-t 110% initial moisture, heated at 2 cal/cm2-s 
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Fig. 4 - Product composition profile for two moisture content 1 cm thick particles heated at two 
heating rates. 
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Introduction 
Wood pyrolysis involves a complex system of chemical and physical processes. 

It is not yet possible to identify and model the individual reactions occurring 
during pyrolysis; however, a simplified model using lumped product groups such as 
tar. char, and gases can provide insight into the overall process. 

Upon heating wood decomposes by an unknown series of bond-breaking reactions. 
The species formed by this initial step may be sufficiently immobile to preclude 
rapid escape from the particle. Consequently they may undergo additional bond- 
breaking reactions to form volatiles or may experience condensation/polymerization 
reactions to form higher molecular weight products including char. During 
transport within the particle volatile species may undergo further reactions 
homogeneously in the gas phase or heterogeneously by reaction wiih' the solid 
biomass or char. The rate of volatiles mass transport within and away from the 
particle will influence the extent of these intraparticle secondary reactions. 
After escaping the particle, the tars and other volatiles may still undergo 
secondary reactions homogeneously in the vapor phase or heterogeneously on the 
surface of other biomass or char particles. Depending on reaction conditions 
intra- and/or extra-particle secondary reactions can exert modest, to virtually 
controlling influence on product yields and distributions from wood pyrolysis. 

There exists a substantial amount of literature on the primary pyrolysis of 
wood. The literature on homogeneous secondary reaction kinetics of wood pyrolysis 
tars, however, is limited to only two studies (1,2) and no literature exists on the 
heterogeneous secondary reactions of tar over fresh wood char. The objective of 
the present study, therefore, was to obtain improved quantitative understanding of 
the homogeneous and heterogeneous extra-particle secondary reactions of sweet gum 
hardwood pyrolysis tar under conditions pertinent to gasification. combustion, and 
waste incineration. Sweet gum hardwood was chosen for two reasons: (a) this type 
of wood has commanded interest as an energy crop in the southern United States, and 
(b) secondary reaction results can be compared to sweet gum hardwood primary 
pyrolysis results already reported in the literature (3). 

Results on homogeneous tar cracking are presented below. Studies of 
heterogeneous cracking of tar vapors over freshly generated wood char are in 
progress. Results will be presented. 

1. Exuerimentai 
Yields of individual primary and secondary pyrolysis products as affected by 

reaction conditions and physical and chemical characteristics of "primary" (newly 
formed) and "secondary" (surviving thermal treatment) tar samples, were needed to 
fulfill the study objectives. 

studies of secondary reactions in coal pyrolysis, was adapted for the present 
measurements. In this apparatus "primary" tar, h, tar that has undergone 
minimal extra-particle secondary reactions, is generated in an upstream reactor 
(No. 1) by heating a shallow packed bed of biomass, usually at a constant heating 
rate (typically 12OC/min). This tar and other volatiles are rapidly swept into a 
second reactor (No. 2) by a continuous flow of carrier gas (helium with an argon 
tracer). Here the volatiles are subjected to controlled extents of post-pyrolysis 
thermal treatment at temperatures between 400 to 800°C, pressures from 120 to 250 
kPa, homogeneous residence times (V/F) between 0.9 and 2.2 sec, and heterogeneous 
space times (vb/F) between 5 and 200 msec. 

V A two-chamber tubular reactor (Fig. 1) developed by Serio ( 4 )  for systematic 

. 
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Four reactor configurations have been employed in the present investigation. 
In Mode I runs, Only the first-stage reactor is used, and freshly evolved wood 
pyrolysis products spend little time at high reaction severities. Thus they 
reflect minimal contributions from secondary reactions and are taken as well 
representative of the tars evolved near the wood surface. In the present work tars 
so evolved will be defined as "primary" tars. In Mode I1 runs, only the second- 
stage reactor is used, and yields and surface characteristics of fresh char as a 
function of initial wood bed depth are determined. In Mode I11 runs, the empty 
second reactor is connected downstream of Reactor 1, preheated, and then maintained 
isothermal. Homogeneous secondary reactions of wood tar vapors are studied 
quantitatively by controlling their extent of thermal treatment in this reactor and 
measuring its effect on product yields, tar loss and tar composition. In Mode IV 
runs, the second reactor is packed with a mixture of wood and quartz and again 
connected downstream of Reactor 1. Reactor 2 is first heated to 8OO0C to generate 
the fresh char then cooled to the desired reaction temperature prior to heating 
Reactor 1. Heterogeneous secondary reactions of wood tar vapors are studied by 
varying the temperature and heterogeneous residence time over the bed of char and 
quartz. 

Product characterization includes quantifying tar and light volatiles yields. 
and global analysis of tars. A Perkin-Elmer Sigma 2B Gas Chromatograph was used to 
determine the yields of carbon monoxide. carbon dioxide, methane, acetylene, 
ethylene, ethane, and C3 hydrocarbon gases. Size exclusion chroma,dgkaphy (SEC) 
was used to determine the weight averaged molecular weights of the primary and 
secondary tars. The equipment is a Waters Associates ALC/GPC 201 SEC system with 
twopstyragel columns, 500 and 100 A,  in series, and a 405 nm W detector. 

2. Mathematical Modeliu 
Wood pyrolysis involves a complex set of parallel and series chemical 

reactions frequently influenced by heat and mass transfer, and tractable models 
generally must be built upon simplifying assumptions. Our model assumes the 
following reaction sequence: 

char 

wood < tar ___c secondary gases 1) 

1 primary gases 

and describes each of the above pathways with a single-reaction, first-order rate 
constant, the parameters for which are determined by curve-fitting product yield 
data. The kinetic parameters for the formation of char, tar, and primary gases 
from pyrolysis of the same sweet gum hardwood used in this study have been reported 
(3). The present modeling focuses on homogeneous cracking of the tar vapor and on 
the secondary gas formation reactions. 

Net cumulative yields of unreacted tar and of individual gaseous products from 
tar vapor cracking were calculated as the difference between the cumulative amount 
of each entering (from Mode I runs) and leaving (from Mode I11 runs) Reactor 2 .  
The data were then fit to the kinetic equation 

where Vi is the yield of material i at time t, V*i is the ultimate value of Vi at 
long residence times and high temperatures, and ki is the global rate coefficient. 
Thus the rate of tar cracking at any time is modeled as first order in the 
difference between the ultimate (minimum) yield of tar (wt% of nonreactive tar) and 
the total amount of tar unconverted at that time. The rate of formation of an 
individual gaseous product is first order in the difference between the ultimate 
(maximum) yield of that gas and the amount of that gas generated up to that time. 
The kinetic parameters for homogeneous tar cracking and individual gaseous product 
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formation were found by a least squares parameter fitting technique. 

3. Pesults and Discussion 
Approximately fifty runs were performed to generate a broad data base on 

product yields as a function of primary and secondary reactor operating parameters. 
Good overall material balances and reproducibility were obtained. Selected tars 
collected from these runs were further characterized by SEC. 

3.1 Homoveneous Crackine Product Yields 
Product yields were determined for each experiment as described in Section 

1.2. Representative yields for primary pyrolysis of wood and for homogeneous 
secondary tar cracking at 600. 700, and 800°C are shown in Table 1 . 

Primary pyrolysis products from the first reactor were tar, char, water, 
carbon dioxide, carbon monoxide, and a trace of methane. More reactive primary 
products, such as tar, become reactants for secondary reactions, when the thermal 
treatment reactor (Mode-111) is in place. These secondary reactants, and products 
arising from their secondary reactions can in turn be identified by observing 
whether their yield increases, decreases, or remains constant when changing from 
Mode I to Mode 111. or when increasing the Mode I11 temperature. Tar, for example, 
is a primary product and a secondary reactant as demonstrated by its high yield 
from Mode I experiments and its decreasing yield with increasing reaccipn severity 
in Mode I11 experiments. For residence times of about 1 sec. homogeneous tar 
conversion ranged from 9wt% at 5OO0C to 30wt% at 600°C and up to 88wt% at 800°C. 

Carbon dioxide is both a primary and secondary product, since the yield in 
Mode I is about half the total CO2 yield from high severity Mode I11 runs (800OC. 
Table 1). Carbon dioxide accounted for about 14% of the tar lost during secondary 
tar cracking. 

Carbon monoxide and methane are evolved in modest quantities from Reactor 1. 
However, most of the production of these compounds along with acetylene, ethylene, 
ethane, and hydrogen arises from secondary reactions as evidenced by their 
substantial yield increases in the Mode-I11 experiments. 

Carbon monoxide was the major product of secondary tar cracking at all 
temperatures, accounting for about 60-70wta of the tar cracked. Methane and 
ethylene accounted for about 10 and llwta of the tar cracked. respectively, and the 
remaining 2-4wt% of the tar was cracked to form acetylene, ethane, and hydrogen. 
At high tar cracking severities (> 85%) the dry gas composition by volume was 48% 
CO, 19% Hg, 13% CH4, 21% COz, and 7% CzH4. with traces of CzH2 and CzHg. 

Negligible amounts of char were observed in the second stage of the tubular 
reactor upon completion of experiments on homogeneous cracking of tar vapor. This 
implies that when char formation is observed in wood pyrolysis other pathways such 
as liquid phase tar condensation reactions, possibly surface assisted, are 
responsible. This picture is consistent with the ablative pyrolysis studies of 
Lede et al. (5) who found that char formation in wood devolatilization can be 
prevented by rapidly removing prompt pyrolysis tar liquids from wood surfaces at 
elevated temperature. 

3.2 Tar characterization 
The tar samples collected after different extents of homogeneous secondary 

thermal treatment were characterized by size exclusion chromatography (SEC). The 
weight average molecular weight behavior of tars as a function of conversion is 
shown in Figure 1. As shown, the average molecular weight of tar surviving 
secondary cracking is lower than the molecular weight of primary tar (640 gm/mole) 
entering the cracking reactor. Average molecular weights tend to decrease with 
increasing conversion; however, the change in average molecular weight over the 
range of conversion 20-80% is small after a sharp drop in average molecular weight 
from zero to ten percent conversion. This behavior is consistent with tar cracking 
occurring by a random scission mechanism. 

3.3 Homoveneous Kineticq 
Yield data from the tubular packed bed reactor were used to calculate kinetic 

53 



parameters as described in Section 2. Resulting best fit kinetic parameters for 
formation of secondary gases and for the homogeneous cracking of tar are given in 
Table 2. 

The extent of secondary reaction is a function of both temperature and time. 
The separate effects of temperature and time can be described by a single parameter 
called "reactor severity," equal to the product of the rate constant at the reactor 
temperature and the isothermal residence time. Plots of the experimental yield of 
tar and individual gaseous products as a function of the dimensionless reactor 
severity (kt) are shown in Figures 2 - 5 together with smooth curves denoting the 
corresponding model predictions. The model predicts the experimental yields with 
an error generally less than ten percent. 

Homogeneous kinetic results of this study were compared to results found in 
the literature. Vapor phase cracking of wood pyrolysis tars from an unspecified 
softwood was studied by Diebold (1) and cracking of tars from both cherry and 
yellow pine was studied by Mattocks (2). Due to differences in product group 
definitions as well as modeling techniques and assumptions, our results could not 
be directly compared to the results of Mattocks. 

Diebold's kinetic parameters for the cracking of volatiles to gases (A - 
lo5"' sec-l, E - 87.5 kJ/mole) are comparable to the tar cracking parameters from 
this study (A - 104'98 sec-l, E - 93.3 W/mole). Over the common temperature range 
of experimentation (650 - 800°C) the rate constant of Diebold is only 3 - 3.5 times 
higher than that found in this work despite the differences in the re-cfor type and 
wood producing the primary volatiles. The small discrepancy could be due to 
effects of wood type, to slight differences in the models, or to Diebold's need to 
calculate the gas composition entering the isothermal section of his volatiles 
cracking reactor. In the present work the entering gas composition is measured 
directly in the Mode I runs. 

4. Conclusions and Sienificance 
The experimental results of this study identified and quantified those 

products generated by primary pyrolysis of wood and those formed by extra-particle 
secondary cracking of newly-formed wood pyrolysis tar. Tar. char, water, and 
carbon dioxide are primary products of wood pyrolysis. Additional carbon dioxide, 
however, is also formed by vapor phase cracking of tar. Carbon monoxide, hydrogen, 
methane, ethylene, acetylene, and ethane are products of homogeneous secondary 
cracking of wood tars, although modest amounts of CO, and trace quantities of 
methane are also observed under conditions chosen to arrest vapor phase tar 
cracking (Mode I). Carbon monoxide accounts for about 65 wt% of the products when 
fresh wood tar undergoes vapor phase cracking. 

Tars surviving various extents of post pyrolysis secondary thermal cracking 
were characterized by size exclusion chromatography (SEC). SEC indicates that tars 
surviving vapor phase cracking are lower in weight-average molecular weight than 
the uncracked tars. In addition, there was no evidence for tar molecular weight 
growth among these surviving tars. This result is consistent with the experimental 
observation of negligible coke production during vapor phase tar cracking. 

The experimental yields of the individual gaseous products from homogeneous 
cracking of wood pyrolysis tar can generally be predicted by global single-reaction 
first-order kinetic models to within better than ten percent. These first-order 
kinetic parameters are sufficiently intrinsic to be used in reactor design 
calculations including predictions of the contributions of extra-particle 
homogeneous vapor phase tar reactions. These parameters can also be used to 
estimate the kinetics of intra-particle homogeneous reactions of tar vapor, but 
further work will be needed to define the validity of this application. 

pot at i on 
Ai - Arrhenius pre-exponential factor for species i 
Ei - apparent Arrhenius activation energy for species i 
ki - Ai exp(-Ei/RT) - Arrhenius rate constant 
R - gas constant 
T - absolute temperature 

5 4  



V*i- ultimate yield in weight percent of wood of species i 
Vi - yield in weight percent of wood of species i 
V - volume of reactor 2 
3 - volumetric gas flow rate at reactor 2 temperature - volume of char bed in reactor 2 
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Table 1. Product Yields (weight I of wood) 
as a Function of Thermal Treatment 

Primary 
Yields 

52.8 
18.3 
0.4 
3.2 
6.8 
0.0 
0.0 
0.0 

16.3 
0 . 0  

. - - - - - - 

Secondary 
600°C 
1.2 8 

36.6 
18.1 
1.7 

14.7 
9.7 
0.1 
1.2 
0.1 

17.3 
0.1 

. _ _ - _ _ _ - - _  

Reaction Yields 
7OO0C 8OO0C 
1.0 8 1.0 s 

16.6 6.1 
18.4 17.8 
3.8 5.5 

25.7 35.7 
11.4 13.2 
0.5 0.6 
3.6 5.4 
0.3 0.4 

17.0 15.2 
0.6 1.0 

- - - - - - _ - - _ _ _ _ _ _ _  
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Table 2: Kinetics Parameters for Gas 
Formation and Tar Cracking 

(sec-') (kJ/mole) (wt% of wood) 
l o g  A E V* 

4.89 94.1 5.83 
5.76 109.3 5.17 C2H4 
7.52 138.8 0.38 

48.0 13.20 
87.8 36.33 

C2H6 2.55 
4.66 co 
6.64 128.4 1.09 
4.98 93.3 5.79 TAR 
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H2 
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Jacques LEDE, Huai Zhi L I  and Jacques VILLERMAUX 

Labora to i re  d e s  Sc iences  du Genie Chimique, CNRS-ENSIC 
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INTRODUCTION 

Considering a thermal r e a c t i o n  of a So l id  + F l u i d  type ,  t h e  appa- 
r e n t  r a t e  of r e a c t i o n  can be con t ro l l ed  by chemistry,  thermal and mass trans- 
f e r  r e s i s t a n c e s .  I f  t h e  chemical processes  a r e  ve ry  f a s t ,  and i f  t h e  f l u i d  
products a r e  e a s i l y  e l imina ted  from the  medium, t h e  o v e r a l l  rate of r e a c t i o n  
i s  con t ro l l ed  by hea t  t r a n s f e r  r e s i s t a n c e s .  This  i s  t h e  case  of t h e  a b l a t i o n  
regime [I ] ,  cha rac t e r i zed  by a s t e e p  temperature g rad ien t  a t  t h e  wood sur- 
f ace  and consequently by a t h i n  s u p e r f i c i a l  l a y e r  e of r e a c t i n g  s o l i d  moving 
a t  a cons tan t  v e l o c i t y  v towards t h e  co ld  unreac ted  p a r t s  of t h e  s o l i d .  

t h e o r e t i c a l  i nc rease  of t h e  s u r f a c e  temperature Td of t h e  s o l i d  (by increa-  
s ing  TW) would lead t o  a subsequent i nc rease  of t h e  hea t  f l u x  demand. Such a 
demand would b e  s a t i s f i e d  by an equa l  e x t e r n a l  h e a t  f l u x  supply,  a cond i t ion  

would be  a s t agna t ion  of Td, l ead ing  t o  a fus ion  l i k e  behaviour o f , t h e  reac-  
t i on .  

Suppose now t h a t  h e a t  i s  provided by a su r face  a t  TW. A 
I 

I f u l l f i l l e d  only wi th  l a r g e  tempera ture  g r a d i e n t s  (TW - Td). The consequence 
\ 

Wood pyro lys i s  c a r r i e d  o u t  i n  cond i t ions  of high a v a i l a b l e  hea t  
f l uxes  and e f f i c i e n t  e l imina t ion  of products  occurs  i n  a b l a t i o n  regime wi th  
production of very low f r a c t i o n s  of char  [2,3,4] and could t h e r e f o r e  behave 
as a simple fus ion .  This paper p re sen t s  a b r i e f  o u t l i n e  of t h e  main i d e a s  
and r e s u l t s  obtained t o  t h i s  e f f e c t  and i s sued  from d i f f e r e n t  approaches.  

I 

I 

; More d e t a i l s  can be found i n  r e l a t e d  papers c5,6,7,8]. 

The r e a c t i o n  has  been c a r r i e d  ou t  i n  t h r e e  d i f f e r e n t  cond i t ions  : 
hea t ing  aga ins t  a ho t  sp inning  d i s k  ; a g a i n s t  a f i x e d  hea ted  su r face  ; i n  a 

r e a c t i o n  i s  compared t o  t h a t  of solids undergoing simple fus ion  i n  t h e  same 
condi t ions .  

I continuous cyclone r e a c t o r .  In  t h e  f i r s t  two cases ,  t h e  behaviour of t h e  

SPINNING DISK EXPERIMENTS 

The mel t ing  of ice, p a r a f f i n  and " r i l s a n "  (polyamide 1 1 )  and t h e  
py ro lys i s  of wood have been. c a r r i e d  o u t  by apply ing  under known p res su res  p,  
rods o f  t h e  corresponding s o l i d s  a g a i n s t  a ho t  sp inning  s t a i n l e s s  steel  d i s k  
(-temperature Tw) [5,6]. I n  wood experiments,  t h e  r e a c t i o n  produces almost 
exc lus ive ly  gases and l i q u i d s ,  t h e  s o l i d s  be ing  mainly ashes  depos i ted  on 
t h e  d i sk .  T h q l i q u i d s  produced a r e  r a p i d l y  e x t r a c t e d  from t h e  wood s u r f a c e  
and e l imina ted  by t h e  f a s t  moving d i s k  on which they undergo f u r t h e r  decompo- 
s i t i o n  t o  gases a t  a rate depending on Tw. The presence  of t h e  t h i n  l i q u i d  
l aye r  a c t s  as  a kind of l u b r i c a n t .  

Figure 1 r e v e a l s  t h a t  under comparable va lues  of p, t h e  behaviour 
of v as a func t ion  of vR i s  similar, the o rde r s  of magnitude of v be ing  t h e  
same f o r  t h e  f o u r  types  of s o l i d s .  For v > 2 m s-I, v inc reases  wi th  p 
following : 



a depends on T 
p a r a f f i n  : 0.2y ; " r i l s an"  : 0.83 ; wood : 1) can be  f a i r l y  w e l l  r epresented  
by : 

and F on t h e  material. The mean va lues  of F ( i c e  : 0.035 ; 

F being c l o s e  t o  1 f o r  wood shows t h a t  i t  i s  probable  t h a t  AH, t he  enthalpy 
of py ro lys i s ,  is small w i th  r e s p e c t  t o  s e n s i b l e  hea t  i n  agreement wi th  l i t t e -  
r a t u r e .  

The equa t ions  of h e a t  f l u x  dens i ty  balancesbetween t h e  d i s k  and t h e  
rod a r e  : 

melting s o l i d  : h(TW - Tf)  = vpsCps (Tf - To) + vpSL 

wood : h(TW - Td) = vpsCps (Td - To) + vPsAH ( 3 )  

Assuming t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  h i s  t h e  only parameter 
depending on t h e  p r e s s u r e  (h = KpF) i t  can  b e  deduced : 

I n  agreement wi th  ( 4 ) ,  Figure  2 shows t h a t  t h e  v a r i a t i o n s  of F wi th  T p 
The vayues of Tf c a l c u l a t e d  from t h e  e x t r a p o l a t i o n  of t h e  s t r a i g h t  l i n e s  t o  
v = 0 a r e  i n  very  good agreement wi th  t h e  known va lues  of mel t ing  po in t s  
( b e t t e r  than 2 Z accuracy) .  The corresponding " fus ion  temperature' '  of wood i s  
then ca l cu la t ed  c l o s e  t o  739 K. 

a r e  l i n e a r  f o r  t h e  t h r e e  mel t ing  s o l i d s  and a l s o  f o r  wood. 

The v a l u e s  of h e a t  t r a n s f e r  c o e f f i c i e n t s  ob ta ined  from t h e  s lopes  
of t he  s t ra i  h t  l i n e s  i n  f i g u r e  2 are o f . t h e  same o rde r  of magnitude (around 
lo4 W I U - ~  K- ) whatever t h e  s o l i d  showing t h a t  t h e  mechanisms of hea t  t rans-  
f e r  a r e  probably s i m i l a r  f o r  wood and mel t ing  s o l i d s .  For wood, h v a r i e s  a s  
h = 0.017 p(W m-2 K-*) [SI. These va lues  r e v e a l  very  e f f i c i e n t  t r a n s f e r s .  

Q 

FIXED HEATED WALL 

The same experiments as be fo re  have been made with rods of i c e ,  
p a r a f f i n  and wood pressed  a g a i n s t  a s t a t i o n n a r y  p i e c e  of b ra s s  heated a t  TW. 

a b l a t i v e  mel t ing  o f  a s o l i d  c y l i n d e r  pressed  a g a i n s t  a ho r i zon ta l  w a l l  main- 
tened a t  TW [7J. In s t eady  state,  a l i q u i d  l a y e r  of cons t an t  th ickness  i s  
formed between t h e  h o t  s u r f a c e  and t h e  rod ,  w i t h  a r a d i a l  flow of l i q u i d .  
The r e so lu t ion  of t h e  equa t ion  o f  l i q u i d  flow a s s o c i a t e d  with t h a t  of energy 
balance between t h e  two su r faces  a l lows  t o  d e r i v e  t h e  fo l lowing  r e l a t ionsh ip :  

An a n a l y t i c  s o l u t i o n  has  been found f o r  r ep resen t ing  t h e  r a t e  of 

(5) 

where Pe i s  a P e c l e t  number, a f u n c t i o n  o f  a phase change number 

Ph = CPl (Tw-Tf 1 as Pe = Ph 

I + ph5% 

The r e l a t i o n  (5) shows t h a t  v v a r i e s  as poaZ5  whatever t he  type  of s o l i d .  In  
reduced form, (5) can  b e  w r i t t e n  as fo l lows  : 
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I 

By p l o t t i n g  V a g a i n s t  6 Pe3 P] ' I 4  one should o b t a i n  a s t r a i g h t  l i n e  o f  s l o p e  
one whatever t h e  n a t u r e  of mel t ing  s o l i d  and w a l l  temperature.  

A s  i n  t h e  case  of i c e  and p a r a f f i n  [7], a b l a t i o n  rate v f o r  wood 
pyro lys i s  v a r i e s  a s  wi th  a mean va lue  o f  F (0.29) c l o s e  t o  t h e  t h e o r e t i c a l  
one (0.25)(Fig. 3). The f i g u r e  4 ga the r s  a l l  t h e  experimental  po in t s  accor- 
d ing  t o ( 7 ) .  The phys ica l  p r o p e r t i e s  used f o r  t h e  c a l c u l a t i o n  of V and P f o r  
i c e  and p a r a f f i n  a r e  r epor t ed  i n  r e f .  [7,8]. I n  t h e  c a s e  of wood, t he  f a c t o r  
conta in ing  these  p r o p e r t i e s  i n  equat ion  ( 5 )  has  been f i t t e d  t o  the  experimen- 
t a l  r e s u l t s  ( f i g .  3) l ead ing  t o  v = 1.55 x 
f i t t e d  cons tan t  a s soc ia t ed  wi th  es t imated  va lues  f o r  pe(500 kg m-3), 
Cpx (3.65 kJ.kg-lK-1) and ae (0 .3  x m2 s-l) allows t o  c a l c u l a t e  
p e  = 72.5 x 
mel t ing  po in t  of 739 K [7,8]. 

(Pe3 ~ / p , ) ' / ~  (m s- ' ) .  The 

Pa.s,a reasonable  va lue  f o r  t h e  v i s c o s i t y  of a l i q u i d  a t  a 

I 

i 

The r eac t ion  occur ing  i n  a b l a t i o n  cond i t ion  concerns only a t h i n  ex te rna l  
wood l aye r  e i n s i d e  which t h e  equa t ion  of mass ba lance  ke  = v a s soc ia t ed  wi th  
e v  = as [5] l eads  t o  a r e l a t i o n s h i p  between t h e  a b l a t i o n  v e l o c i t y  and the  
chemical f i r s t  o rde r  k i n e t i c  cons t an t  k : k = v2/as and f i n a l l y  t o  : 

CYCLONE REACTOR EXPERIMENTS 

The continuous f a s t  py ro lys i s  of wood sawdust has been s tud ied  i n  a 
e (2.8 x IO-' m d iameter )  cyclone r e a c t o r  hea ted  between 893 and Lapple t 

1330 K 67. The wood p a r t i c l e s  c a r r i e d  away by a flow of steam en te r  tangen- 
t i a l l y  i n t o  t h e  cyclone on t h e  inne r  ho t  w a l l s  o f  which they move and undergo 
decomposition. Mass ba lances  show i n  a l l  the cases ,  a very low f r a c t i o n  of 
char  (< 4 2 )  while t h e  g a s i f i c a t i o n  y i e l d  i n c r e a s e s  wi th  w a l l  temperature TW. 
It appears from f i g u r e  5 t h a t  t h e  r e a c t i o n  seems t o  occur  only  f o r  w a l l  tem- 
pera tures  g r e a t e r  than  about 800 K i n  good agreement wi th  fus ion  temperature 
of 739 K. I n  such a model, t h e  decomposition temperature of p a r t i c l e s  be ing  
roughly cons tan t ,  t h e  g a s i f i c a t i o n  y i e l d  i n c r e a s e  with TW would then r e s u l t  
from f u r t h e r  vapor i za t ion  and/or decomposition of primary products  (mainly 
l i q u i d s )  a t  t h e  w a l l  and/or i n  t h e  gas phase wi th  an e f f i c i e n c y  depending 
on TW. 

DISCUSSION 

A l l  t h e s e  r e s u l t s  ob ta ined  i n  d i f f e r e n t  experimental  condi t ions ,  
show s t r i k i n g  similarities between a b l a t i v e  wood pyro lys i s  and mel t ing  of 
s o l i d s .  Nevertheless t he  equ iva len t  fu s ion  tempera ture  of 739 K has been c a l -  
cu la t ed  from r e l a t i o n  ( 4 )  based on the  assumption t h a t  Td i s  cons t an t .  L e t  
suppose now t h a t  Td depends on ex te rna l  phys i ca l  cond i t ions  (p ,  TW) under t h e  
assumption t h a t  AH << vpsCps (Td-To). The hea t  f l u x  d e n s i t y  ba lance  equa t ion  
i s  : 



Figure  6 shows t h e  v a r i a t i o n s  of Td w i th  TW (A  
Cp, = 2800 J kg-l K-l ; p, = 700 kg m-3) wi th  ?I as a parameter. The f i r s t  
o r d e r  r a t e  cons t an t  f o r  t h e  format ion  o f  " a c t i v e  ce l lu lose"  [g] 
k(s-1) = 2.83 x 1019 exp -29000/Td) has  been supposed t o  f i t  the  present  case 
of wood primary decomposition. 

= 0.2  W m-lK-' ; 

It can b e  observed t h a t  t h e  smaller t h e  va lues  of h ,  t h e  s h o r t e s t  
t h e  domain of w a l l  t empera ture  where Td = Tw ( f o r  t h e  lowest va lues  of h ,  
Td/TW becomes less than  one as wood beg ins  t o  decompose). I n  most of usua l  
experimental  dev ices  wood tempera ture  i s  then  very  d i f f e r e n t  from source  t e m -  
pe ra tu re .  Consequently,  t h e  d i r e c t  de t e rmina t ion  of py ro lys i s  r a t e  laws would 
have senseonly f o r  low w a l l  t empera tures  (< 750 K). 

F igure  6 shows t h a t  Td v a r i e s  wi th  TW and h ind ica t ing  t h a t  s t r ic t -  
l y  speaking, t h e  f u s i o n  model i s  not  appropr ia te . .  But i t  can be observed 
( s p e c i a l l y  f o r  t h e  low h)  t h a t  as soon a s  Td/TW < 1, Td inc reases  more and 
more slowly with TW and r a p i d l y  reaches  a roughly cons tan t  va lue .  Fusion 
model seems then t o  b e  a n  e x c e l l e n t  f i r s t  approximation. 

The hatched zone r epor t ed  i n  f i g u r e  6 is bounded by the  extreme 
va lues  of h determined i n  r e f .  
The "fusion temperature" of 739 K appears  t o  b e  w e l l  s i t u a t e d  i n s i d e  t h e  
hatched su r face .  Such a fa i r  agreement shows t h a t  t h e  chosen k i n e t i c  l a w  
i s  a good approximation f o r  wood decomposition. The "fusion temperature" 
must then be  cons idered  a a mean va lue  ly ing  roughly between 660 and 725 K 
f o r  TW = 773 K and between 700 and 800 K f o r  TW = 1173 K. 

[5] and by t h e  extreme va lues  of TW explored. 

CONCLUSION 

The behaviour  of wood rods undergoing a b l a t i v e  py ro lys i s  by more 
o r  l e s s  i n t ima te  c o n t a c t  with a hot s u r f a c e  has  revea led  s t rong  s i m i l a r i t i e s  
w i th  a phase change phenomenon. The p r i n c i p a l  reasons  developed a r e  the  
fo l lowings  : q u i t e  similar behaviour o f  wood rods  wi th  t r u e  mel t ing  s o l i d s  
when appl ied  on moving o r  f i x e d  s u r f a c e s  : same ordersof  magnitude of v and 
h ; same dependance l a w  w i th  app l i ed  p res su re  wi th  a power F showing probable 
l o w  va lues  of t h e  en tha lpy  of r e a c t i o n  ; same p0*25 dependance of v i n  the  
case of f ixed  s u r f a c e  ; same low of v a r i a t i o n s  of v wi th  wa l l  temperature.  
Abla t ive  p y r o l y s i s  c a r r i e d  o u t  w i th  sawdust i n  a cyclone reactor proves t h a t  
no f a s t  r e a c t i o n  occurs  f o r  w a l l  temperatureslower than  % 800 K.  

A consequence of t h e s e  conclus ions  i s  t h a t  t h e  accu ra t e  d i r e c t  de- 
te rmina t ion  of k i n e t i c  r a t e  cons t an t  o f  wood decomposition is  a d i f f i c u l t  
t a s k ,  l i k e l y  imposs ib le  over wide ranges  of tempera tures  i n  most of experi-  
mental  devices  (upper l i m i t  around about 800 K ) .  Even i f  such high tempera- 
t u r e s  could be reached, t h e  system should b e  designed i n  such a way t h a t  t h e  
products of t h e  r e a c t i o n  could a l s o  b e  removed from the  r eac t ing  s u r f a c e  with 
h igh  e f f i c i e n c i e s .  For example, f i g u r e  6 shows t h a t  Td = TW = 800 K would b e  
observed f o r  h = I O 6  W m-2 K-l. Assuming t h a t  t h e  a v a i l a b l e  hea t  f l u x  i s  
co- t ro l led  by conduct ion  through t h e  o i l  l a y e r ,  such a hea t  t r a n s f e r  coe f f i -  
c i e n t  would be e f f e c t i v e  f o r  an equ iva len t  l a y e r  thickness of 0.1 vm ! (cal-  
c u l a t i o n  made w i t h  a thermal conduc t iv i ty  of 0 .1  W m-1 K- 
course ,  an  e f f i c i e n t  removal of t h e s e  l i q u i d s  would prevent a l s o  t h e  ex ten t  
of t h e i r  subsequent decomposition t o  secondary products and then t o  reduce 
t h e  formation of new thermal i s o l a t i n g  l a y e r s .  

f o r  o i l ) .  Of 

A l l  t h e s e  conclus ions  a r e  i n  agreement wi th  the  a n a l p i s  o f  o t h e r  
au thors .  Diebold po in ted  out  i n  1980 t h e  e f f i c i e n c y  of " so l id  convection" f o r  
ca r ry ing  ou t  t h e  r e a c t i o n  of a b l a t i v e  p y r o l y s i s  of biomass (demonstration of 
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"sawing" biomass [ 4 ] .  The same author  s t a t e d  a l s o  r e c e n t l y  t h a t  c e l l u l o s e  
Passes probably through a l i q u i d  o r  p l a s t i c  uns t ab le  s ta te  ("ac t ive  c e l l u -  
lose") dur ing  py ro lys i s  be fo re  f u r t h e r  decomposition [14] i n  agreement wi th  
Anta1 who p o i n t s  o u t  the s t r o n g  ana log ie s  observed between c e l l u l o s e  pyroly- 
sis at high hea t ing  r a t e s  and phase change phenomena [IO, 11) with  a n  upper 
l i m i t  a t  which py ro lys i s  occurs  of 773 K. Evidence of such an  upper l i m i t  is 
explained by a com e t i t i o n  between h e a t  demand from biomass and a v a i l a b l e  ex- 
t e r n a l  hea t  f l u x  $21. The same au thor  [12J no t i ces  a l s o  the  d i f f i c u l t y  and 
indeed imposs ib i l i t y  of achiev ing  cond i t ions  whereby py ro lys i s  k i n e t i c s  could 
be  s tud ied  a t  very high temperatures.  F i n a l l y ,  i t  must b e  reminded t h a t  i n  
1980, Reed [13] proposed a model f o r  e s t ima t ing  the  enthalpy of f l a s h  pyroly- 
sis of wood based on s e v e r a l  s t e p s  : hea t ing  of biomass up t o  a r e a c t i o n  tem- 
pe ra tu re  of 773 K, followed by a depolymer isa t ion  t o  form a s o l i d  which sub- 
sequently m e l t s ,  melted ma t t e r  being a f t e rwards  ab le  t o  vapor ize ,  fo l lowing  
the  temperature.  

NOMENCLATURE 

a Constant (m s-l Pa-') 
CP 
e Thickness of  r e a c t i n g  wood l aye r  (m) 
F Exponent 
h 
H Spec i f i c  enthalpy (J kg-') 
K 
k 
L 
P P res su re  (Pa) 
Po Atmospheric p re s su re  (Pa) 
P Reduced p res su re  
Pe Pec le t  number 

S p e c i f i c  h e a t  capac i ty  (J kg-' K-') 

Heat t r a n s f e r  c o e f f i c i e n t  (W m-' K-'> 

Constant (W m-2 ~ - 1  Pa-F) 
F i r s t  o rde r  k i n e t i c  cons t an t  (s-l) 
Heat of fus ion  (J kg-') 

I Ph Phase change number 
, R Radius of t h e  s o l i d  cy l inde r  (m) 

Wood s u r f a c e  temperature (K) 
Fusion temperature o f  a mel t ing  s o l i d  (K) 
Ambient temperature (K) 

Td 
Tf 
T O  

TW ( Wall temperature (K) 

X G a s i f i c a t i o n  y i e l d  
i/ V Reduced v e l o c i t y  

a Thermal d i f f u s i v i t y  (m2 s-l) 
x 
u Viscos i ty  (Pa s) 
P Density (kg m-3) 

Subsc r ip t s  : 

I Abla t ion  v e l o c i t y  of the  s o l i d  cy l inde r  (m s-'1 

Thermal conduc t iv i ty  (W m-' s-') 1 

s o l i d  c y l i n d e r  
1 s  e l i q u i d  l a y e r  
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Fig. 1. Experimental variations of ablation velocities v with disk velocity 
VR for four kinds of solids : a(ice, .Tw = 348 K, p = 2x105 Pa), b ("rilsan", 
Tu = 723 K, p = 3,45x105 Pa), c(paraffin, TW = 373 K, p = 3.45~10~ Pa), and 
d (wood, TW = 1073 K, p = 3.7~105 Pa) (From 183). 

I 

Fig. 2 .  Experimental variations of v/pF with disk temperature TW for : a(ice), 
b("rilsan"), c(paraffin) and d(wood) (From [8]). 
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Fig. 3. Ablative pyrolysis rate of wood v as a function of applied pressure p 
for different wall temperatures - 0: 823 K ; ;Y : 873 K ; A : 923 K ; 0 973 K 

Fig. 4 .  Dimensionless representation of reduced velocity V as a function Of 
reduced pressure P for three kinds of solids - o : paraffin ; x : ice ; O  

wood ... 
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Fig. 5 .  Var ia t ion  of t h e  g a s i f i c a t i o n  y i e l d  X as a func t ion  of w a l l  ternpera- 
t u r e  TW i n  t h e  f a s t  py ro lys i s  of wood sawdust i n  a cyclone r e a c t o r  : compari- 
son with t h e  “ fus ion  temperature” o f  7 3 9  K .  

L ( K )  
w 

500 500 700 900 1100 1500 300 

Fig. 6 .  Theore t i ca l  v a r i a t i o n s  of wood su r face  temperature Td as a func t ion  
of heat source  temperature Tw f o r  d i f f e r e n t  va lues  of t h e  ex te rna l  heat 
t r a n s f e r  c o e f f i c i e n t .  The hatched s u r f a c e  corresponds t o  t h e  experimental  
domain ( 7 7 6  6 TW(K) d 1 1 7 6  and lo3 < h(W K - l )  < 6 x 104). 

67 



HEAT FLUX RBQUIREMENTS FOR FAST PYROLYSIS 
AND A NEW METHOD FOR GENERATING BIOMASS VAPOR 

Thomas B .  Reed & Craig D .  Cowdery 
Colorado School of Mines, Golden CO 80401 

ABSTRACT 
The term "fast pyro1,ysis" has been used to describe a pyrolysis 

regime in which vapor produbtion is enhanced and char mimimized by 
rapid heating. It has been found in the last decade that high yields 
of primary pyrolysis oil can be achieved using fast pyrolysis. More 
recently it has been found that the pyrolysis vapors can be converted 
to high grade fuels using a catalyst. This makes fast pyrolysis of 
biomass desirable for synthetic fuel manufacture 

We present here results derived from the Diebold Integrated 
Kinetic Model (DKM) that predict the time, the temperature, and the 
products of pyrolysis and the heat for pyrolysis of cellulose as a 
function of heating rates between 0.01 and 105aC/min. This range 
covers very slow pyrolysis requiring days to fast pyrolysis occuring 
in fractions of a second. The predictions are in good qualitative 
agreement with experimental measurements. 

We then compare the heat flux required for slow and fast 
pyrolysis for particles with that which can be obtained with practical 
heating devices. The comparison shows that convective and radiative 
heat transfer is adequate for fast pyrolysis of small particles, but 
not for large particles, due to conduction to the interior. We derive 
the heat flow requirements for large bodies, the time for onset of 
pyrolysis, and the depth of heat penetration in that time. We compare 
the heat flux from various practical devices wi'th those observed in 
"contact pyrolysis" experiments of Diebold and Lede on large 
particles. The comparison shows that higher heat flux methods are 
required for fast pyrolysis of larger particles 

We have designed a "heat flux concentrator", based on the 
experiments of Diebold and Lede to generate wood vapors for upgrading 
to gasoline-like liquids. A rotating birch dowel is fed into a heated 
copper block. Vapors emerge from the bottom and are condensed and 
collected, or passed over a catalyst to establish optimum conversion 
conditions. The pyrolysis rates and results of catalytic conversion in 
these experiments will be described. 

INTRODUCTION 
Pyrolysis of biomass is a very old and complex process producing 

variable quantities of charcoal, pyrolysis liquids and gases from 
biomass, peat or coals (1). Pyrolysis was the principle source of 
chemicals in Western society for about a century and could gain become 
a major source, particularly if the products can be tailored to modern 
needs through better understanding of the pyrolysis process or 
improved upgrading of the products. 

The relative amounts of charcoal, liquid and gas obtained from 
pyrolysis depend on the time-temperature-pressure history of the 
sample in a way which may never be completely understood. This has 
led to apparent controversy over the magnitudes of kinetic factors, 
energies and products when investigators compare results from 
different experiments. Nevertheless great progress has been made in 
the last decade in understanding the role of these variables in 
controlling the nature and quantity of the products. 

The term "fast pyrolysis" has been used to describe a pyrolysis 
regime in which vapor production is maximized and the formation of 
char is minimized by rapid heating. It has been found in the last 
decade that it is possible to obtain high yields of pyrolysis oils or 
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gas using high heat flux ( 1 - 3 ) .  It has more recently been found that 
pyrolysis oil can be converted catalytically to high grade, high 
octane motor fuel. Thus there is a strong motivation to understand 
these relations. 

While there is no hard boundary between "slow" and "fast" 
pyrolysis, it is necessary to understand the relation between the time 
and energy required for each and the different chemistry and the 
possible mechanisms available for supplying this heat. We hope this 
paper will help draw together the apparently disparate results using a 
time-temperature-pressure kinetic model and lead toward more effective 
methods of pyrolysis. 

CELLULOSE AND BIOMASS PYROLYSIS KINETICS 
Biomass is a composite plastic, consisting of cellulose, hemi- 

cellulose and lignin with cellulose constituting more than half the 
tot.al and giving most of the mechanical strength. Cellulose has the 
best defined structure and thus has been studied more than lignin or 
hemi-cellulose. Furthermore it constitutes more than half the 
substance of most biomass and contributes most of the strength. Much 
of the followi.ng discussion applies primarily to cellulose, but 
qualitatively to all biomass. 

The rates of pyrolysis reactions are usually represented in the 
form of a first order Arhennius rate equation 

where X represents the quantity of any reactant X at time t and 
temperature T. (A is the pre-exponential and E is the activation 
energy. R is the gas constant). If the biomass is heated at a constant 
rate of R QC/sec, simple substitution leads to 

dX/dt. = -X A exp(-E/RT) 1 )  

dX/dT (-AX/R) exp(-E/RT) 2) 
The values for A and E in Eqs. 1 and 2 are usually measured by 

thermogravimetric analysis (TGA) and describe the global pyrolysis 
(including all solid state reactions) in terms of a single A-E pair 
(2,3). While this oversimplfification may be justified over a narrow 
temperature range for engineering purposes, the global approach 
ignores preliminary solid state reactions and and thus is not able to 
predict the change of products with heating rate, the time required 
for pyrolysis or the temperature of pyrolysis. 

Several reaction schemes for cellulose pyrolysis have been 
proposed involving competing parallel and consecutive reactions 
(2,3,5,6). Cellulose pyrolysis now appears to involve an initial 
drying step (not discussed here), followed by two parallel reactions 
which for instance differentiate between two subsequent paths as shown 
in Table 1. The first reaction involves cross linking (trans- 
glycolization) of the cellulose and leads to the formation of 
charcoal. The second reaction is a depolymerization leading to a low 
molecular weight liquid or solid depending on temperature and rate of 
formation. This was called the "active state" by Bradbury and 
Shafizadeh ( 4 ) .  These more volatile components may either immediately 
evaporate at low pressure or evaporate subsequently at higher 
pressures. 

AN INTEGRATED MODEL OF CELLULOSE BIOMASS PYROLYSIS KINETICS 
The justification for studying the various pyrolysis reactions is 

to predict the detailed course of pyrolysis under a wide variety of 
conditions. Diebold has recently collected previous work on various 
aspects of cellulose pyrolysis into a single integrated model of 
cellulose pyrolysis (5,6). The six reactions included are shown in 
Table 1. The temperature at which the reaction rate reaches 10-6/s and 
l/s is listed for convenience in evaluating the relative strength of 
each reaction.ote that the reaction producing char reaches a rate of 
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10-6/s at 208 o C ,  while the depolymerization reaction does not reach 
10-6/s until 225 OC. Thus slow pyrolysis favors charing. However the 
depolymerization reaction reaches a rate of l/s at 379 06, while the 
charing reaction does not reach a rate of l/s until 703 O C .  Thus 
rapid heating favors depolymerization and volatilization over charing. 

The Diebold Kinetic Model (DKM) permits calculation of the 
relative amounts o f  the products of pyrolysis as a function of time- 
temperature history. The kinetic equation 1) using values in Table 1 
are integrated using the Runge-Kutta technique on a microcomputer. A 
second-derivative test is used to determine the time increment. The 
model permits any type of heating history, but the results given here 
are those for a constant heating rate as given in Eq. 2). 

Table 1 - Simplified Cellulose Pyrolysis Reaction Scheme 
-_--_-__------__-------------------------------------------------- ----_--_------_--__----------------------------------------------- 

kvc+ SECONDARY CAS f -  kvg 
FEED -ka j ACTIVE -> PRIMARY -kvT+ SECONDARY 

VAPORS TAR ( v ) 

ka+ CHAR(d)tHzO k c 4  CHAR(a) t HzO 

REACTlON 

Cellulose to char t H2O 
Cellulose to ktive 
Active to Primary Vapor 

at 1 atm 
Active to primary vapor 

vacuum 
Active to Char(b1 t H20 
Active to gas 
Primary vapors to gas 
Primary vapors to tars 

k A E T(R=10-6) T(R 1 )  
sec- 1 kJ O C  O C  

ka 
ke 
kv 

kv Y 

kc 
kv e 
kv e 
kv t 

6.69Et05 
2.80Et19 
6.79Et09 

3.20Et 14 

1.30Et10 
3.57Etll 
3.57Etll 
1.81Et03 

109 
243 
140 

198 

153 
204 
204 
61 

2oa 
225 
188 

231 

224 
335 
335 
70 

703 
379 
470, 

440 

518 
65 1 
651 
700 

iu’otes: Kinetic constants used in Diebold kinetic model. T(R = 10-6) 
is the temperature where the rate contsant R = 1 0 - 6 ;  T(R = 1) is the 
temperature at which R = 1. ------------_____-_-____________________----------------------------- ---------_______________________________----------------------------- 
While this model may not. explain all aspects of cellulose 

pyrolysis, it goes a long wag toward predicting the changes observed 
with time-temperature-pressure. Other values for kinetic factors and 
other pathways should be substituted as they become known. In 
particular, an improved model should include the effect of pressure 
explicitly in the vaporization rates given by k, and k,, . The nature 
and role of t.he “active” state needs to be better defined, since it 
plays a key role in this and other schemes. We will use this model 
here to predict heat flux requirements for slow and fast pyrolysis of 
cellulose. 
DEPENDENCE OF TIME, TEMPERATURE AND PRODUCTS ON HEATING RATE 

The dependence of the pyrolysis time, tp and pyrolysis 
temperature, TP on heating rate predicted by the DKM are shown in 
Table 2 and Fig. 1 .  The dependence of products on heating rate is 
shown in Fig. 2 .  (It is the nature of an exponential decay that it is 
never complete. We have therefore arbitrarily taken the time and 
temperature of pyrolysis as that time and temperature where the 
reaction is more than 99.9% complete.) 
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0.01 
0.1 

1 
10 
100 

1000 
10000 
100000 

1650000 
181200 
19800 
2142 
234.6 
25.5 
2.778 

0.3042 

275 
302 : 
330 I 
357 : 
391 : 
425 : 
463 ; 
507 I 

23.9 
12.4 
6.9 
4.2 
2.6 
1.2 

0.005 
0.003 

46.2 
73.2 
84.6 
90.3 
94.3 
97.2 
98.7 
99.4 

29.9 
14.9 
8.7 
5.4 
3.1 
1.5 

0.007 
0.003 

Notes: Values calculated from Diebold model. ---------_______________________________----------------------------- --------------------------------------------------------------------- 
Here it is seen that pyrolysis temperatures vary between 280 and 

over 500oC as heating rates increase from 10-2 to 105 O/min. In slow 
"commercial" pyrolysis, char yields are still increasing with 
pyrolysis times of over a month, and pyrolysis is complete at 
temperatures below 300oC. These correspond to the conditions that 
have been used classically for the manufacture of charcoal (1). Most 
of the kinetic data of Table 1 were acquired in experiments using 
convenient "laboratory" heating rates of 1-1000 C/min. The predicted 
char yields of 2.6-6.9% and temperatures of 330-39OOC correspond to 
those observed experimentally in this range. 

4t even higher "heroic" heating rates, gas and oilyields are 
still increasing with rates of over 10' oC/min where pyrolysis occurs 
at about 460OC. These conditions correspond to the experimental 
conditions of Diebold, Lede and Reed (7-9) produced by contact 
pyrolysis (see below). Thus it is clear that heating rate is a primary 
variable for controling products in pyrolysis. 

While the calculations in this paper are for cellulose, we 
believe the conclusions are qualitatively valid for all biomass. 

HEAT OF PYROLYSIS AND HEAT FOR PYROLYSIS: 
The energy required for pyrolysis, A h p  has long been a subject 

of interest to those involved in pyrolysis; yet no commonly accepted 
value is available to an engineer wishing to design a pyrolysis 
reactor, and even now it is n o t  clear from the literature whether 
pyrolysis is endothermic or exothermic. It has been reported to vary 
from t370 J/g (endothermic) to -1700 J/g (exothermic)(5). One reason 
there is no commonly accepted value is that it is a difficult 
measurement to make under many of the conditions of pyrolysis (very 
slow or very rapid heating, large quantities of condensible vapors 
present, large temperature gradients in the sample). A more 
fundamental reason however is that the value depends on the particular 
form of biomass, the conditions of the experiment and the products 
formed, so that there is a unique value for each experiment. We will 
give here a method of calculating the heat of pyrolysis for known 
heating rates and products which, while approximate, underlines the 
factors that must be taken into account. 

We define the "heat of pyrolysis" of biomass, a h p ,  as that heat 
required to effect the phase change from biomass to char-liquid-gas at 
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the temperature where pyrolysis occurs. (We define the “heat of 
pyrolysis as the heat required for the phase change plus the heat 
required to reach this temperature - see below. ) A thermodynamic 
calculation of A h p  can be made for cellulose based on the idealized 
reactions shown in Table 1.  The idealized charing react,ion for 
cellulose can be written as Rx I: 

Rx I l/n (CsH1005).---> 6 C t 5 HzO AH. = - 4 1 5 . 1  kJ/mole 
Rx I1 l/n ( C S H I O O ~ ) ~  - - ->  CSHIOOS (v) ~ H v  = 6 0 . 0  kJ/mole 

(Here we use the notation l/n (CsHl00s)~ for cellulose to emphasize 
its polymeric nature. The values above are calculated from the heats 
of combustion or formation of the products and reactants.) The second 
reaction represents the depolymerization of cellulose to levoglucosan, 
with simultaneourvaporization. (Levoglucosan is the principal 
decomposition product of cellulose.) 

These two reactions can be combined in the appropriate ratio to 
give a value f o r  the heat of pyrolysis depending on the relative a- 
mount of carbon formed, eg 

1 

or 
AHp = 5 9 . 9 6  - 4 7 5 . 1  F, kJ/mole 

A h p  3 7 0  - 6 6 0 3  Fc J/g 
3 )  
4 )  

where Fc is the weight fraction of carbon produced in the charing 
reaction. These values of the heat of pyrolysis should be considered 
as idealized because pyrolysis of cellulose gives charcoal (not 
exactly carbon) and other products beside levoglucosan. Nevertheless 
they illustrate the necessity for knowing the products in measuring the 
heat of pyrolysis. 

measure the A h p  of cellulose ( 2 ) .  He varied the amount of char formed 
by changing the pressure of the experiment. He found an approximately 
linear change in the A h p  of cellulose from -170  kJ/g with a char 
production of 23% (typical of slow pyrolysis) to t270 kJ/g with a char 

These values can be used in a linear equation to predict the heat 

bntal recently used a high pressure scanning calorimeter to ! 

\ 

I 
I 

production of 9% (typical of fast pyrolysis)(5). 

i of pyrolysis on the basis of char content F c ,  ie 

Ah, = 5 5 3  - 3142 Fc kJ/g 

where Fc is the fraction of charcoal produced. Note that the values 
for the coeficients resulting from the experimental values are similar 
in magnitude to those predicted from thermodynamic calculation in 
Reaction 4 ) .  The heats of pyrolysis calculated from the predicted 
char production and pyrolysis temperatures are listed in Table 3 .  

A quantity of more interest to the engineer is the heat for 
pyrolysis. Wc define the “heat for pyrolysis”, hp as the sensible heat 
required to raise a biomass particle to pyrolysis temperature, ( =  c T p  
where c is the heat capacity of the biomass) plus the heat required to 
pyrolyse it, A h p .  (If the products of pyrolysis are then heated above 
this temperature, this heat must also be included.) Table 3 also shows 
values of hp for pyrolysis of cellulose calculated from 2 )  and the 
heat capacity of cellulose, 1 . 3 1  J/g-OC ( 0 . 3 2  Btu/lb-F). Note that the 
variation of hp with heating rate is small compared with the variation 
of Ahp. 
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0.01 275 
0.1 302 

1 330 
10 357 
100. 39 1 

1 no0 425 
10000 463 

1 noooo 507 

23.9 -198 
12.4 163 
6.9 336 
4.2 421 
2.6 47 1 
1.2 51 5 

0.005 553 
0. 003 5.53 

hp 
J/g 

162 
559 
769 
8R9 
084 
072 
159 
21 7 

Notes: Char yield calculated from Diebold Model. A h p  calculated - calculated from 553-3142Fc : h p  
h p  with c = 1.3 J/g-oC for cellulose A h p  =-c(TP - To) ________________________________________----------------------------- ________-__--_-_________________________----------------------------- 
HEAT FLUX REQUIRED FOR SLOW AND FAST PYROLYSIS 
A. Small Particles & Slow Heating 

The average heat flux required to pyrolyse a particle is given by 

6 = AhppV/tpA 6 )  

where 4 is the rate of heat supply per unit area, is the density, V 
is the volume and A is the heated surface area of the particle. I f  
the particle is a cube, this simplifies to 

4 = h P P  L / 6  tp 7) 

where L i s  the length of the cube edge. 
The data in Table 2 and 3 can be combined with this equation to 

predict. the magnitude of heat flux required for slow and fast 
pyrolysis. Table 4 shows the heat flux required to pyrolyse a 1 cm 
cube of cellulose (or biomass). The values shown are calculated for 
heating the particle just to pyrolysis temperature. They assume that 
the particle is approximately isothermal and pyrolysis occurs 
everywhere at once. 

The above calculation assumes that there is no resistance to heat 
transfer, and the particle will be essentially isothermal. However 
most forms of wood and biomass are relatively poor conductors of heat 
and at higher heating rates the results shown above will not be valid. 
The validity of these assumptions is tested by the Biot number, given 
by 

Ne = Heat flux to surface/Heat flux to interior 
Ne H L/K 8) 

(where H is the heat transfer coefficient, characteristic of whatever 
method of heating is used; L is a characteristic length of the 
particle, typically the cube root of the volume: and K is the thermal 
conductivitY.) 

Unfortunately the heat transfer coefficient H is generally 
applied to convection or radiation heating with small temperature 
differences, where heat .transfer is a strong function of A T .  However 
for high temperature radiation and contact pyrolysis sources, the 
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change in AT is relatively small and the Biot number is approsimated 
by 

N~ = &/KAT 

0 . 0 1  
0 . 1  

1 
10 

100 
1 0 0 0  

10000 
100000  

275  
302  
330  
357 
391 
4 2 5  
4 6 3  
507 

162 : 8 . 2 0 8 - 0 6  
5 5 9  2 . 5 7 B - 0 4  
769  : 3 . 2 3 E - 0 3  
8 8 9  : 0 . 0 3 5  
9 8 4  : 0 . 3 5  
1072 : 3.50 
1 1 5 9  : 3 4 . 7 8  
1217  : 3 3 3 . 4 1  

7 . 1 E - 0 6  
2 . 2 E - 0 4  
2 . 8 8 - 0 3  

0 . 0 3 0  
0 . 3 0 4  

3 . 0  
3 0 . 2  

2 8 9 . 9  

Note: Heat f l u s  calculated from 6 = hp L/6 tp 

X = 0.0023 J/s-cm-OC 
Biot number calculated from Ns = h P p  L P / 6  t p K A T  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - - -_- - - - -__-- - -_- -__-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
F o r  Biot numbers less than 1 ,  the particle will be nearly 

isothermal and will dry, then pyrolyse in sequence. For  Biot numbers 
larger than 1, the resistance to heat transfer within the particle 
becomes large compared to that of the heat source and steep gradients 
esist. in the particle. In this case the pyrolysis wave travels from 
the outside of the particle to the inside, producing simultaneous 
drying and pyrolysis. 

The Biot number for a 1 cm cube is also shown in Table 4, 
calculated for the particle heating rates shown and assuming an 
average temperature difference of 500 ii in. Here it can be seen that 
the assumption of  an isothermal particle is valid for slow heating 
rates and small particles. However for a heating rate larger than 100 \ 

OC/min and a heating rate of 0 . 3 5  W/cma there will be steep gradients 
in the particle, so that the heat flus will be altered and the drying 
and pyrolysis will occur simultaneously. 

B. Large Particles IL Rapid Heating 

For high heat flux and larger particles, when the Biot number 
esceeds 1 ,  it is necessary to calculate the non-steady state heat 
transfer for the particular particle geometry and surface temperature. 
While this can be quite complex for most cases, it is relatively 
simple for the one dimensional steady state case esperiment described 
by Lede in contact pyrolysis ( 8 ) .  In t.his case a heated disk supplies 
sufficient heat to a beech dowel to pyrolyse and vaporize it at a rate 
V. The steady state temperature distribution in the rod is given by 

T(s) = To t (q/pcV)exp(-Vx/B() = (Td - To)exp(-Vx/*) t To 1 0 )  

where T(r) is the temperature at a distance x from the heat source of 
strength q, TD is the temperature at the pyrolysing interface and TO 
is the initial temperature of the rod. The density of' the wood is p ,  c 
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is the heat capacity, r& the thermal diffusivity and V the rate of 
pyrolysis. IHere we have taken the following values used by Lede for 
consistancy; heat capacity,~ :: 2.80 J / g - " C ;  density = p = 0.70 g/cm*. ; 
thermal conductivity K = 0.0023 J / s - c m - o C ;  thermal diffusivity = (II = 
0.0012 c m z / s  __-______________-______________________-------------------------- ________________________________________--------- - - - - - - - - - - - - - - - - -  

Table 5 - Steady State Fusion-Pyrolysis of Birch Rod 

HEAT F L U X  q 10.00 100 1000 W/cmz 

Velocj ty (b) V 0 . 0 1  0 . 1 1  1 .14  cm/s 
Penetration (c) Xc 0.10 0 . 0 1  0 . 0 0 1  cm 
Heat stored Q 89.76 8 .98  0.90 J/cmz 
Induction Time (e) ti 9 . 0  ' 0 .09 0.0009 S 

Notes and assumpt.ions: (a) Tp = 466 O C ,  To = 20 O C  
( t i )  The pyrolysis velocity, V was calculated from V = q/(pc)iTp-To) 
(c) 'The heat penetration X(l/e) was taken to be the distance at 
which the t,emperature had fallen to l/e of Tp, V X / u  = I ,  S=WV. 
(d)The heat stored in the rod, Q, was calculated as the integral 
of the sensible heat between x=O and s = o o ,  = ecp (Tp-Ta)/V 
(e) The induction time ti is the time required to establish the 
steady state temperature gradient, t. = Q / G .  This assumes the 
heat transfer intensity is constant before steady state is 
reached. 
( f )  Temperature Distribution T = T. esp(-Vs/aO + To __--_____________--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  ________________________________________--------- - - - - - - - - - - - - - - - - -  

Note in Table 5 that the velocity and heat penetration increase 
linearly with heat flus. However, the induction time required to 
reach steady state varies inversely as the square of heat flux. At 
low flus, considerable char may build at the interface so that the 
steady state condition may never be reached. 

HEAT TRANSFER MECHANISMS FOR FAST PYROLYSIS 
The magnitudes of heating rates which can be obtained from 

various methods of heat transfer are shown in Table 6 (Heed, 1981 C u  
Xtn.1. Comparing the fluxes shown in Table 4 to the values in Table 5, 
it can be seen that the high heating rates required for fast pyrolysis 
of small particles can be achieved with convection, radiation or 
conduction. 

Convection is the least satisfactory heat transfer mechanism for 
fast pyrolysis because the water and pyrolysis vapors produced during 
pyrolysis interfere with heat transfer. A l s o  convection from gas 
sources with temperatures above 600 O C  is unsuitable for oil 
production because they crack the pyrolysis oils which are only stable 
to about 600 O C .  Low temperature radiation sources (below 1000 0 C  are 
also unsatisfactory for fast pyrolysis of larger particles. 

The production of pyrolysis oil is favored by radiation from a 
high temperature source or by "contact pyrolysis" (see below). In the 
case of radiation, the solid is heated rapidly, but the vapors are 
largely transparent and transient and so are not overheated ( 1 2 ) .  
Unfortunately black body sources with temperatures above 2000 O C  are 
expensive and difficult to use. 

CONTACT PYROLYSIS 
A new method of heat transfer, "contact pyrolysis", has been 

developed in the 1980's and appears to be especially suited for the 
production of pyrolysis oil vapor. 
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Typical Maximum 
Temp diff Ht T$ansf 

K W/cm2 
A T  9 

CONVECTION 
Gas Free Convection 500 10 
Gas forced convection 500 300 
Air-Gas Flame 1500 200 
Oxy-Acetylene flame 3000 3000 
CONVECTION, ELECTRONIC 

Electric arc 10,000 20,000 

RADIATION 

Black Body 

Surface T 
O K  

7 7 3  20 
1,273 150 
2,273 1,500 
5,273 44,000 

Focused C02 laser 100,000 

CONTACT PYROLYSIS 873 3,000 

Maximum 
Ht tr coef 

H 
W/cma -K 

0.02 
0.6 

0.13 
1 . oo  

2 

0.026 
0.12 
0 .66  
8.3 

NA 

3.2 ------_-------------------------------------------------------------- --_---_-------_--_--------------------------------------------------- 
In 1980 Diebold showed that a moving hot wire would cut through a 

piece of wood at rates of several cm/sec with apparently no production 
of charcoal (7). Led& et a1 have since shown that a wood dowel can be 
consumed at rates up to 3 cm/sec corresponding to heat transfer rates 
of 3000 J/cmZ by pressing it against a heated disk (8). Furthermore 
the heat transfer rate is directly proportional to pressure, and a 
pressure of 30 atmospheres was used to attain the above heat transfer 
rate. The heat transfer is also proportional to the difference 
between the disk teaperature and 466 O C .  This was interpreted to show 
that the wood had a "fusion behavior" above 4 6 6 O C  (8,13). Reed has 
now developed a "heat flux concentrator" (see below) using a copper 
block to produce vapors for catalytic conversion to fuel ( 9 ) .  

Contact pyrolysis has several interesting and non-obvious 
features : 
o The thermal conductivity of metals is typically 3-4 orders 

of magnitude higher than that of hot gases or biomass, and so the heat 
transfer produced by direct contact is proportionally high. 

vaporization of the pyrolysis products so that they do not 
interfere with heat transfer, and instead the biomass pyrolyses 
to an oii or foam 

o When the resulting oil or  foam is squeezed out of the interface 
region, it is immediately in a low pressure region and can 
vaporize very rapidly 

o The rubbing contact removes char or ash which would otherwise 
interfere with heat transfer 

o The use of pressure at the heated interface retards the 

A HEAT FLUX CONCENTRATOR FOR CONTACT PYROLYSIS PRODUCTION OF 
PYROLYSIS O I L  VAPOR 

In order to produce vapors for catalytic conversion to 
hydrocarbon fuels, we have developed a "heat flux concentrator" shown 
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i n  F i g .  5 a n d  6. I n  o p e r a t i o n ,  a wood dowel  is r o f a t e d  i n  a d r i l l  
p r e s s  and f o r c e d  i n t o  a 1.2 c m  d i a m e t e r  t a p e r e d  h o l e  i n  t h e  h e a t e d  
c o p p e r  b l o c k  shown i n  F i g .  5. The r o d  is  f e d  a t  a r a t e  o f  0.2 - 0.25 
cm/sec. The v a p o r s  e s c a p e  t h r o u g h  1 2  h o l e s  t h r o u g h  t h e  bot.tom o f  t h e  
b l o c k  and a r e  t h e n  c a p t u r e d  i n  t r a p s  a n d  i n  a g a s  b u r e t t e .  
. A l t e r n a t i v e l y ,  t h e  vapors t r a v e l  w i t h o u t  c o o l i n g  t o  a c a t a l y s t  tes t  
f u r n a c e  a s  shown i n  F i g .  6 where  t h e  p r o d u c t s  a r e  c a p t u r e d  (91. 

The h e a t  f l u s  c o n c e n t r a t o r  h a s  b e e n  o p e r a t e d  t o  p r o d u c e  p y r o l y s i s  
vapor as a n  end  p r o d u c t , ,  or t o  t e s t  t h e  o p e r a t i o n  o f  v a r i o u s  
~ ~ . t a l y s t . s .  4 p r e l i m i n a r y  m a s s  b a l a n c e  o n  p y r o l y s i s  o i l  p r o d u c t i o n  is 
s h o w  i n  T a b l e  7 f o r  p y r o l y s i s  r u n s .  W e  o b s e r v e  t h a t  t h e  w a l l s  of  t h e  
p y r o l y s e r  a n d  t h e  e x i t  h o l e s  hecome c o a t e d  w i t h  R h a r d ,  s h i n y  form of  
c a r b o n  Like p e t r o l e u m  c o k e .  W e  now b e l i e v e  t h a t  t h e r e  i s  a h i g h  
r e s i R t a n r e  t o  v R p o r i z a t . i o n  which  c a u s e s  p l u g g i n g  o f  t h e  p y r o l y s e r  
3 f i . e r  t h e  feed i .ng  o f  a h o u t  5 g .  We a r e  c u r r e n t l y  m o d i f y i n g  t h e  d e s i g n  
t o  improve \ v a p o r i z a t i o n .  .A few c a t a l y s t .  r u n s  h a v e  a l s o  been  made and 
t h e y  x i 1 1  b e  d e s c r i b e d  i n  more d e t a i l  l a t e r .  

_______-_-______________________________-------------------_--------- ________________________________________-- - - - - - - - - - - - -_- - - - - - - - - - - - - -  
T a b l e  7 - P r e l i m i n a r y  Mass B a l a n c e  on  C o n t a c t  P y r o l y s i s  E s p e r i m e n t s  

P y r u l y s i s  TP Wood g l i q /  g g a s /  g c o k e /  Mass out/ 
Run O C  Consumed g wood g wood g wood Mass i n  

5P 550 2.56 0.61 0.10 0.27 0.98 
8P 600 5.59 0.57 0.10 0.33 1.00 
9P 500 6.10 0.52 0.12 0.25 0 . 8 9  
1 I P  7 00 4 . 2 1  0.57 0.13 0.14 0 . 8 5  ___-__----______________________________----------------------------_- __---_----______________________________-----------------_----------_- 
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PRODUCTION AND CHARACTERIZATION OF PYROLYSIS 
LIQUIDS FROM MUNICIPAL SOLID WASTE 

James E. Helt and Ravindra K. Agrawal 

Argonne National Laboratory 
9700 S. Cass Ave. 
Argonne, IL 60439 

, 
INTRODUCTION 

Municipal solid waste (MSW) is a highly variable "raw material," by both 
season and location. However, it is generally accepted to  have a composition 
within the ranges shown in Table 1 (1). Cellulosic materials, including paper, 
newsprint, packaging materials, wood wastes, and yard clippings, constitute over 
50% of MSW. 

A basic understanding of the pyrolytic reactions is important and relevant 
to both combustion and conversion of MSW. As MSW is heated the different 
components react differently at different temperatures. The volatile species 
can evaporate without major change, and the rest of the cellulosic components 
partially break down to volatile components leaving a carbonaceous char that 
contains the ash and noncombustibles. The volatile pyrolysis products consist 
of a gaseous fraction containing CO, Cog, some hydrocarbons, and H2, which are 
noncondensables. There is a condensable fraction containing H 0, volatile 
hydrocarbons and low molecular weight degradation products sucf as aldehydes, 
acids, ketones, and alcohols. Finally, there is a tar fraction containing 
higher molecular weight sugar residues, furan derivatives, and phenolic 
compounds. The proportion and composition of these products are highly 
dependent on the cellulosic composition of the MSW, the pyrolysis temperature 
and the presence of inorganic compounds that could influence (catalyze) the 
pyrolysis reactions. 

Pyrclysis nf cellulose at temperatures below 300°C results mainly in char 
formation. Any lignin present in the MSW (Kraft paper, cardboard, and wood 
waste contain significant proportions) has a higher tendency for charring, 
whereas the cellulose and hemicelluloses readily decompose to volatile products 
at temperatures above 30OoC. Most of the plastics present thermally degrade at 
a significantly higher temperature (40O-45O0C) ( 2 ) .  

BASIC MECHANISMS RESEARCH 

The ANL/DOE program on pyrolysis of municipal solid waste (MSW) has two 
overall objectives: (1) to understand the basic thermokinetic mechanisms 
sssociaterl with the pyrolytic conversion of HSW and ( 2 )  to seek new processing 
schemes or methods of producing a liquid or gaseous fuel from MSW feedstock. 
meet these objectives, we are performing laboratory experiments with the aim of 
determining the effects of different operating parameters on the pyrolysis- 
product compositions and deriving an analytical model of the pyrolytic process 
that describes the chemical kinetics. 

TO 

. 

This DOE-sponsored research has both ANL activities and subcontracted work. 
Argonne is performing closely controlled laboratory-scale parametric tests. The 
work is being performed on two experimental facilities: 
thermal degradation versus temperature, and ( 2 )  a bench-scale reactor to produce 
significant quantities of products to permit characterization. 
determine how different operating parameters influence the product compositions. 

(1) a TGA to study the 

The goal is to 

a2 
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Subcontracted activities are being performed at the Solar Energy Research 
Institute (SERI) and the Chemical Engineering Department at the University of 
Arizona. SERI has used their direct high-pressure molecular beam mass 
spectrometric sampling system to collect qualitative "fingerprints" and 
experimental data on the pyrolysis products generated from components of MSW and 
various refuse derived fuel (RDF) samples (3). They are also using the same 
experimental apparatus to distinguish between the primary and secondary 
reactions leading to the formation of the pyrolysis products ( 4 ) .  This data 
will be part of an overall data base to describe the influence of sample 
properties and reaction conditions on the solid phase and gas phase processes of 
low-temperature (<5OO0C) MSW pyrolysis to oils. Additionally, SERI has recently 
started a new task on the development of a rapid method of characterizing the 
liquid products from pyrolysis based on mass spectrometric data. This new task 
is composed of three parts: 1) compound class analysis by advanced pattern 
recognition techniques, 2 )  liquid product analysis via compound class analysis, 
and 3 )  correlation of chemical composition to fuel properties. 

The University of Arizona has completed a small research effort on the 
fundamentals of direct liquefaction of MSW ( 5 ) .  
autoclave and a real-time digital microprocessor control system so that it could 
be operated in a semi-continuous mode. Various components of MSW were studied 
in order to obtain meaningful data, not confused by the different thermokinetics 
of more than one distinct MSW component. Feedstocks included wood flour, 
cardboard, newsprint and rice (starch), as well as the important model compounds 
alpha cellulose and lignin. It was found that these MSW components could be 
converted to li uid oils and a high-heating value residual solid at temperatures 
of 325OC to 400 C and pressures of 1000 psi to 3000 psi. 

They modified an existing 

a 
A task which is related to the basic mechanisms work is also being 

performed by ANL (2). This task explores the possibility of using catalytic 
hydrotreating to upgrade the liquid products produced during conventional 
pyrolysis of MSW. The liquid products obtained from MSW pyrolysis processes are 
generally unsuitable for use as liquid fuels. Heating values are low and the 
liquids are very corrosive, viscous and unstable during storage. A major reason 
for these problems is the extremely high oxygen content of the pyrolysis 
products. The kinetics of catalytic reactions that remove oxygen-containing 
compounds from the pyrolysis liquids is being experimentally determined in a 
high-pressure, fixed-bed microreactor of the trickle-bed type. The reactions of 
interest involve the reduction of the oxygen-containing hydrocarbon with high 
pressure hydrogen using a solid catalyst. The catalysts which have been used 
are primarily commercially available hydrodesulfurization (HDS) catalysts 
containing molybdenum oxide with either cobalt or nickel oxide, supported on 
high surface area alumina matrix. 

ANL BENCH-SCALE STUDIES 

The emphasis of this paper will be on the bench-scale studies being 
performed at ANL and on the associated activities in characterizing the liquids 
produced in the pyrolysis reactions. 

The reactor is a fixed bed contained inside a quartz tube (70-mm ID) and 
placed between two glass frits. 
furnace. The reactor tube can be purged from top to bottom with the desired 
gas(es). 
high as -30°C/min. 
indication of existing temperatures and temperature gradients. There is a 
rotameter on the inlet gas line and a dry gas meter on the outlet. Cold traps 
are in the gas outlet downstream of the condenser unit. These traps are filled 
with ice or dry ice. Downstream of the traps, the gases that do not condense 
are collected in plastic sampling bags for analysis by gas chromatography (GC). 

The outside of the tube is enclosed in a 

The reactor is operated in the nonisothermal mode with heatup rates as 
Temperatures are recorded on a multipoint recorder to allow 
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Experimental results on the thermal decomposition of typical MSW components 
(Whatman #1, newsprint, kraft paper, cardboard,aspen, and pine) over a 
temperature range of 275-475OC have been gathered. 
experimental runs may be found elsewhere (6). Also, information on the TGA runs 
used in support of this bench-scale work is available elsewhere (7,E). 

The details of these 

CHARACTERIZATION OF LIQUIDS 

Various liquid samples produced in the bench-scale apparatus have been 
analyzed with GC and GC/MS. 
each other by both measurement of peak retention times and by observation of the 
patterns present. As a result, six different groups were identified: 

The chromatograms were qualitatively compared 'to 

Group A - Most components elute early in the chromatogram as many 
sharp peaks within a small retention window. 

Group B - Bulk of components elute across a 6- to 20-min retention 
window and are a mix of both sharp and broad peaks. 

Group C - Many peaks are observed; the bulk of components elute across 
a 4- to 30-min retention window. 

Group D - Similar to C, but most components elute across a 4- to 20-min 
retention window. 

Group E - A few early peaks are observed, especially in the 5- to 7-min 
retention window. 

Group F - Similar to D, but many peaks are observed in the 9- to 11-min 
retention window. 

The mass spectrum obtained from a typical tar sample is shown in Fig. 1. 
This tar sample was produced from a newsprint feedstock pyrolyzed in an inert 
atmosphere of helium. 
component NIH/EPA library in addition to a library of compounds from Battelle 
Pacific Northwest Laboratory (9). The results of the computer search and from 
interpretation of various standard spectra yielded tentative identification of 
numerous compounds. It is apparent that many compounds of homologous series are 
present. Recognition of just one of the compounds in a series leads to 
identification of all since they will most likely differ only by 14 amu (a CH2 
group) 3r by 31 amu (a CH30 group). In some cases the same identification is 
made for more than one compound. Actually, different isomers of the compound 
are probably being found. The percent found was estimated by dividing the 
response of the most abundant ion for a compound by the total of the responses 
of the most abundant ions for all compounds. 

A computer search was performed using the 31,000 

In general, the classes of compounds included furfurals (9.4%), phenols 
(2.5%), methoxyphenols (16.9%), cyclic compounds such as methyl cyclopentanones 
(10.8%), methoxy benzenes (3.8%), and the substituted propane tentatively 
identified for the peak at scan number 1207 (36.8%). 
eluting at scan 1207 is by far in the highest concentration, insufficient 
information is available from its spectrum to allow a reasonable identification. 
The b x e  peak observed is 75amu, and a 115 amu ion is also present at 40% 
abundance. 

Although the compound 

With the computerized mass spectral matching capability, a substituted 
propane with a molecular weight of 192 g/mol (propane, 1,3-dimethoxy-2,2- 
bis(methoxymethy1)) was selected as the most probable compound. 
submitted for gas chromatograph/matrix isolation/Fourier transform infrared 
(GC/MI/FTIR) analysis to add to the information necessary for better 
identification. 

The sample was 
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A GClMI/FTIR run provided useful information on the bulk of the material 
present in the sample at scan number 1207. Data from the GC/HI/FTIR analysis 
indicated that the computerized mass spectral identification of the component 
eluting at scan number 1207 is not far off. The compound does not contain 
phenyl groups, and computerized IR searches came up with compounds with an 
ethanollethane or propanol/propane backbone substituted with methoxy or ethoxy 
groups. In particular, three close matches are dimethyl acetaldehyde, (CH30)2- 
CH-CHO; 1-methoxy-2-propanol, CH30-CH2-CH(OH)-CH3; and 1,3-diethoxy-2-propanol, 
CH3CH20-CH2-CH(OH)-CH2-OCH2CH3. 
consistent with the tentative identification given for the compound. 

The presence of methoxy or ethoxy groups is 

Another compound present in a relatively large concentration but which 
cannot be identified is that eluting at scan number 1343. This compound has an 
apparent molecular weight of 110 amu, with ions at 71, 89, and 110 amu. It 
appears to be neither a methyl furfuryl, benzenediol, nor dimethyl 
cyclopentanone. 
which can come from a tetrahydrofurfuryl structure or from a butyl ester. 
compound's real molecular weight may be above 110 amu. 

The 71-amu ion probably results from a CH3-CH2-CH2-C=0 group, 
The 

YIELDS AND ANALYTICAL RESULTS 

With the Whatman No. 1 filter paper, the yields at 475OC of water vapor and 
gases were in the ranges 5-13 wt X and 26-34 wt X ,  respectively, of the original 
cellulose. The hydrogen balance suggests the higher water content (13%), 
whereas both the carbon and oxygen contents suggest a lower water yield ( 5  wt 
X )  . 
A Hewlett-Packard Gas Chromatograph is being used to identify major gas 
components. The preliminary GC analyses show that, for the Whatman No. 1 paper 
at 475OC, the gases produced are 56.6 volX CO 
were detected in significant quantities. 
range of 18-23 wt X of the original cellulose and the yield of CO is 8-11 wt X .  
Roughly 25% of the energ? in the feedstock is released in the gaseous products. 
These pyrolysis gases can be considered a low-Btu fuel. 

Efforts have been made to analyze the gases collected in the sample bags. 

and 43.4 volX CO. No other gases 
is, therefore, in the The'yield of CO 

The Whatman No. 1 paper (as received) contained 4.1 vol X moisture and 

Table 3 summarizes some analytical results of 
0.074 wt X ash. All results reported here are on a moisture- ash-free basis 
unless other wise specified. 
cellulose and condensed-phase cellulose pyrolysis products. A comparison of the 
results in Table 2 for cellulose and cellulose tars indicates that the elemental 
composition of these two materials is very similar. 
cellulose tars reported here may be low due to the loss of lower-molecular- 
weight products during the drying step.) 
heating value than that of cellulose. These results strongly suggest that the 
nature of cellulose tars is similar to that of its parent cellulose. 

(The heating value of 

Tars seem to have a slightly higher 

As can be seen from Table 2 ,  the cellulose chars are very different from 
the parent cellulose. When compared with the original cellulose, the cellulose 
chars have a carbon content that is roughly double, and H2 and O2 contents that 
are about one-half and one-third respectively. The richness in carbon content 
of the chars is indicated by their high heating value (7566 cal/g). 
Unfortunately, the low Hp content of the chars make them an unlikely candidate 
for use as transportation fuels. Because of the high carbon content and low H2 
and O2 content, the cellulosic chars are comparable to a low-volatile bituminous 
coal or a low-grade anthracite coal. However, since the chars contain no sulfur 
or nitrogen compounds that could form potential air pollutants upon combustion, 
they do have potential as a solid fuel. Tables 3 and 4 give the analytical 
results for newsprint and Kraft paper feedstock. 
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The atomic ratios (H/C and O/C) and the heating value of cellulosic chars 
indicate that they are very similar to coal. 
(1.73) is comparable to that of No. 2 fuel oil (1.84). Unfortunately, the high 
oxygen content indicated by the O/C ratio (0.91 compared to 0.01 for fuel oil) 
significantly reduces the heating value of the tars. 

The H/C ratio of cellulose tars 

DISCUSSION 

It should be noted that the tar analysis results of this study are very 
similar to those obtained from vacuum pyrolysis of small cellulose samples 
conducted by Agrawal et a1 (10). Also the tar yields are comparable to those 
obtained by ShafizadeF(n) using small samples of Whatman No. 1 paper under 
vacuum conditions. These findings support the assumption that negligible tar 
decomposition takes place in the reaction bed. 

Efforts are also in progress to ascertain some of the possible heat and 
mass transfer limitations of the pyrolysis process. Fig. 2 depicts the residue 
and tar yields of 5-g and 15-g cellulose samples at a heating rate of 5°C/min. 
Increased sample weight shifts the weight-loss curve to a higher temperature by 
about 10°C. 
yields. 
progress. 

Figures 3 and 4 summarize the data for the influence of heating rate on 
product yields from Whatman No. 1 paper. It is seen from Figs. 3 and 4 that 
increasing the heating rate or sample weight has a similar effect in shifting 
the weight-loss curve to a higher peak temperature. However, the shift in the 
weight-loss curve along the peak-temperature axis in the case of increased 
sample weight is due to mass transfer limitations, whereas, in the case of 
increased heating rate, this shift is due to combined effects of kinetics and 
heat transfer resulting in delayed decomposition. 
about 370°C, the product yields are essentially independent of the heating rates 
(Fig. 4). 

Fig. 2 also shows that increased sample weight decreases the tar 
Efforts to explain this effect of sample weight on product yield are in 

At a peak temperature of 

The results in Table 6 illustrate the influence of sample weight and 
heating rate 3n product yields. 
reduces the tar yields and increases the char yields. The drastic decrease in 
tar yields is primarily due to increased vapor residence time in the reaction 
bed. 
fluidized bed or an entrained flow reactor, then secondary decomposition can be 
significantly reduced, and the effects of sample weight will not be as drastic. 
Thus, data collected in the loosely packed fixed-bed reactor of the present 
study may represent an extreme for an operating industrial reactor. 

The data show that increasing sample size 

If the vapor residence time is reduced in the reaction bed by using a 

Increasing the heating rate appears to decrease the char yields but has 
little influence on tar yields. This implies that gas yields increase at the 
expense of char yields. 

Table 7 summarizes elemental analyses of chars formed under various 
pyrolysis conditions. The elemental analyses of cellulosic chars suggest that 
the composition of chars is not strongly influenced by either the heating rate 
or sample weight. 
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Results to date strongly imply that, depending on the residence time, the 
tar yields for final pyrolysis temperatures above 3OO0C will be independent of 
heating rates. 
analysis (7,8) that the apparent activation energy for cellulose decomposition 
is similar to that for tar formation. 

This observation is strengthened by the finding from TGA data 

Olefins and other hydrocarbon gases were not detected in the pyrolysis 
gases. This is not surprising since these fuels are not products of primary 
cellulose pyrolysis (12,13). 
gases from flash pyrolysis studies are most likely a result of secondary tar 
decomposition. Cellulose tars start to decompose at about 55)OC, and most of 
these studies were carried out over the temperature range of about 600-800°C. 
These observations suggest that results from flash pyrolysis studies are 
dominated by secondary tar decomposition reactions. 

The significant yields of olefins and hydrocarbon 
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Table 1. Mmporition Ranger for Several 
MSW S..Pl..~ 

companent 

PlSS t ico 
Rubber-leather 
Wood 
Text i les 
Food Wastes 
Yard Waste& 
Other 

Compori1ion Range, 
Y f  f 

30-50 
8-10 
7-10 
1-5 
1-3 
1-4 
1-5 

10-20 
5-20 

1-4 

Table 2 .  AnalYtical Results of Feedstock Tam m d  Chars 
from Uhatmm No. 1 Paper (heating rat;, 5eC/min; 
final temp., 4750C) 

Table 3. Analytical Results of Ftedstmk,  Tars,' and Chars 
from Nrrsprint (healing rate .  5.Cfmin: 
final temo.. 475'CI . .  . 

Feedslock Tar Product Char Product 

Heating v.iue.a 4722 5513 7866 

Ash Cantent, rt f .95 _. 4.1 

neirture content, VI x 8 .3  ._ _ _  
Elemental Analysis.* VI f 

Carbon 
Hydrogen 
-senC 

48.0 47.5(45.5)b 78.0(24.4) 
5.4 5.6(47.7) 3.7(10.3) 

46.6 46.9(46.3) 18.3C5.9) 

Feedrtock Tar Product char product 

Heating va1ue.a 4170 4330 7566 

Aih Content. v i  2 0.074 -0.075 0.63 

_ _  mistvre  cantmt. w z 4.1 .. 

Elemental Analv~ia.~ w t  I .. 
Carbon 44.7 4 2 .  3(43.6)b 81.0( 27.3) 
Hydrogen 5.9 6.1(47.5) 3.6(10.0) 
oxygen= 49.4 51.6(48.0) 15.4(4.7) 

Yield, vt 2 -46 -15 
'Dry barir. 
%umbers in parentheses give percent of original material (based 

EDctermined by adding together the carbon and hydrogen ~onfcnts m d  
on the reporfed yields). 

subrracting them from IWI. 

Yield, rt f -_ -46 - I5  
'Dry barir. 
humhers in psrentheses give Percenr of ariginal marerial (bared 

CDetcrmincd by adding together the carbon and hydrogen contents and 
on the reported yields). 

subtracting them fro. IOOI. 

Tahle 4. Analytical Results of Feedstock, Tnrs, m d  chars 
from Kraft Paper (hesting rate, 5*ciain; 
final temp.. 47SSC) 

Feedstock Tar Product Char Producr 

Heating value.' Calig 4445 5272 7333 

4.3 Ash Content, VI 2 1.3 _ _  
IIoiSture Content. Y f  I 6.1 .. 

Elemental Anslysi~,~ It f 

_ _  
Carbon 
Hydrogen 
oxygen= 

4 7 .  5 46.9( 24.7) 75,5( 38.2) 
5.5 5.X24.1) 3.9(17.0) 
47.0 47.8(25 .4)  20.6(10.5) 

Yield, v t  2 -25 -24 
'Dry hapir. 
hNumhers In parentheses give percenl of original material (bared 

Cktermined by adding together the carbon and hydrogen contents and 
on the reported yields). 

sublracfing then from 1002. 

Table 5 .  E I t c C f  Of Sanple Weight and Meating Rate on 
Ultlmalc Product neldr from Yhatman NO. 1 
Paper 

Yields.' f 
Pyrolysis Heating 
Sample Rate, 

Smple No. Weight. g .cidn Tar' Char 

F P W 8  5 5 46.14 14.55 
FPL15 10 5 42.13 15.26 
FPL13 15 5 38.54 15.66 
FPMO3 5 47.18 12.65 
FPHOS 5 2o 30 47.76 11.93 

aPrOdncI yield8 =re given for a peak lem~erature Of 475%. 
bBantd on weigh1 percent Whatman NO. 1 paper (dry ha9io). 



Table 6. Effect  of Sample Wci@c and Beating Fate an the 
Cornpsition of Chars from Whatman NO. 1 Paper 

Ultima<. 
PyrolysJr Seatinz Char lield' Char. 

Sample , Fare, a1 4 W C ,  
Sample NO. Weight. z *C/dn "I 2 c n ob 

5 5 14.55 82.80 3.75 13.45 
FPLI5 10 5 15.26 81.00 3.55 15.45 
QPLO8 

FPLl3 15 5 15.66 81.90 3.45 14.65 
FPR03 5 20 12.65 81.30 3.45 15.15 
FPAOS 5 30 11.93 80.30 3.55 16.15 

:Yield from original Whatman No. 1 (dry bails). 
Dcrlved by nddinp toLether c m d  B contents and rubrraetlnp from 1WZ. 

T 

i' 

Fig. 1 . ha.. Spectrm Obtained from Sample 06298402 

Fig. 3. Effect Of  Heath8 BAfL On Wilhf 
. LOIS for matman NO. 1 Paper 

Fig. 2. Effect of Sample Weight on Product 
Yield far Whatman No. 1 Paper 
(heating rate. 5'C/mln).  
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INTRODUCTION 

In  t h e  e a r l y  1970's, a s  a response  t o  t h e  world o i l  c r i s i s ,  two water-based 
t echno log ie s  f o r  t h e  thermal  l i q u e f a c t i o n  of woody biomass were s t u d i e d  e x t e n s i v e l y .  
The f i r s t  o f  t h e s e ,  based on Bergstom's e a r l i e r  work (11, employed sodium carbonate  
as a s o l u b l e  c a t a l y s t ,  and carbon monoxide as  a reducing  g a s  (2,3). The second 
technology,  a l s o  based on e a r l i e r  work, used n i c k e l  meta l  c a t a l y s t s  and hydrogen ( 4 ) .  
In  a l l  c a s e s  t h e  s u b s t r a t e  was powdered wood s l u r r i e d  i n  water ,  and, i n  those  s t u d i e s  
us ing  n i cke l  meta l  as c a t a l y s t ,  i t  was no t  c l e a r  what r o l e  the  c a t a l y s t  p layed .  I n  
p a r t i c u l a r  i t  was r e a l i s e d  t h a t  t he  wood must y i e l d  gases  or  l i q u i d  be fo re  t h e  
c a t a l y s t  could  i n t e r v e n e .  I f  l i q u i d s  were formed, t hen  t h e  r o l e  of t h e  
ca t a lys t /hydroqen  sys tem would be s t a b i l i s a t i o n ,  s i n c e  under moderate hea t ing  r a t e s ,  
biomass a lone  i n  water  does  no t  y i e l d  s i g n i f i c a n t  q u a n t i t i e s  of o i l .  The 
s t a b i l i s a t i o n  cou ld  a l s o  involve  upgrading, i f  such  t h i n g s  a s  oxygen con ten t  and 
v i s c o s i t y  were a l s o  dec reased .  

In subsequent  exper iments  ( 5 )  we semi-cont inuous ly  f e d  s l u r r i e s  of powdered wood 
a long  wi th  n i c k e l  ca rbona te  and hydrogen t o  a r e a c t o r .  The feed ,  on e n t e r i n g  the  
r e a c t o r ,  was hea ted  s u f f i c i e n t l y  r a p i d l y  t h a t  t h e  nickel ca rbona te  decomposed t o  
n i c k e l  ox ide  i n s t e a d  of reducing  t o  n i c k e l  meta l .  I n  a d d i t i o n ,  when product  was 
d i scha rged  from t h e  r e a c t o r ,  both char and o i l - - t h e  l a t t e r  i n  25 per  c e n t  yield--were 
p re sen t .  We reasoned  t h a t  t h e  o i l  y i e l d  was i n i t i a l l y  h igher ,  bu t  t h a t ,  because of 
t h e  unavoidable,  p ro longed  r e s idence  t ime up i n  t h e  r e a c t o r ,  and t h e  absence  of t h e  
s t a b i l i s i n g  sys tem (no n i c k e l  me ta l ) ,  some of t he  o i l  had cha r red .  

As a t e s t  of t h i s  theory ,  powdered wood was hea ted  r a p i d l y ,  t o g e t h e r  wi th  only  
water ,  i n  small r e a c t o r s  t o  350OC, and then  quenched (6). O i l  y i e l d s  ( ace tone -  
s o l u b l e )  i n  up t o  50 per  c e n t  by weight were ob ta ined .  

U n t i l  t h i s  time, a l l  s t u d i e s  i n  both t echno log ie s  had been conf ined  t o  powdered 
wood or sawdust,  t h e  g e n e r a l  op in ion  be ing  t h a t  h e a t  and mass t r a n s f e r  l i m i t a t i o n s  in  
l a r g e r  wood p i e c e s  would prevent  l i q u e f a c t i o n .  However, we s t u d i e d  t h e  l i q u e f a c t i o n  
of s i n g l e  poplar  c h i p s  ( 6 . 5  mm square  c r o s s  s e c t i o n )  i n  t h e  same small r e a c t o r s ,  and 
showed t h e y  were comple t e ly  l i q u e f i e d  a t  3000C and above (7). Steam en te red  the  
ch ips ,  s w e l l i n g  them and d i s r u p t i n g  t h e  ma t r ix .  The o i l  which was formed appeared t o  
be s t a b i l i s e d  by t h e  presence  of l i q u i d  water .  
obvious ly  de layed  r e l a t i v e  t o  powdered wood, and some poplar  c l o n e s  y i e lded  up t o  6 
per  c e n t  phenol from t n e  c h i p s ,  bu t  no t  from the  powdered form. Scanning e l e c t r o n  
microscopy showed l i q u e f a c t i o n  a t  t h e  c e l l u l a r  l e v e l  ( 8 , 9 ) .  On t h e  s u r f a c e  t h e  
middle l ame l l a  merged wi th  t h e  c e l l  wa l l s  and t h e  ma t r ix  then  flowed and engul fed  the  
cel ls .  I n s i d e  t h e  ch ips ,  s p h e r i c a l  s t r u c t u r e s  appeared ,  p a r t i c u l a r l y  on t h e  wa l l s  of 
vacuo les .  These s t r u c t u r e s  e v e n t u a l l y  f i l l e d  i r r e g u l a r  c a v i t i e s  which formed i n  t he  
m a t r i x .  Gas o r  vapour bubbles  could  a l s o  be seen  i n  t h e  f lowing  m a t r i x .  

The chemical conve r s ions  were 

On t h e  b a s i s  of  t h e s e  r e s u l t s  i t  was dec ided  t h a t  a l a b o r a t o r y  u n i t  should  be 
c o n s t r u c t e d  f o r  t h e  purpose of s tudy ing  commerc ia l - s ize  (and  l a r g e r )  c h i p s .  The 
o v e r a l l  u n i t  i s  shown s c h e m a t i c a l l y  in F igu re  1. 
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The Reactor 

The r e a c t o r  (F igu res  2 and 3 )  was des igned  by THP Inc .  acco rd ing  t o  ASHE Code, 
Sec t ion  VII I ,  Div. I . ,  1984 addenda. The r a t i n g  was s e t  a t  2 4 . 1  MPa (3500 p s i )  a t  
350OC which allowed fo r  7.6 HPa (1100 p s i )  g a s  ove rp res su re  above t h e  vapour p r e s s u r e  
of water 16 .5  HPa (2400 p s i )  a t  t h a t  t empera ture .  A s i n g l e  ingot  of TP 316 s t a i n l e s s  
s t e e l  was used f o r  machining t h e  r e a c t o r  which has  an  i n t e r n a l  d iameter  of 1 . 5  inches  
(3.8 cm) and a n  e x t e r n a l  d iameter  of 3.0 inches  (7 .6  cm). The l eng th  is 1 9  i nches  
(48 cm) and t h e  i n t e r n a l  d iameter  is 600 mL which a l lows  f o r  a feed  of 100 g of d r y  
wood ch ips .  A t  t he  top  end a n  Oteco hub (F igu re  2 )  is threaded  and s e a l  welded t o  
t h e  r e a c t o r  body. A 1 inch  Autoclave Engineer ing  (AE) s l i m - l i n e  connec tor  is 
threaded  t o  the  base of t he  r e a c t o r .  A t o t a l  of 9 ho les  a r e  d r i l l e d  i n  the  r e a c t o r  
body t o  t a k e  l / 4  AB inch-s l im connectors .  The t h r e e  on t h e  l e f t  s i d e  of t h e  r e a c t o r  
a r e  f o r  s team i n l e t  l i n e s .  On t h e  f r o n t  face the  top  hole  is f o r  a r u p t u r e  d i s c  
(20.67 MPa, 3000 p s i ) .  The middle hole  is f o r  a 1 / 8  inch thermocouple,  and t h e  
bottom hole  is fo r  a vent  l i n e .  On the  r i g h t  hand s i d e ,  t h e  upper and lower ho le s  
a r e  f o r  1 /8  inch  thermocouples,  and t h e  middle ho le  is fo r  a p re s su re  gauge. 

The r e a c t o r  is clamped near  i t s  base by a s p l i t  r i n g  which is s p o t  welded t o  a 
The s p l i t  r i n g  a l s o  suppor t s  a s t e e l  p l a t e  on b racke t  bo l t ed  t o  t h e  r e a c t o r  frame. 

which i n s u l a t i o n ,  i n  the  form of ceramic  b r i c k ,  ( n o t  shown i n  F i g u r e s )  is s t acked  t o  
t h e  neck of t he  r e a c t o r .  The br ick  is c u t  and f i t t e d  t o  t h e  e x t e r n a l  con tour s  of t h e  
r e a c t o r .  A r ec t angu la r  s t e e l  ca se  is f i t t e d  o u t s i d e  the  b r i c k .  

Heating i s  supp l i ed  t o  t h e  r e a c t o r  by two, 6 f e e t  long (1.8 inch  O . D . )  h e a t e r s  
j o ined  i n  p a r a l l e l .  These a r e  c o i l e d  around the  r e a c t o r  as shown i n  F igu res  2 and 3, 
and he ld  c l o s e  t o  t h e  r e a c t o r  by fou r  l o n g i t u d i n a l  s t e e l  s t r i p s  and e i g h t  c i r c l i p s .  
The maximum power drawn by t h e  h e a t e r s  is 4 k w .  
t empera ture  c o n t r o l l e r  and wi th  a l l  t h e  l agg ing  i n  the  p lace ,  t h e  r e a c t o r  can  be 
brought t o  3650C i n  70 minutes .  

I n l e t  Valve and Feed Basket 

The c o i l s  a r e  ope ra t ed  through a 

The i n l e t  va lve  and i ts  r e l a t i o n s h i p  t o  the r e a c t o r  can  be seen  i n  F igu re  3. 
The va lve  (Hogas I n d u s t r i e s  I n c . )  is a 1 . 5  inch  ( 3 . 8  cm) b a l l  va lve  (ANSI 2500 
s e r i e s )  r a t e d  a t  24.8 MPa (3600 p s i )  a t  3700C. I t  is jo ined  t o  t h e  r e a c t o r  by a 
matching Oteco hub and suppor ted  on the  frame by two b racke t s .  The c o n t r o l l e r  is a i r  
ope ra t ed  v i a  so l eno id  va lves .  
is i n s u l a t e d  by t h r e e  l a y e r s  of 1 . 5  inch  t h i c k  g l a s s  wool, t hus  p reven t ing  e x c e s s i v e  
hea t  l o s s e s .  
p u l l e y  sys tem t o  f a c i l i t a t e  removal from the  r e a c t o r  when t h i s  is necessary .  

F a i l u r e  of a i r  p re s su re  c l o s e s  t h e  va lve .  The va lve  

The va lve  and c o n t r o l l e r  t oge the r  weigh 68 Kg and a r e  a t t a c h e d  t o  a 

The c y l i n d r i c a l  feed  baske t  i s  made of s t a i n l e s s  s teel  mesh and is s p o t  welded. 
The baske t ,  bes ides  f a c i l i t a t i n g  feed  a d d i t i o n ,  p reven t s  c o n t a c t  of c h i p s  wi th  t h e  
r e a c t o r  w a l l s  and a l lows  r ecove ry  of unconverted wood. 

O u t l e t  Valve 

Another 1 . 5  inch  b a l l  va lve  was o r i g i n a l l y  planned f o r  t h e  r e a c t o r  o u t l e t .  
However, because of i n i t i a l  c o s t  cons ide ra t ions ,  t h i s  was r ep laced  wi th  a Crosby 0 .5  
inch  b a l l  valve (ANSI 1500) r a t e d  a t  18.4 MPa (2665 p s i )  a t  3700'2. Spec ia l  hubs were 
made by THP fo r  connec t ion  t o  the  r e a c t o r  and t h e  coo l ing  lock .  Cons iderable  l e a k s  
were encountered wi th  t h i s  system, probably because of misalignment of t h e  hubs w i t h  
t h e  r e a c t o r  body. Therefore ,  t he  system was rep laced  wi th  a 0.5 inch  AE s e a t  and 
cone ( p o r t )  va lve  r a t e d  17000 p s i  a t  3500'2. The products  t hus  had t o  n e g o t i a t e  two 
r i g h t  angle  t u r n s  be fo re  e n t e r i n g  the  product  c o o l e r .  However, t h i s  was no t  
cons idered  a problem, because on ly  water ,  o i l  and f i n e l y  d iv ided  m a t e r i a l  would be 
e x i t i n g  the  r e a c t o r .  The Crosby va lve  may be r e t e s t e d  i n  t h e  f u t u r e  a f t e r  
mod i f i ca t ion  of  t he  hubs.  93 
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Let-Down Lock and C o l l e c t i o n  Vessel 

The coo l ing  lock  is a 20  inch  long  AE n ipp le ,  having  a n  i n t e r n a l  d iameter  of 
0 . 6 8 8  inches  ( 1 . 7  c m ) .  The i n t e r n a l  volume is 1 2 2  mL. An e x t e r n a l  copper j a c k e t  
a l l o w s  fo r  use  of a coo lan t ,  a l though a t  t h i s  t ime a i r  c o o l i n g  appea r s  t o  be 
s u f f i c i e n t .  Indeed excess ive  coo l ing  is n o t  d e s i r a b l e  as t h e  o i l  may not  f low e a s i l y  
t o  t h e  product  c o l l e c t i o n  v e s s e l .  A t  t h e  t i m e  of w r i t i n g ,  we are planning  t h e  
i n s t a l l a t i o n  of  a l a r g e r  lock  ( 3 0 0  mL1, s i n c e  t h e  t o t a l  l i q u i d  d i scha rge  o f t e n  
exceeds  the  volume of t h e  p r e s e n t  l ock .  

T h e  products  d i s c h a r g e  from the  lock i n t o  a pyrex  c y l i n d r i c a l  ves se l ,  
approximate ly  5 i n c h e s  i n  d iameter  and about  8 inches  deep. Another smal le r  
c o n t a i n e r  such  as a beaker can  be placed  i n s i d e  the  ves se l  i f  necessa ry .  The 
c o l l e c t i o n  v e s s e l  is s e a l e d  except  f o r  an  o u t l e t  f o r  t h e  product  g a s e s  which pass  t o  
a b r i n e  d isp lacement  v e s s e l  f o r  volume measurement. 

Steam Vesse l  and I n i e c t i o n  

T h e  t o p  of t h e  s team gene ra to r  is v i s i b l e  a t  lower l e f t  i n  F igu re  2 .  I t  is a 
2 L AE au toc lave  equipped  w i t h  a p re s su re  gauge and thermocouple.  
s t i r r e r  has been l e f t  i n  p l ace  but is no t  used .  The steam t r a n s f e r  l i n e  can  be seen  
pass ing  upward from behind t h e  magnedrive t o  a two-way va lve .  When the  steam l i n e  is 
c losed ,  n i t rogen  f l u s h  gas  can  be passed from t h e  t r a n s f e r  l i n e  on t h e  l e f t  hand s i d e  
t o  t h e  r e a c t o r .  Steam and n i t rogen  e n t e r  t h e  r e a c t o r  a t  t h r e e  l o c a t i o n s  o n  t h e  
r e a c t o r  as shown ( F i g u r e  2 ) .  I f  necessary ,  t h e  hot gene ra to r  can be charged w i t h  
make up water us ing  a Mi l ton  Royal h igh -p res su re  pump. 

The magnedrive 

\ 

Cont ro l  Panel  and S a f e t v  Systems 

T h e  c o n t r o l  p a n e l  is l o c a t e d  i n  a room d i r e c t l y  a d j a c e n t  t o  t h a t  con ta in ing  the  \ 
u n i t .  The panel  c o n t a i n s  m a i n  swi t ches  as wel l  as  swi t ches  t o  open and c l o s e  the  
va r ious  va lves .  A d i g i t a l  r eadou t  and/or c h a r t  i n d i c a t o r s  a l l o w  t h e  moni tor ing  o f  
thermocouple t empera tu res .  

The m a j o r  hazard  of t h i s  type  of equipment is the, a c c i d e n t a l  r e l e a s e  of steam t o  
t h e  atmosphere with subsequent  i n j u r y  t o  pe r sonne l .  The equipment does  con ta in  an 
e l e c t r i c a l  ove r r ide ,  i n  t h a t  t h e  s team i n l e t  va lve  can not  be e l e c t r i c a l l y  opera ted ,  
u n l e s s  c l o s u r e  of t h e  r e a c t o r  i n l e t  va lve  is  i n i t i a t e d .  However, t h i s  is n o t  
s u f f i c i e n t ,  s i n c e  t h e  r e a c t o r  i n l e t  va lve  t a k e s  3-4  seconds t o  c l o s e ,  whereas the  
s t eam i n l e t  valve opens  in  abou t  1 second.  Thus i f  the  swi t ch  fo r  t he  steam i n l e t  
v a l v e  is moved t o  t h e  open p o s i t i o n  immediately a f t e r  t h e  swi t ch  f o r  t h e  r e a c t o r  
i n l e t  valve is moved t o  the  c losed  p o s i t i o n ,  then  t h e  c o n t e n t s  o €  t h e  steam vesse l  
cou ld  d i scha rge  th rough  the  i n l e t  va lve .  The sys tem has,  t h e r e f o r e ,  been provided 
wi th  an e x t r a  sa l egua rd  in  t h a t  t he  s h a f t  of t h e  i n l e t  va lve  a c t u a t o r  now c a r r i e s  an 
ex tens ion  arm. When t h e  va lve  is f u l l y  c losed ,  t he  ex tens ion  arm a c t i v a t e s  a 
microswitch which o n l y  then a l lows  t h e  s team i n l e t  va lve  t o  open. The equipment is 
a l s o  des igned  such t h a t  t h e  main i n l e t  va lve  cannot  be opened i f  t h e  steam va lve  is  
open .  T h i s  is a p u r e l y  e l e c t r i c a l  ove r r ide  but  i s  s u f f i c i e n t ,  s i n c e  t h e  s team valve 
o p e r a t e s  f a s t e r ;  i .e . ,  i t  c l o s e d  much f a s t e r  t h a n  t h e  r e a c t o r  i n l e t  va lve  can  open. 
T h i s ,  however, does no t  p reven t  the  a c c i d e n t a l  d i scha rge  o f  t h e  r e a c t o r  c o n t e n t s  t o  
t h e  atmosphere.  To avoid  t h i s  p o s s i b i l i t y ,  t h e  r e a c t o r  i n l e t  va lve  has  a keyed 
s w i t c h .  The o p e r a t o r ,  a f t e r  manually loading  t h e  wood, then  i n s e r t s  t h e  key t o  c lose  
t h e  r eac to r  i n l e t  v a l v e .  He then  removes t h e  key r ende r ing  t h e  swi t ch  inoperable .  

Polymethylmethacry la te  sheet is i n s t a l l e d  around t h e  equipment i n  l o c a t i o n s  
where sudden s team l e a k s  could  o the rwise  i n j u r e  t h e  ope ra to r s .  

Opera t ion  o f  t h e  U n i t  (Exper imenta l )  

F igu re  4 shows t y p i c a l  tempera ture  and p r e s s u r e  p r o f i l e s  (3400C steam in j ec t ed  
94 
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f o r  7 5 ) .  Before s team i n j e c t i o n ,  the t o p  and middle of t he  r e a c t o r  had tempera tures  
c l o s e  t o  4 0 0 0 C  whereas t h e  bottom of t h e  r e a c t o r ,  where hea t  l o s s e s  a r e  g r e a t e r ,  was 
a t  3OOOC. After  steam i n j e c t i o n ,  t h e  tempera tures  shown by t h e  upper two 
thermocouples dropped over  a per iod  of abou t  2 minutes and came Close  t o  the  
tempera ture  of t he  bottom thermocouple.  Condensed s team was p resen t  i n  the  base of 
t h e  r e a c t o r ,  and t h e  i n t e r n a l  p re s su re  of t h e  r e a c t o r  was c o n t r o l l e d  by the  
tempera ture  of t he  s u r f a c e  of t h i s  water p lus  n i t rogen  and product  gas  ove rp res su re .  
A s  might be expec ted ,  t h e  p re s su re  i n  t h e  r e a c t o r  is s l i g h t l y  h igher  t han  t h e  
equ i l ib r ium steam p res su re  cor responding  t o  the  tempera ture  of the thermocouple a t  
t he  base  of t he  r e a c t o r  ( i . e . ,  a t  t h e  bottom of t h e  water  l a y e r ) .  

The Eollowing procedure  is t y p i c a l  for  a l i q u e f a c t i o n  exper iment .  The r e a c t o r  
was prehea ted  and f lu shed  w i t h  n i t r o g e n  wi th  t h e  i n l e t  va lve  open. The s t a i n l e s s  
s t e e l  baske t  was loaded with wood c h i p s  (100 g, 8 per cent moi s tu re )  and then  qu ick ly  
lowered through t h e  i n l e t  va lve .  The n i t rogen  va lve  was c losed ,  a s  was t h e  i n l e t  
va lve .  Immediately t h e  s team l i n e  was opened--usua l ly  f o r  about  7 5 .  After  2 
minutes,  t h e  p roducts  were d i scha rged  i n t o  t h e  coo l ing  lock ,  and a f t e r  a f u r t h e r  30 5 
t h e  va lve  t o  the  c o l l e c t i o n  v e s s e l  was opened. The gas  sepa ra t ed  and its volume was 
measured by d isp lacement  of wa te r .  
steam v e s s e l  were monitored throughout  t h i s  p rocedure .  The baske t  was r e t r i e v e d  
through the  i n l e t  p o r t  a f t e r  ven t ing  of t he  r e a c t o r .  

Temperatures and p res su res  in  t h e  r e a c t o r  and 

The o i l  s o l i d i f i e d  and could  be p h y s i c a l l y  sepa ra t ed  from the  water LLy. 
f i l t r a t i o n  (ace tone  f r e e  o i l ) .  The aqueous l a y e r  was c e n t r i f u g e d  t o  y i e l d  a sma l l  
i n so lub le  f r a c t i o n  (aqueous-phase s o l i d s )  most of which was ace tone - so lub le .  An 
ace tone  f l u s h  of t he  r e a c t o r  y i e lded  f u r t h e r  o i l  (acetone-wash o i l ) .  A sma l l  amount 
of  ace tone - inso lub le  m a t e r i a l  s tuck  t o  the  wa l l s  of t h e  baske t  ( i n s o l u b l e s l .  T h e  
mois ture  con ten t  of t h e  ace tone - f r ee  o i l  was about  20%. However, h e a t i n g  t h e  o i l  t o  
7 0 0 C  f o r  ha l f  an hour lowered t h e  water  con ten t  t o  l e s s  than 3 % .  This  is  a r a t h e r  
dramat ic ,  and unexpected r educ t ion  in  water con ten t ,  bu t  r eme l t ing  the  o i l  a l l o w s  t h e  
s e p a r a t i o n  and evapora t ion  of water t h a t  was t rapped  when the  o i l  o r i g i n a l l y  
s o l i d i f i e d .  T h i s  semi-dry o i l  so f t ened  around 50OC. 

RESULTS AND DISCUSSION 

The r e s u l t s  from one t y p i c a l  run are d i scussed  he re .  A steam tempera ture  of 
355012 was used, and t h e  wood c h i p s  i n  t h i s  i n s t ance  were soaked f o r  20 m i n u t e s  w i t h  
water fo r  20 minutes p r i o r  t o  a d d i t i o n .  A f u r t h e r  5 1  g of water was added t o  t h e  
r e a c t o r  i n  t h i s  way. The presoaking ,  which was in tended  t o  p reven t  cha r r ing ,  has no 
advantages  and has now been d i scon t inued .  

A reasonable ,  o v e r a l l  mass ba lance  was obta ined ,  bu t  t h i s  was not  very  
meaningful,  g iven  t h e  r e l a t i v e l y  l a r g e  amounts of water involved i n  t h e  r e a c t i o n .  
Approximately 250 g of water were d i scha rged  i n  t h i s  run, and no p a r t i c u l a r  e f f o r t  
was made a t  t h a t  t ime t o  l i m i t  t h e  amount of condensa te .  A more impor tan t  a s p e c t  is 
the  carbon balance,  and in  t h i s  run s l i g h t l y  more carbon ( 4 5 . 6  g )  was accounted  fo r  
i n  t h e  products  t han  w a s  i n  t h e  f eed  ( 4 4 . 4  9 ) .  Figure  5 shows t h e  d i s t r i b u t i o n  of 
carbon i n  t h e  va r ious  product  phases .  The in so lub le  f r a c t i o n  is  a composite of t h o s e  
ace tone  in so lub le s  l e f t  on t h e  baske t  and those  i n  t h e  o i l s .  No aqueous phase 
ace tone - inso lub le  s o l i d s  were ob ta ined  with 3 5 5 o C  steam, and they  only  become 
s i g n i f i c a n t  when us ing  s team below 340OC.  The f r a c t i o n  of t o t a l  carbon i n  t h e  gas  
phase was c l o s e  t o  10 per c e n t .  As i n  p rev ious  runs ,  about 9 0  per c e n t  of t h i s  gas 
was carbon d ioxide- - the  ba lance  being most ly  carbon monoxide. The t o t a l  mass of  gas 
was 18.6% of the  wood mass. From our prev ious  work on s i n g l e  ch ip  ( 0 . 6 4  x 0 . 6 4  x 7 . 6  
cm) l i q u e f a c t i o n  ( 7 )  t h i s  is approximate ly  t h e  percentage  t h a t  would be produced a t  a 
water/wood r a t i o  of 1 . 0  when t h e  s team is genera ted  i n t e r n a l l y .  I n  t h a t  ca se ,  
however, the  o i l  cha r s  due t o  t h e  lack  of water ,  s o  t h e  mechanism f o r  t h e  inc reased  
gas  product ion  i s  probably  d i f f e r e n t .  

The e lementa l  composi t ion  of the  o i l  a r e  a l s o  ve ry  s i m i l a r  t o  those  ob ta ined  i n  
95 
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the previous study, the carbon percentage being close to 70.0 and the hydrogen being 
around 6.5. The oxygen percentage (by difference) is thus in the low 20 per cent 
range. If complete oxygen removal was required by hydrotreating, then the viable 
oxygen limit in the substrate from an economic standpoint is about 20 per cent (11). 

A distillation curve for the oils is shown in Figure 6. Approximately 60 per 

Although the average molecular weight of 
cent of the oil distills below 4050C, which is at the upper end of the range for 
heavy gas oil in petroleum distillation. 
the oil is not known at this time, it can be estimated from Goring’s work (10) on the 
softening point of lignins that the value is less than 1000. The distillation 
results and the polar nature of the oil (which would increase boiling points relative 
to alkanes of similar molecular weight) support this estimation. 

Continuina Work 

Experiments are continuing to define the optimum temperatures and residence 
times for maximising oil yield and quality. In addition, the effect of water content 
and chip size are being investigated. Further results from these studies will be 
reported in the near future. 
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OIL PRODUCTION BY HIGH-PRESSURE THERMAL TREATMENT 
OF BLACK LIQUORS: AQUEOUS- PHASE PRODUCTS 
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Laboratory o f  Fuel Processing and l u b r i c a t i o n  Technology 
Technical Research Centre o f  F in land  

02150 Espoo, F in land  

ABSTRACT 

Liquid-phase t reatment  o f  b lack l i q u o r s ,  from a l k a l i n e  pulping, a t  300 - 350 O C  
i n  a reducing atmosphere r e s u l t s  i n  the  format ion o f  an o i l - l i k e  product. which 
separates o u t  from an aqueous phase con ta in ing  the  i no rgan ic  cons t i t uen ts .  The 
process has several p o t e n t i a l  forms o f  app l i ca t i on .  Th is  study was conducted i n  
support o f  the development o f  one such a p p l i c a t i o n :  a new recovery system f o r  
t he  k r a f t  pu lp ing  process. Thermal t reatment  experiments were performed us ing 
d i f f e r e n t  r e a c t a n t  gases. On the bas is  o f  analyses o f  the r e s u l t a n t  gaseous and 
aqueous phases, t he  main reac t i ons  l ead ing  t o  aqueous-phase products were e l u c i -  
dated. This i n fo rma t ion  was used t o  advantage i n  the comp i la t i on  o f  a process 
scheme f o r  t h e  recovery o f  t he  cooking chemicals from the aqueous phase. 

\ 

INTRODUCTION 

A process producing l i q u i d  f u e l s  from the organic  ma t te r  o f  t he  b lack l i q u o r s  
from a l k a l i n e  p u l p i n g  i s  be ing developed a t  the Laboratory o f  Fuel Processing 
and Lubr i ca t i on  Technology, Technical Research Centre o f  F in land  (VTT).  The 
cen t ra l  ope ra t i on  i n  the process i s  t he  l iqu id-phase thermal treatment o f  black 
l i q u o r  a t  300 - 350 OC under a reducing atmosphere (1) .  The treatment r e s u l t s  i n  
t h e  format ion o f  a hydrophobic o i l  which separates ou t  from an aqueous phase 
conta in ing t h e  i no rgan ic  c o n s t i t u e n t s  (F igure 1). 

The process can be app l i ed  i n  e i t h e r  o f  two bas ic  ways: 

, 
\ 

- as a method t o  produce o i l  i n  con junc t i on  w i t h  the  k r a f t  pu lp ing  process, 
- as an e n t i r e l y  new system f o r  recove r ing  the  cooking chemicals and energy 

from k r a f t  spent l i q u n r s .  

The f i r s t  type o f  a p p l i c a t i o n  e x p l o i t s  t he  favourable p roper t i es  o f  black l i q u o r  
as a feedstock f o r  high-pressure conversion. I n  comparison t o  s o l i d  biomass, the 
advantages o f  b lack l i q u o r  as a feedstock inc lude:  

I 

- no pret reatment  requi red.  Black l i q u o r  can be d i r e c t l y  pumped i n t o  the 
r e a c t o r  a t  dry  s o l i d s  concentrat ions as h igh as 60 %, - black l i q u o r  conta ins a l k a l i n e  compounds known t o  cata lyze conversion 
react ions,  - ce l l u lose ,  t he  most va luable component o f  wood, i s  no t  subjected t o  the  
conversion process. \ 

I n  t h i s  type o f  app l i ca t i on ,  t he  k r a f t  cooking chemicals Ere recovered us ing the 
t r a d i t i o n a l  method which i s  cent red around t h e  Tomlinson recovery b o i l e r .  Addi- 
t i o n a l  p l a n t  f u e l  (wood waste, peat, coa l )  i s  needed. Pre l iminary economic eva- 
1UatiOnS have i n d i c a t e d  t h a t  t h i s  type o f  o i l  product ion process would be eco- 
nomic if o i l  p r i c e s  were a t  t h e i r  1985 l e v e l .  

In  the second type o f  app l i ca t i on ,  t he  Tomlinson recovery b o i l e r  i s  rep laced by 
a safer and the rma l l y  m r e  e f f i c i e n t  recovery system, i n  which the o i l  produced 
by thermal t reatment  i s  used as p l a n t  fuel.  Th is  type o f  process i s ,  i n  many 
respects, s i m i l a r  t o  the  Hydropyro lys is  Recovery Process developed by the  S t .  

(r 
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Regis Paper Company, USA ( 2 ) .  t he  essen t ia l  d i f f e r e n c e  being the use o f  a r e -  
ducing atmosphere i n  the VTT process. The experiments described he re - in  were 
undertaken i n  support o f  the development o f  t h i s  second type o f  process. 

The s p e c i f i c  ob jec t i ves  o f  the present  study were t o  e l u c i d a t e  the main re -  
act ions leading t o  aqueous-phase products, and, by apply ing t h i s  knowledge, t o  
es tab l i sh  process schemes f o r  the recovery o f  the cooking chemicals from the 
aqueous phase. Because the  composit ion o f  the aqueous phase i s  dependent upon 
the composit ion o f  t he  reac tan t  gas, several d i f f e r e n t  gases were employed i n  
these experiments. 

It should be mentioned t h a t  research on conversion o f  b lack l i q u o r s  i s  b u t  a 
p a r t  o f  a wider biomass conversion program being undertaken a t  our l abo ra to ry .  
Other major p a r t s  t o  t h i s  program are: 

- development o f  f ixed-bed and f l u i d - b e d  g a s i f i c a t i o n  processes, i n c l u d i n g  

- suppor t ive research f o r  t he  f i r s t  synthesis-gas p l a n t  us ing peat o r  wood as 

- basic research on d i r e c t  l i q u e f a c t i o n  processes f o r  peat and wood (h igh-  

- development o f  low-waste technologies. 

combined cyc le  power generat ion app l i ca t i ons ,  

feedstock ( the  peat-ammonia p l a n t  o f  the F i n n i s h  company, Kemira), 

pressure l i q u e f a c t i o n  and f l a s h  p y r o l y s i s ) ,  

EXPERIMENTAL 

The k r a f t  b lack l i q u o r ,  employed i n  the experiments, o r i g ina ted  from a labora-  
t o r y  cook o f  Scots p ine (w s y l v e s t r i s ) .  An ana lys i s  o f  the l i q u o r  i s  given 
i n  Table 1. 

Table 1. Analysis o f  k r a f t  b lack  l i q u o r ’ .  

% o f  dry s o l i d s  

Organic mat ter  
Tota l  Na 

0.04 
1.1 

dry s o l i d s  content  o f  30 % 

A l a t e r  batch o f  l i q u o r ,  prepared i n  a s i m i l a r  way, was a lso analyzed fo r  vo la-  
t i l e  acids ( fo rm ic  and a c e t i c  ac ids )  and l a c t i c  acid, which are present  as 
sodium s a l t s  i n  the l i q u o r .  On the bas is  o f  the analyses i t  can be concluded 
t h a t  the contents o f  these ac ids  i n  the feed l i q u o r  used i n  the  present  exper i -  
ments were approximately 6 % om, 4 % om, and 4 % om respect ive ly ,  where % om 
denotes the percentage o f  b lack l i q u o r  organics. 

The experiments were conducted i n  a 1 - l i t r e  autoclave. I n  a t y p i c a l  experiment 
500 m l  o f  black l i q u o r  was p laced i n  the autoclave and reac tan t  gas was charged 
a t  s u f f i c i e n t  pressure ( 5  - 9 MPa) t o  r e s u l t  i n  a t o t a l  pressure o f  about 20 MPa 
a t  t he  reac t i on  temperature. The autoc lave was then heated a t  a r a t e  o f  about 5 
oC/min. A f i x e d  t ime-at-temperature o f  45 min was chosen f o r  these experiments. 

A t  t he  end o f  the r e a c t i o n  period, t he  autoclave was r a p i d l y  cooled, a f t e r  which 
gases were released, measured, and analyzed. The organic phase and the  aqueous 
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phase were separate ly  recovered from the autoc lave and weighed. The pH o f  t he  
aqueous phase was measured. I n  many of t h e  experiments t h e  aqueous phase was 
a l s o  analyzed f o r  formic,  acet ic ,  and l a c t i c  ac ids  (present  as sodium s a l t s )  and 
f o r  CO, (chemical ly bound i n  sodium carbonate o r  bicarbonate). The former were 
analyzed by gas chromatography as t h e i r  benzyl es te rs  (3), the l a t t e r  by 
measuring the  amount o f  CO, l i b e r a t e d  upon a c i d i f i c a t i o n  w i t h  excess minera l  
ac id .  

The primary experiments were those employing e i t h e r  carbon monoxi de o r  hydrogen 
as reducing gas. Two temperatures, 300 OC and 350 OC, were inves t i ga ted .  Exper i -  
ments employing non-reducing carbon d iox ide  were a l s o  conducted i n  order  t o  
assess whether a l k a l i  n e u t r a l i z a t i o n  by the reac tan t  gas p lays an impor tant  r o l e  
i n  the thermal t rea tmen t  process. One experiment was performed w i t h  a reac tan t  
gas o f  composit ion s i m i l a r  t o  t h a t  o f  a t y p i c a l  l o w - c a l o r i f i c  fuel gas (producer 
gas) generated by g a s i f i c a t i o n  o f  biomass w i t h  a i r .  

3 

H, 
300 
18 

0 
80.7 
0.4 - 0.5 
0 
0.1 
0.3 
10.0 
6.2 
4.1 
1.5 

10.2 

RESULTS AND DISCUSSION 

The main experimental r e s u l t s  a re  presented i n  Table 2. 

Table 2. Resul ts  o f  autoc lave experiments. Time-at-temperature: 45 min. 

4 5 

H Z  H Z  

350 350 
22 22 

23.2 22.6 
36.5 33.4 
2.4 2.4 - 0.3 - 0.2 
0 0 
O.? 0.8 
0.5 0.4 
NO 18.0 
NO 4.6 
ND 3.8 
NO 0.3 

9.5 9.4 

Reactant gas 

Temperature, OC 
Pressure, MPa 
Yields, % o f  b l a  
l i q u o r  organics 
( %  om) 

o i l  3 
bitumen 4 

Experiment 1 2 

CO, 
350 
24 

0 
81.4 
0.6 
0 
0 
0.7 
1.0 
NO 
1.6 
3.9 
0 

8.9 

6 1  7 1  8 

CO,/H, 1 Producer 

26 26 
345 ga:5; 

22.1 20.2 
34.1 36.5 
5.2 3.9 - 0.3 - 0.1 
0 - 3.8 
1.0 0.7 
ND 0.4 
19.0 NO 

NO ND 
NO ND 
NO NO 

8.4 9.1 

co 
300 
2o 

k 

24.9 
35.1 

160 % CO,, 40 % H, i n  gaseous phase 
14 % CO 51 % N 17 % H 18 % CO i n  aqueous phase as HC03- o r  COT 
organic*;roduct 2; o i l  la& present  as sodium s a l t s  
heav ie r  organic  product  ND: n o t  determined 

co 
I 350 

26 
I 

26.9 
I 25.6 

Formation of o i l  phase 

30.1 
0.5 

0.4 
1.4 

Cd 
CH, -gases 
H S  
~6 /aqueous 6 2.0 
follinic ac id  35.7 
a c e t i c  ac id  7 4.5 
l a c t i c  a c i d  1.3 

Aqueous-phase pH 8.5 

- 31.8 I c;OZ 5 

I n  t h i s  experimental program, complete separat ion o f  t he  organic product  as a 
s i n g l e  o i l  l a y e r  was n o t  achieved, even when reac t i on  cond i t i ons  were apparent ly  
s i m i l a r  t o  those successfu l ly  employed i n  o the r  types o f  reac to r  i n  e a r l i e r  
development work (C0/300 OC) (1). I n  experiments i n  which an o i l  l a y e r  was 
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32.1 
0.7 

0.6 
1.1 
19.0 
10.6 
3.9 
0.3 

8.5 

- 28.6 
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formed, p a r t  o f  the organic  ma t te r  was a l so  converted i n t o  a b i tumen- l ike 
ma te r ia l .  It was assumed t h a t  t h i s  separat ion o f  the organic product  i n t o  two 
phases was dependent on c e r t a i n  phys ica l  parameters o f  the r e a c t i o n  system. 
This assumption has s ince  been confirmed. I n  t h i s  study, concerned w i t h  r e -  
ac t i ons  o f  aqueous-phase c o n s t i t u t e n t s ,  e f f o r t s  were no t  expended i n  o p t i -  
f i z i n g  phys ica l  cond i t i ons  f o r  o i l - l a y e r  formation. I n  Table 2, the y i e l d s  o f  

o i l  " and "bitumen" a re  repo r ted  separately. 

The o i l  y i e l d  data o f  Table 2 i n d i c a t e  that ,  a t  300 OC, CO was e f f e c t i v e  i n  
producing a d i s t i n c t l y  o i l - l i k e  product  bu t  H was not .  A t  350 OC, H, was a l s o  
an effect;,ve reac tan t  gas, as were mixtures o f  CO and H, w i t h  o the r  gases ( f o r  
example, producer gas"). CO,, on the  o the r  hand, was no t  e f f e c t i v e ,  con- 
f i r m i n g  t h a t  t he  most impor tan t  f u n c t i o n  o f  the reac tan t  gas i s  t o  reduce 
organic  mat ter  i n  t h e  l i q u o r .  

I n t e r a c t i o n s  between gaseous and aqueous components 

I n  a l l  experiments the thermal t reatment  l e d  t o  a decrease i n  the b lack l i q u o r  
a l k a l i n i t y ,  the f i n a l  pHs be ing  i n  the  range 8 - 10 (Table 2) .  The c h i e f  
n e u t r a l i z i n g  agents were the  gases CO and CO . The decrease i n  a l k a l i n i t y  was 
l e a s t  extens ive i n  experiments employing hyd$ogen as reac tan t  gas, b u t  it was 
nonetheless q u i t e  s i g n i f i c a n t ,  p a r t i c u l a r l y  a t  350 OC (Expts. 4 and 5). I n  
these cases, the n e u t r a l i z i n g  agent was CO,, a product  o f  the thermal decompo- 
s i t i o n  o f  t he  organic mat ter  (decarboxy lat ion) .  

The e l e c t r o l y t e  systems o f  k r a f t  b lack l i q u o r  are we l l  known (4 ) .  I n  p r i n c i p l e  
t h i s  data can be app l i ed  t o  the product  m ix tu re  o f  the thermal treatment pro- 
cess, a l l ow ing  the  f o l l o w i n g  conclusions t o  be drawn: 

1. I n  a l l  cases, sulphur i s  present  as HS- i n  the aqueous phase, t he  f i n a l  pHs 
(8  - 10) be ing lower than the  pK 
f o r  H S (-7). Very l i t t l e  H,S sflould be formed. 

2. HC0;'predominates over CO,=, p a r t i c u l a r l y  a t  the lower end o f  the observed 
pH range. pKa f o r  K O , -  i s  - 10. 

3.  The phenol ic  hydroxyl groups o f  the l i g n i n  molecules a re  l a r g e l y  i n  an un- 
i on i zed  condi t ion,  i.e. n o t  bound t o  the  sodium i o n  (pK s: 9.5 - 11). 

4. The carboxyl groups, which do n o t  decompose du r ing  the  thermal treatment, 
remain i o n i z e d  (pKas: 3 - 5). The th ree  main f r a c t i o n s  o f  t he  organic mat- 
t e r  o f  t he  b lack l i q u o r  a re  l i g n i n ,  a l i p h a t i c  acids, and ex t rac t i ves .  The 
a l i p h a t i c  a c i d  f r a c t i o n  conta ins the bulk  o f  the carboxyl groups, b u t  some 
a re  a l s o  encountered i n  the  o the r  f r a c t i o n s  (5 ) .  

However, i t  should be noted tha t ,  because o f  mass t r a n s f e r  l i m i t a t i o n s ,  equ i -  
l i b r i u m  between the  gas and l i q u i d  phases i s  n o t  necessar i ly  es tab l i shed  
du r ing  a l l  phases o f  t he  t reatment  process. For  example, cons iderable amounts 
of H S were evolved du r ing  the  treatment, t he  lower the  pH the  more H S (Table 
2 ) ,  ?nd ica t i ng  a h ighe r  pKa va lue a t  t he  r e a c t i o n  temperature, and, a a t e r  t h e  
r a p i d  cool-down, lack o f  e q u i l i b r i u m  between H,S i n  the  gas phase and H,S i n  
the aqueous phase. 

When the  n e u t r a l i z i n g  agent i s  CO,, 
w r i t t e n  as fo l lows:  

f o r  HS- (- 13.5) and h ighe r  than t h e  pKa 

the  main n e u t r a l i z a t i o n  reac t i ons  can be 

NaOH + CO, NaHCO, 1) 

NaHS + CO, + H20 eNaHC0,  + H,S 2 )  



Na2C03 + CO, + H,O =2NaHCO3 

NaOH t CO z2 HC0,Na 

4)  

When CO i s  t h e  n e u t r a l i z i n g  agent, t h e  equations become: 

5)  

NaHCO, t CO ;r HC0,Na t CO, 9 )  

The r e s u l t s  i n  Table 2 i n d i c a t e  that ,  a t  350 OC, Reactions 1 t o  4 occurred t o  
a s i g n i f i c a n t  ex ten t  i n  a l l  atmospheres. I n  t h e  CO atmosphere, a s i g n i f i c a n t  
amount o f  formate was a l so  produced (Reactions 5 t o  9). A t  300 OC, t h e  
aqueous-phase composit ion i n  the  CO experiment was considerably  d i f f e r e n t  from 
t h a t  i n  the  H, experiment. I n  the CO atmosphere, a very l a r g e  q u a n t i t y  o f  
formate was formed. The increase compared t o  t h e  C0/350 OC experiment was 
presumably due t o  a s h i f t  i n  t h e  e q u i l i b r i a  o f  Reactions 8 and 9. I n  t h e  H, 
atmosphere a t  300 OC, carbonate formation, a l though s t i l l  s i g n i f i c a n t ,  was 
l e s s  than a t  350 '% ( l e s s  decarboxy lat ion o f  organic  ma t te r ) .  

S t a b i l i t y  o f  organic  a c i d  s a l t s  

A l a rge  f r a c t i o n  o f  t h e  organic ma te r ia l  o f  b lack l i q u o r  i s  comprised o f  a l i -  
phat ic  ac ids  ( 5 ) .  I n  a d d i t i o n  t o  the ac ids  analyzed, t he re  are s i g n i f i c a n t  
q u a n t i t i e s  o f  l e s s  v o l a t i l e  a l i p h a t i c  hydroxy ac ids.  The acids. present  as 
sodium s a l t s  i n  b lack l i q u o r ,  a re  formed from wood polysaccharides du r ing  
pulping. A t  t h e  present  time, the  f a t e  o f  the hydroxy a c i d  components, o t h e r  
than l a c t i c  ac id ,  dur ing the thermal treatment process i s  no t  known w i t h  cer-  
t a i n t y .  A r e c e n t  study o f  c e l l u l o s e  conversion i n  a l k a l i n e  s o l u t i o n  suggests. 
however, t h a t  these components w i l l  no t  be converted i n t o  water- inso lub le 
product, t h a t  i s .  o i l ,  under these cond i t i ons  (6). Th is  i s  cons i s ten t  w i t h  t h e  
energy y i e l d s  of organic  phase ( o i l  and bitumen) observed i n  t h e  present  expe- 
r iments. The y i e l d s  are what one would expect i f  the organic  phase were t o  
o r i g i n a t e  alnnost e n t i r e l y  from t h e  l i g n i n  f r a c t i o n  o f  b lack l i q u o r .  Fo r th -  
coming exper iments w i l l  aim a t  con f i rm ing  the o r i g i n s  o f  t he  o i l  product. 

The present  r e s u l t s  (Table 2) i n d i c a t e  t h a t  sodium acetate was r a t h e r  s t a b l e  
under the c o n d i t i o n s  o f  t he  thermal treatment, wh i l e  sodium l a c t a t e  decomposed 
t o  a l a r g e  ex ten t .  Sodium formate decomposed i n  t h e  CO, atmosphere, presumably 
due t o  a s h i f t  t o  the l e f t  o f  t he  e q u i l i b r i a  o f  Reactions 8 and 9. I n  t h e  H, 
atmosphere, formate was f a i r l y  s tab le.  I n  t h i s  case, t he  decomposition o f  
formate t o  carbonate was probably prevented by the  fo l l ow ing  r e a c t i o n  (7 ) :  

NaHCO, t H, 7-) HC0,Na t H,O 10) 

Consumpti on o f  reducing gas 

From the p o i n t  o f  view o f  o i l  formation, t he  most impor tant  reac t i ons  o f  CO o r  
H, are the r e d u c t i o n  reac t i ons :  

CO "organic ma t te r  -> '0, 

" 2  ' Oorganic ma t te r  - HzO 

' 

. I  
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Sodium formate can a l s o  f u n c t i o n  as a reductant  i n  a s i m i l a r  way (8): 

I 

I’ 

1 

I 
f 

HC0,Na + Oorganic matter -> NaOH + CO, ----> NaHCO, 13 1 

However, t h e  r e s u l t s  o f  t he  H,/300 OC experiment suggest t h a t  t he  formate 
present  i n  the b lack l i q u o r  feedstock ( a t  6 % om concen t ra t i on )  i s  n o t  an 
e f f e c t i v e  reductant .  

I n  a d d i t i o n  t o  i t s  be ing consumed as a reductant ,  CO i s  consumed i n  p a r t i a l  
n e u t r a l i z a t i o n  o f  b lack l i q u o r  a l k a l i n i t y  (Equations 5 t o  9) and i n  p roduc t i on  
o f  H, by the  water-gas-sh i f t  reac t i on :  

CO + H20 Z? CO, + H, 

From the  data o f  Table 2, i t  has been poss ib le  t o  es tab l i sh  the consumption 
pa t te rns  o f  CO a t  300 O C  and 350 OC (Table 3 ) .  

Table 3. Consumption o f  CO. 

14)  

I N e u t r a l i z a t i o n  18 3 
I 1  Reduction 
111 Sh i f t  

Tota l  

The t o t a l  l e v e l  o f  CO consumption, about 30 % om, i s  equiva lent  t o  a H, 
consumption o f  2.1 % om, which i s  a much h ighe r  value than t h a t  observed i n  H, 
experiments: 0.3 - 0.5 % om (Table 2). 

IMPLICATIONS FOR PROCESS DEVELOPMENT 

The aqueous phase l e a v i n g  the  thermal t reatment  reac to r  conta ins the  f o l l o w i n g  
compounds: - NaHS ( S N a  S )  - NaHCO, (tt?Ia2C03) - Sodium s a l t s  o f  a l i p h a t i c  acids, w i t h  formate and acetate as two main 

- Other organic compounds i n  smal ler  amounts. 

components. The formate content  i s  cons iderable when the  reac tan t  gas i s  
co. 

The organic a c i d  s a l t s  and o the r  organic  compounds cannot be recycled, i n  
t h e i r  e n t i r e t y ,  t o  the  cooking stage. I f n o t  purged from the system, they w i l l  
q u i c k l y  bu i ld-up i n  concentrat ion i n  the cooking l i q u o r  and r e t a r d  the  de- 
l i g n i f i c a t i o n  react ions.  Furthermore, p a r t i c u l a r l y  i f  the formate concentra- 
t i o n  i s  high, t he re  may be i n s u f f i c i e n t  sodium f o r  b ind ing  t o  t h e  hydroxide 
ion. I n  fac t ,  var ious p o s s i b i l i t i e s  o f  conve r t i ng  sodium formate d i r e c t l y  i n t o  
sodium hydroxide were i n v e s t i g a t e d  i n  t h i s  study, b u t  none o f  these proved t o  
be t e c h n i c a l l y  f eas ib le .  

One example o f  a workable scheme f o r  the recovery o f  chemicals i s  depic ted i n  
F igu re  2. A p a r t  o f  t h e  aqueous phase l e a v i n g  the thermal treatment stage i s  
recyc led through a wet o x i d a t i o n  reac to r  where organic mat ter  i s  o x i d i z e d  t o  
carbonate, CO,, and H20. The heat produced i s  employed i n  hea t ing  the  feed 
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stream t o  the thermal t r e a t e r .  The r e s t  o f  t h e  aqueous phase i s  recaus t i c i zed  i n  
t h e  conventional way. I n  a d d i t i o n  t o  the normal components o f  k r a f t  green 
l i q u o r ,  t h i s  l i q u o r  con ta ins  NaHCO, and some organic matter. The presence o f  
organic ma t te r  should be an advantage because, accord ing t o  the l i t e r a t u r e ,  a 
small  b u t  s i g n i f i c a n t  increase i n  pu lp  y i e l d  can be expected ( 2 ) .  The presence 
o f  NaHCO, w i l l  l e a d  t o  a h ighe r  l i m e  requirement i n  the r e c a u s t i c i z i n g  stage. 

Wet ox ida t i on  i s  q u i t e  an economic process step i n  t h i s  scheme because the  feed  
stream t o  i t  i s  a l ready  a t  the requ i red  temperature and pressure. Sulphide w i l l  
be ox id i zed  t o  sulphate, bu t  i t  should be reduced again t o  su lph ide i n  t h e  sub- 
sequent heat t reatment  stage. This l a t t e r  r e a c t i o n  w i l l  be i n v e s t i g a t e d  exper i -  
menta l ly  i n  t h e  near fu tu re .  For reasons o f  low gas consumption and low gas 
cos t ,  producer gas i s  the reducing gas proposed f o r  the scheme o f  F igu re  2. 

P re l im ina ry  economic eva lua t i ons  o f  t h i s  scheme have i n d i c a t e d  t h a t  i t  would be 
more economic than t h e  conventional recovery process, p a r t i c u l a r l y  i f  a h igher  
pu lp  y i e l d  were obtained. This  process would a l s o  have a h igher  thermal e f f i -  
ciency than t h e  convent ional  process. 

CONCLUDING REMARKS 

The black l i q u o r  t reatment  process being developed a t  V T T  has several promis ing 
forms o f  a p p l i c a t i o n .  The work described i n  t h i s  paper has f u r t h e r e d  the  deve- 
lopment o f  one such a p p l i c a t i o n :  a new recovery system f o r  t he  k r a f t  pu lp ing  
process. Current  research i s  being d i r e c t e d  a t  ga in ing  a b e t t e r  understanding o f  
t he  o i l - f o r m i n g  r e a c t i o n s  occu r r i ng  du r ing  thermal treatment. 
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105 



BIOMASS LIQUEFACTION UTILIZING EXTRUDER-FEEDER REACTOR SYSTEM 

Don H. White, D. Wolf and Y. Zhao 

Department of Chemical Engineering,University of Arizona, Tucson, Arizona 85721 

ABSTRACT 

Biomass including wood could provide liquid fuels on a regional basis if an 
economic liquefaction process can be developed. 
U.S. Department of Energy (DOE), under its Thermochemical Conversion Program managed 
by Battelle PNL, the University of Arizona has developed a unique method of pumping 
concentrated, viscous biomass slurries, characteristic in biomass direct liquefaction 
systems. 
pumping solid slurries as high as 60 wt. % wood flour in wood oil derived vacuum 
bottoms. 
be produced over a wide range of temperatures, pressures, with or without carbon 
monoxide and with or without a sodium carbonate catalyst. 

Through research sponsored by the 

A modified single-screw extruder has now been shown to be capable of 

Preliminary experimental runs showed that a low-oxygen crude wood oil could 

INTRODUCTION 

The modified extruder has now been shown to be capable of pumping slurries as 
high as 60 wt. % wood as compared to only 10-20 wt. % in conventional systems. The 
ability to handle such concentrated slurries which are in solid form at normal 
temperatures is expected to improve direct liquefaction wood oil quality and process 
economics. Various preliminary process design and economic studies indicated that 
the utilization of this newly-developed extruder-feeder in biomass direct 
liquefaction processes could lead to one or more of the process improvements listed 
below. 

1. Elimination of recycle wood oil (or dramatically reducing it), which should 
result in less coke formation and better quality wood oil. In fact, even the 
reduced recycle will be wood oil vacuum bottoms, a heavy residue that might be 
decomposed further to a lighter oil. 

Attainment of reactor temperature almost instantaneously, by the mode of adding 
heat (some hy extruder-feeder preheater and remainder by superheater steam). 

Attainment of near-plug flow in the reactor when using static mixers. 
means that all biomass solids with nearly the same residence time in the 
reactor, have better control of conversion per pass and more uniform wood oil 
quality should be attained. 

The extruder-feeder acts simultaneously as both a feed preheater and a pumping 

2 

3 .  This 

device into a 3,000 psi pressure reactor in the biomass liquefaction 
could prove to be of importance in other processes where high concentration of solids 
in liquids are to be handled, like in the pulp and paper industry, hydrolysis of wood 
or other cellulosics, other biomass liquefaction processes, coal liquefaction 
processes and some biomass gasification processes. 

process. It 

EARLY BUREAU OF MINES RESEARCH 

In the early 1970’s the Bureau of Mines showed that cellulosic materials, all 
other carbohydrates, wood wastes (largely cellulose and lignin), urban wastes (mostly 
cellulose plus other carbohydrates, proteins, fats, and small amounts of other 
organic materials), sewage sludge, agricultural wastes, and bovine manure can be 
converted to oil with carbon monoxide and water. Some plastics depolymerize and 
dissolve in the product oil; some remain as part of the unconverted residue (1,Z). 

\ 
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Effect of Carbon Monoxide 

Carbon monoxide and water react to form hydrogen and carbon dioxide in the 
following water-gas shift reaction: 

CO + H20 t C02 + Hp. 

Because some hydrogen adds to cellulose during its conversion to oil, it seemed at 
first reasonable to suppose that the hydrogen gas formed in the water-gas shift was 
responsible for converting cellulose. But when hydrogen was added to the reactor, it 
had little effect; an equivalent molar amount of carbon monoxide was much more 
effective. 
(250'C) was low. 

Effect of Water 

Early work showed that carbon monoxide consumption at lower temperatures 

The original experiments by the Bureau of Mines with carbon monoxide on low-rank 
coal (lignite) were successful without added water, because this coal has a large 
amount of moisture. However, addition of water was beneficial. It served as a 
vehicle (solvent) for the reaction. Cellulose forms water on being heated and the 
added water plus carbon monoxide improves the oil yield. However, added water also 
shifts the water-gas reaction in the direction of more carbon dioxide and hydrogen 
(more carbon monoxide i s  consumed); this side reaction may or may not be desirable. 

The critical temperature of water is 375'C; above this temperature all the water 
There were indications that the presence of liquid water is is in the gaseous state. 

desirable. 
always present. The temperature must of course be below 375'C. If insufficient 
water is added, most of it will be in the gas phase, even below 375'C. 

Nature of Conversion Reactions 

This may be accomplished by adding enough water so that some liquid is 

The Bureau of Mines speculated on the possible chemical reactions in 1971 as 
follows: 

"Cellulose, starch, and other carbohydrates can undergo a large number of 
reactions on treatment at elevated temperatures and pressures with carbon 
monoxide, water, and sodium carbonate or other alkaline salts. Since 
almost every carbon atom in a carbohydrate is bonded to an hydroxyl group 
(-OH), some dehydration will take place. Hydrolyses of the polysaccharides 
to glucose will also occur; glucose and the smaller unjt-? formed from it 
are soluble in water. 
palmitic and stearic acids will also occur. Probably . ' I O  most important 
overall reaction in converting cellulose to oil is thc 
oxygen to form molecules with high hydrogen-to-carbon !-:-ios. Cellulose 
and other carbohydrates lose water and carbon dioxide .i"':t on being heated. 
Oxygen can also be lost by reaction with the added cari.lcl~t monoxide to form 
carbon dioxide, by hydrogenation, by various disproportionation reactions, 
and by combinations of these reactions". 

Hydrolysis of the fats in the rvf7lse to long-chain 

i>litting out of 

Later Bureau of Mines Research 

Further research work in the early 1970's by the Bureau of Mines resulted in 
data on the reaction parameters (1). In general, the more readily hydrolyzable forms 
of cellulose, especially those containing pentosan units can be readily converted to 
a bituminous oil at temperatures as low as 250'C. 
cellulose, containing crystalline cellulose, required higher reaction temperatures of 
about 350'C. 

Lignin and high-molecular-weight 
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Wood is considerably more difficult to convert to oil than other biomass 
sources, but good oil yields were obtained by the Bureau of Mines in the presence of 
organic solvents as shown in Table 1 during wood liquefaction at 275'C. 
believed that some carbon monoxide was evolved during the decomposition of the wood 
and was apparently about equal to the amount of carbon monoxide consumed. 

It was 

Table 1. - Effect of Water and Solvent on Wood Liauefaction 

(50 g softwood sawdust, 1 hr at 275'C, 300 psig CO) 

Cresol Water, ml Catalvst Pressure, Conversion Yield, CO used 
solvent, Type Amount psig PCt PCt g m o  g 

(9) wood - 

50 200 HC02Na 5 1,900 99.9 48 6 
50 50 Na2C03 2 1 ,-780 99.3 60 4 
75 10 None 0 1,470 99.0 58 0 
75 10 HC02H 1 1,500 99.3 58 0 
75 10 HC02Na 1 1,560 99.8 60 0 

The Bureau of Mines did considerable work at pressures below 2,000 psig and at 
250'C. However, the products obtained at these mild conditions were pitches instead 
of oils. The lowest temperature at which a suitable oil could be produced was 300"C, 
at which temperature the combined water vapor and carbon monoxide pressure exceeded 
2,000 psig. 

The Bureau of Mines conducted some interesting experiments using formic acid or 
sodium formate in place of carbon monoxide. 
250°C to the range of 1,000 - 1,100 psig, and still gave good oil yields, as shown in 
Table 2 below. This technique would be less successful above 250°C because the 
formates decompose too rapidly. 

This lowered the operating pressure at 

Table 2. - Liauefaction of Wood in Absence of Carbon Monoxide 

(50 g softwood saw6ust 50 g Cresol solvent, 1 hr at 250"Cj 

Water, ml Catalyst, g Pressure, Oil yield Conversion 
Type Amount Psig PCt PCt 
HC02Na HC02H 

100 1 5 1,070 60 99.6 
100 5 1 1,040 55 99.0 
100 2.5 2.5 1,050 55 99.8 
50 2.5 2.5 1,040 4 1  90 

The unstabilized crude wood oil is very reactive to continued exposure to 
temperature. The Bureau of Mines studied the effect of recycling wood-derived oil. 
When using an initial carrier oil, such as mixed cresols, it was calculated that 
after 6 runs, using the product as recycle oil carrier, the original carrier oil 
would be reduced to about 9 percent. 
the product became too thick to use after only four cycles. A temperature of at 
least 300°C and pressures of 2,7000-3,000 psig were needed to obtain a product with 
acceptable softening point. 
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OTHER RESEARCH ON BIOMASS LIQUEFACTION 

There has been other research on biomass liquefaction by high-pressure, liquid- 
phase systems, but it appears to be fragmented and scattered. 
the concepts presented by the Bureau of Mines in the early 1970's appear to remain to 
some extent the "state-of-the-art" in biomass liquefaction, compared for example, 
with the extensive technology developed for coal liquefaction by Mobil, Exxon, Gulf 
and others, largely supported by the DOE and some by EPRI. 

Battelle Pacific Northwest Laboratories 

Remarkably, many of 

A fundamental study using pure cellulose (Solka-floc) was performed at Battelle, 
sponsored by the Division of Chemical Sciences, Processes and Techniques Branch, DOE 
(3). A series of 129 autoclave experiments analyzed by statistical methods indicated 
that carbon monoxide, while it promotes the attainment of high yields as claimed by 
the Bureau of Mines, is not necessary for the reaction to proceed. Analysis of the 
products by I3C-NMR, GC/MS. and gel permeation chromatography indicated that the non- 
volatile fraction of the oil consists of 44% aromatic carbon and 7% aromatic 
hydrogen, corresponding to a benzenoid polyaromatic with a substitution ratio of 5:l. 
However, the oxygen content of the non-volatile fraction and distillable oil is 
approximately the same. 
this suggests that the char is a poly-furan rather than a conventional aphaltene 
derivative. 
ketones, linear and branched alkenes, and phenolics. The high proportion of 
phenolics relative to normal crude oil could explain the observed highly corrosive 
nature of the biomass-derived oils. 

Albanv Biomass Liquefaction Facility 

Since the oil contains a series of polyalkylated furans, 

Volatile products from the oil fraction consists of furans, cyclic 

The Albany facility operated on the basic PERC process, so designated because 
the original work was conducted at the Pittsburgh Energy Research Center. 
operated initially by the Bechtel Corporation, followed by the Rust Engineering 
Company (the latter for prime contractor, Wheelabrator Cleanfuel Corporation). The 
process involved reacting biomass in an oil slurry with carbon monoxide and hydrogen 
at temperatures up to about 380°C and pressures up to 4,000 psig. 

It was 

The final Albany test run, Test Run No. 12, prior to shutdown and phaseout on 
June 30, 1981, produced over 11,000 pounds of wood oil is a sustained and controlled 
run. The oil had characteristics closely approximating the original design basis as 
shown below in Table 3. 

Table 3 - -  Sununary of Prouerties of Albanv Crude Wood Oil 

Design 
Basis 

Run 12 
Product 

Specific gravity 1.1 1.11 

Viscosity 515 cp at 
140'F 

135 cp at 
210'F 

Heating value 13,390 Btu/lb 14,840 Btu/lb 
(Calculated) (measured) 
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Crude Wood O i l  Analvsis: 

Carbon 
Hydrogen 
Nitrogen 
Sul fur  
Oxygen 

72.62 
7.05 
0.13 
0.14 

20.05 

78.9 
8 . 5 1  
0.5  
0.08 

12.3 

Lawrence Berkeley Laboratory (LBL) 

This l a b o r a t o r y  provided technica l  ass i s tance  t o  t h e  Biomass F a c i l i t y  a t  Albany, 
Oregon. For example, during the  e a r l i e r  per iod of Albany opera t ions ,  it provided 
usefu l  guidance from material balances on what chemical reac t ions  might be occurring 
(5) .  I t  deduced that Douglas F i r  wood converted t o  o i l  p lus  small amounts of water- 
soluble products and char  a t  about 52-55 w t  % ef f ic iency .  
s toichiometr ic  a n a l y s i s ,  the  following changes occur. 

Based on an approximate 

100 lbs dry  wood + 0.65 Mol C02 (by decomposition) 

+ 0.5  Mol GO + 0 . 5  Mol C02 (by reduct ion)  

+ 53-55 lbs o i l  + char + w a t e r  so lubles  

Carbon monoxide used is  about 200 SCF/100 l b s  wood o r  370 SCF 100 l b s  product or  
1300 SCF/bbl product .  
carbon monoxide is generated by decomposition of wood or  by reac t ion  of wood or  i t s  
products with water .  

The y i e l d  of non-gaseous product can be l e s s  than 51% only i f  

This  appeared t o  be contrary t o  observat ions.  

LBL researchers  focused t h e i r  a t t e n t i o n  on t h e  prehydrolysis  of wood t o  cu t  down 
swell ing so t h a t  wood/water s l u r r i e s  containing up t o  25 w t  % wood could be pumped 
( 6 ) .  This w a s  done a t  18O"C, 45 min, w i t h  500 ppm s u l f u r i c  ac id .  They used moist 
c h i p s ,  water  conten t  of 75 w t . %  and operated a t  about pH of 2 i n  a s t i r r e d  autoclave. 
The wood chips  d i s i n t e g r a t e d  i n t o  f i n e  p a r t i c l e s  and some courser  b u t  f r i a b l e  
p a r t i c l e s .  
s l u r r y  was obtained.  

When the r e s u l t a n t  sludge passed through a d i s c  r e f i n e r ,  a pumpable 

LBL cons t ruc ted  a bench-scale l iquefac t ion  u n i t  based upon the above 
water/oil/wood s l u r r y  concept. 
plugging problems, poss ib ly  due to  the  s m a l l  diameter of process tubing. 
considerable  wood o i l  product  dissolved i n  the  l a r g e  water phase, and the  economics 
of recycl ing t h i s  l a r g e  water phase or  t r e a t i n g  i t  f o r  d i sposa l  d id  not  look 
a t t r a c t i v e  from the  l imi ted  experimental da ta .  

It was operated w i t h  l imi ted  success ,  bu t  ran in to  
Also, 

\ 

I 
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I 
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Crude Wood O i l  Fuel-Burnine Tes ts  

Test rm"s were a l s o  nade i n  the  Albany f a c i l i t y  t o  s imulate  the condi t ions 
proposed by LBL for its water/oil/wood s l u r r y  system, and in f a c t  w a s  the  technique 
t h a t  produced the  f i r s t  s i g n i f i c a n t  q u a n t i t i e s  of  wood o i l .  
conducted i n  a commercial b o i l e r  o n  o i l s  produced by both LBL and PERC process modes 
a t  the  P i t t sburgh  Energy Technology Center (PETC). 
gal lons of wood o i l  from each process ,  were burned i n  a 20 Hp Johnson three-pass  f i r e  
tube boi le r  designed t o  t r a n s f e r  670,000 Btu per  hour, with r e s u l t s  as  follows: 

Combustion t e s t s  were 

Two b a r r e l s ,  approximately 100 
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Table 4. Comoarison of Heaw Liouid Fuels 

Test Run No. 8 Test Run No. 7 Fuel Oil Fuel Oil 
PERC Distillate Oil LBL Crude Oil No. 2 No. 6 

Carbon % 84.5 
Hydrogen % 9.5 
Nitrogen % 0.2 
Sulfur % 0.2 
Ash % 0.2 
Oxygen % 8.4 
Heating value 19,840 
Btu/lb 

78.1 87.3 87.0 
7.7 12.5 11.0 
0.1 - -  0.3 
0.1 0.21 0.70 
0.2 _ _  0.10 
13.8 _ _  1.0 
17,360 18,610 14,940 

UDeradina Crude Wood Oil bv Hvdrotreatinp 

Currently, Battelle Pacific Northwest Laboratory has a major effort on the 
development of a hydrotreating process for wood oil product upgrading (7,s). 
Individual components from the product of direct liquefaction of biomass have been 
subjected to hydrogenation with a number of transition metal oxide catalysts. 
Sulfided cobalt-molybdenum has been found to be effective for the hydrodeoxygenation 
of phenolics. 
product which maximizes oxygen removal and minimizes hydrogen consumption. 

Other Interest in Biomass Liouefaction 

The product of choice from hydro-treating would be the aromatic 

This paper emphasized direct biomass liquefaction in the United States, but 
would be remiss if it did not point out the high interest in biomass liquefaction in 
other parts of the world, especially Canada and Europe. 
being investigated at the University of Sherbrooke, Canada (9). 
Institute of Technology, Sweden, a research project in progress compares the 
dissolution of coal, peat and biomass in hydrogen donor solvent - tetralin at 350°C 
to 400'C, cold pressure of nitrogen 5.0 MPa and reaction time 15 to 120 minutes (10). 
At the University of Saskatchewan, Canada, the liquefaction of aspen poplar wood to 
produce a proto-oil was investigated (11). In the batch reactor studies, the water 
to wood ratio emerged as the most important parameter affecting yield and quality of 
oil. The Department of Scientific and Industrial Research, New Zealand, believes 
that biomass liquefaction has several inherent advantages over other processes for 
obtaining liquid fuels (12). The process is rapid and it does not require the 
production of reducing gases. 
processes. Biomass is much less abrasive, and it is softer than coal. 

Low pressure pyrolysis is 
At the Royal 

This should allow smaller scale processing than other 

CURRENT BIOMASS LIQUEFACTION RESEARCH AT ARIZONA 

The advanced extruder-feeder biomass liquefaction reactor system was designed to 
experimentally convert wood flour to liquid wood oil fuels by direct liquefaction. 
The extruder-feeder system developed at the University of Arizona is incorporated 
into the system to develop 3,000 psig pressure at its discharge and preheat the 
slurry prior to entering the vertical reactor. As the wood flour slurry enters the 
reactor it is mixed with superheated steam and carbon monoxide. 
well as heat and mass transfer will be attempted by the use of static mixer elements 
inside the tubular reactor. The superheated steam is used to heat the wood flour 
slurry up to the reaction temperature of 350'C almost instantaneously, which is then 
maintained by the use of electrical band heaters surrounding the reactor. Steam and 
carbon monoxide also react via the water-gas shift reaction to provide hydrogen for 
the liquefaction. The liquefaction products are split into the vapor and liquid 

Gas dispersion as 
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fractions, condensed, cooled down and brought to atmospheric pressure by means of the 
let-down system. 
implemented for the unit. 

Computer control and real-time data acquisition have been 

The University of Arizona in its limited experimental runs over the past year 

A few samples of this oil are currently being evaluated for upgrading by 
has consistently produced a low-oxygen crude wood oil, namely, in the 6-8 wt % oxygen 
range. 
hydrotreating by Battelle Pacific Northwest Laboratory (13). 
good candidate of wood oil for upgrading to a petroleum-like transportation fuel. 

This may prove to be a 

Experimental data for some of the initial runs made at the University of Arizona 
over’the period of August 29, 1985 through July 2 ,  1986 are shown in Tables 5 ,  6 and 
7. ’These experimental runs were purposely planned to cover several extremes of 
operating conditions, namely, pressure, with and without reactant carbon monoxide, 
and with and without sodium carbonate catalyst. 
residence time, temperature and various feedstock treatments have not yet been 
performed. 

Experimental runs showing effects of 

Table 5 - -  Continuous Biomass Liauefaction Experimental Conditions 

Wood 
Oil Na2C03 Feed Residence 

Run Wood Vacuum Feedstock Catalyst, Temp. Press. Rate Time 
No. Four Bottoms H20, wt.% pp hr. ‘ C  Psi lb/hr Minutes 

1 40 60 8 10 375 3,000 10 72 
2 38 62 12.2 2 400 800 6 120 

4 38 62 15 0 400 1,200 7 103 
5 40 60 19.7 0 400 2,300 10 72 
6 38 62 15 2 400 3,000 3 240 

3 38 62 8.8 0 400 1,000 8 90 

7 40 60 15 0 400 3,000 8 90 

Table 6 - -  Elemental Analvsis of Crude Wood Oil Obtained bv Liouefaction 

Crude Distillate 
Run Crude Analysis, wt. % 
No. Distillate, wt. % C H 0 N 

24.8 82.71 9.07 6.52 0.13 
24.7 84.72 9.03 9.03 0.22 
39.0 84.51 8.66 8.66 0.22 
27.0 84.12 8.67 8.67 0.34 
23.4 62.00 8.81 8.6i 0.2i 
30.0 81.64 8.46 8.90 0.10 
27.0 80.00 8.40 10.02 0.00 
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Table 7 - -  Proverties of Crude Wood Oil Obtained bv Liauefaction 

I 

Heat of Water Aromacity (NMR) 
Run Viscosity, Combustion Content Aromatic/Aliphatic, 
No. C.S.. 30°C Btu/lb. mp. /mol C H 

1 86 
2 135 
3 164 
4 155 
5 100 
6 120 
7 103 

16,300 3.08 0.60 0.22 
16,960 3.19 0.68 0.32 
16,510 5.51 0.68 0.30 
16,450 7.71 0.66 0.27 
16,200 5.43 0.69 0.37 
16,020 5.48 0 . 8 8  0.31 
15,000 8.69 0.99 0.36 

The crude distillate was obtained by vacuum distillation of the reactor effluent 
at 2 - 3  mm/Hg absolute pressure and temperatures starting at about 300'F and going up 
to 550°F. 
combustion of about 16,000 BTU/lb. 
magnetic resonance is about 40 percent. Most important, the oxygen content has been 
reduced during liquefaction from about 42 wt.% in the white birch feedstock to about 
6-7 wt.%, such that hydrotreating to a transportation fuel should be facilitated. 

Even though the extruder-feeder has demonstrated the ability to feed 60 wt.% 

A s  can be seen it has a reasonably low viscosity at 30°C and a heat of 
The aromatic content as determined by nuclear 

wood flour/sawdust feedstocks, these initial experimental runs were made with 
feedstocks ranging from 35 to 42 wt.% white birch wood flour. Thus, if one assumes 
the heavy vacuum bottoms are essentially inert as a carrier of the feedstock, then 
one would expect to generate 35 to 40 wt.% (less losses due to oxygen reduction) of 
crude wood oils in the once-through liquefaction system. Some results to date on the 
vacuum distillation of the reactor effluent, which contains the Albany vacuum bottoms 
carrier are as follows: 

Table 8 - -  Vacuum Distillation of Liauefaction Reactor Crude Product 

Reactor Percentage of Percentage of 
Run Run Feedstock Pressure Reactor Product Reactor Product 
No. Date W.F.. wt.% vsi Distilled, wt.% Condensed. wt. % 

2 2/19/86 36 800 24.7 17.5 
3 3/19/86 38 1,000 39.0 25.5 

5 5/29/86 40 2,300 23.4 16.0 

7 7/02/86 40 3,000 27.0 23.9 

4 4/19/86 38 1,200 27.0 19.0 

6 6/30/86 36 3,000 30.0 20.0 

8 7/30/86 33 600 19.0 9.0 
9 7/31/86 33 600 20.0 11.0 

The liquefaction of wood to a crude wood oil having a much lower oxygen content 
and essentially little change in the hydrogen content means that for even a 100% of 
theoretical conversion to wood oil, there is a large loss of weight of product 
compared with the feedstock weight. Under certain liquefaction conditions, the 
elimination of oxygen from wood can occur by about 60 percent as water and 40 percent 
as carbon dioxide (14). Under other liquefaction conditions, the elimination of 
oxygen from wood is claimed to occur by about five percent water and 95 percent 
carbon dioxide (15). 
due to the water present from the steam injection, the ratio of water/carbon dioxide 
evolved from white birch wood has not yet been determined. 

The off-gas of the above experimental runs were analyzed, but 

Assuming a 50/50 ratio of 
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water/carbon dioxide evolving in these data, the theoretical loss of weight of wood 
going from 41.26 wt.% oxygen to 7.0 wt.% oxygen is 48 percent. Thus, 100 pounds of 
dry white birch biomass can theoretically produce about 52 pounds of crude wood oil, 
under the above assumption of liquefaction conditions. 
theoretical yield to the amount of condensed distillate obtained as listed in Table 
8, then yields greater than 100 percent theoretical are obtained. Even changing the 
assumption on the ratio of water/carbon dioxide rejection from the biomass over a 
range consistent with known H/C ratios of crude wood oils can only partially account 
for the high quantities of crude oil distillates obtained. 
couldbe drawn (assuming the experimental data is reasonably correct) was that the 
Albany black vacuum bottoms are not inert at the liquefaction temperature of 375- 
400'C. Consequently, the thermal stability and possibility of obtaining distillable 
products from the Albany black vacuum bottoms were investigated. 

If one were to apply this 

One other conclusion that 

The Albany black vacuum bottoms used at the University of Arizona came in drum 
lots from Albany, Oregon, where it was obtained by fractionating Douglas Fir wood oil 
in a fairly large vacuum fractionator. This material was used during the period 
August 29, 1986 through July 2, 1986 until essentially exhausted. A second lot of 
Albany vacuum bottoms, a brownish-black in color, was used in a "long run" of 52 
hours duration conducted July 29-31, 1986. The elemental analysis of these two 
Albany vacuum bottoms and some related data are as follows: 

Table 9 - -  Elemental Analvses Related to Feedstocks and Carrier Oils 

Wt. % C Wt. % H Wt. % 0 Wt. % N Total CHON 

Black Vacuum Bottoms 78.96 6.71 12.05 0.26 97.98 
Brown Vacuum Bottoms 81.58 6.25 9.22 0.37 97.42 
Distillate Black V.B. 85.21 7.60 5.32 0.23 98.36 
White Birch Wood 46.98 5.61 41.26 0.04 93.89 

First, to test the thermal stability of black vacuum bottoms, a series of three 
raiiples vera heated in the absence of other reactants to 400°C for 2, 3 and 4 hours, 
respectively, in a pressure autoclave. The autoclave was cooled, all products except 
gases collected, and analyzed. 
99-100% soluble in THF, all three of the samples heated to 400°C for 2 to 4 hours 
showed that in all three cases 50 percent of the original samples were insoluble in 
THF, indicating a further cross-linking, polymerization, oxidation or carbonization 
of some type. Equally important, the other 50 wt.% of the original sample appeared 
to represent about 7 wt.% off-gas at 400°C and about 43 wt.% remaining as a "vacuum 
bottoms" containing some crude wood oil. 

Whereas the fresh Albany black vacuum bottoms were 

Secondly, when the fresh Albany black vacuum bottoms are further distilled at 2- 
3 mm/Hg absolute pressure, a total of 22.5 wt.% distilled as the temperature 
gradually was raised to 550"F, at which point no additional distillate was 
observable. 
cooling water with the balance being non-condensables at 70'F. 

A total of 16.3 wt.% of the original feed was condensed with 70'F 

Yields of crude wood oil appear to be from 80 to 100 percent of the theoretical 
when a l l  of the above data are used in the calculations. The weakest assumptions 
involve how much additional crude wood oil is derived from the Albany black vacuum 
bottoms carrier fluid. Another indication of the near-theoretical yield of crude 
wood oil is the low methane. ethane and hydrogen content of the off-gas, despite the 
liquefaction temperature being on the high side at 375-4OO'C. 
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CONCLUSIONS 

A reasonably low-viscosity, low-oxygen crude wood oil can be obtained in the 
once-through, near-plug flow high-concentration solids vertical reactor system. 
Experimental conditions to date are on the high side of temperature and residence 
time, and on the low side with respect to pressure, quantity of steam, quantity of 
sodium carbonate catalyst, quantity of carbon monoxide reactant and quantity of 
superheated steam. 
provide good material balances, such that it appears that future runs can evaluate 
the many parameters affecting conversion, yield and quality of the crude wood oil. 

The experimental unit exhibits good operability and has begun to 
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Abstract 

The filterable solids from coliquefaction were about 
30% benzene soluble compared to about 10% soluble when the 
same amounts of coal and lignin were reacted individually. 
In the case of coliquefaction, far more of the 
benzene-soluble material was also pentane-soluble oil. As 
a result of coreaction, significant amounts of nitrogen 
from the coal appeared in the liquid product in contrast to 
no observable nitrogen in the liquefaction product of coal 
alone under ‘comparable conditions. Gaseous products were 
significant and contained C02 as a major component. More 
carbon-14 from the lignin got incorporated into the liquid 
product during coliquefaction of coal and liqnin than in 
the case of liquefaction of lignin alone under comparable 
conditions. 

Introduction 

Recent reports (1, 8 )  have shown that liquefaction of 
bituminous coal can occur at temperatures as low as 3OO0C 
when the potentially abundant, renewable raw material, 
lignin, Jz5 present in the reaction mixture. Previous 
processes have generally required temperatures above 
about 4OO0C in order to rupture carbon-carbon bonds, a 
necessary step for depolymerization of coal. Lignin 
degrades thermally at temperatures as low as 300° with 
the productio substituted phen xyl radicals. Heredy 
and Neuworthg O:nd Larsen et a1’ reported that the 
presence of phenolic components in the reaction mixture 
aids the depolymerization of coal resulting in substantial 
coal liquefaction. 

~ h u s  it was hypothesized, ( 8 )  that phenoxy radicals 
produced by lignin at temperatures ordinarily too low for 
depolymerization of coal abstract hydrogen from 
carbon-carbon bonds of coal molecules thereby making them 
more susceptible to thermal scission. 

11 7 
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This paper reports the characterization of the liquid 
and solid products recovered after co-liquefying coal and 
lignin in the presence of the hydrogen donor solvent, 
tetralin. Products were investigated from three separate 
reactions: 

1. Lignin and coal reacted together in tetralin 
2. Lignin reacted in tetralin 
3. Coal reacted in tetralin 

Experimental 
Materials And Reacrents 
Licrnin 

The lignin used was a "causticll type obtained from 
autohydrolysis of aspen. It was purchased from Stake 
Technology LTD, Ontario, Canada. The lignin was dried in a 
vacuum oven at 85OC under low pressure (10 torr) for 24 
hours and then stored in a dessicator for later use without 
any further purification. 

Coal 

Illinois No. 6 bituminous coal (particle size 74-105 
micrometers) was obtained from the Pittsburgh Energy 
Technology Center. This coal has been found to have a 
13.6% ash content which was accounted €or when computing 
results on a moisture and ash free basis (maf basis). 
Crushed coal was sieved to the 74-105 micrometer particle 
size range, then dried and stored in the same manner as the 
lignin. 

Reasent s 

All solvents were "Baker analyzed grade" from J. T. 
Baker Co. except guaiacol which was obtained from Pfaltz 
and Bauer Co. and tetralin which was obtained from Eastman 
Kodak Co. Hydrogen and nitrogen gases (98%) were supplied 
by AERO-All Gas Co. 

Hicrh Pressure Limefaction 

Tetralin (200 ml), lignin (25 g!, coal (25 g), and 
catalyst were mixed in an inner cylindrical vessel of sheet 
stainless steel. This was inserted in a one-liter 316 s.S. 
Magna-drive autoclave manufactured by Autoclave Engineers 
Inc. The bomb was sealed, pressure tested, flushed with 
hydrogen, and then pressurized with 1000 psig hydrogen. 
The system was then heated with agitation at 1500 rpm to 
400'~ for 1 hour. Approximately 45-60 minutes were 
required during which time the pressure rose from 1000 psi 
to 1900-2400 psi. After one hour at the desired reaction 
temperature, the system was cooled to around 40OC by 
flowing water through the internal coil for about two 
hours. Pressure in the cooled reaction vessel ranged 
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between 700-1000 psig. After venting gases the product 
material in the liner was removed and transferred to a 
tared container. Any liquid that remained in the bottom of 
the autoclave was removed with a pipette and added to the 
products together with liquid from rinsing the autoclave 
and liner with known amounts of fresh tetralin. 

The product mixture consisting of both insoluble 
residue and liquid was weighed and then filtered through a 
tared glass fritted filter (ASTM 10-15). This insoluble, 
filtered residue was dried at 05OC under vacuum to 
constant weight. 

Determination of Benzene and Pyridine-Soluble Fractions 

The filtered residue material was extracted in a tared 
Soxlet extraction thimble using benzene until the extract 
became clear (about 24-40 hours). The thimble was then 
dried at 05 C under vacuum to constant weight. The weight 
loss is reported as material which is benzene soluble. 

The thimble containing the benzene-extracted solid 
residue was then extracted with 150 ml pyridine for 24-40 
hours. Material soluble in pyridine was computed as weight 
loss. 

Determination of Asphaltenes and Oil 

The benzene extract was evaporated and the residue 
dried to constant weight, then redissolved in a minimum 
amount of fresh benzene with gentle warming. Then 
n-pentane (100 ml) was added to precipitate asphaltenes 
which were filtered and dried to constant weight. The 
filtrate remaining after asphaltene precipitation was 
evaporated to recover the I1oil1l (benzene and pentane 
soluble). 

Carbon-14 Analysis 

Various liquid product fractions were analyzed for 
carbon-14 by New England Nuclear Laboratories using a 
liquid scintillation spectrometer. 

Analysis of Nitrosen Carbon and Hydrosen 

Various liquid product fractions were analyzed for 
nitrogen, carbon and hydrogen content by the American 
Cyanamid Company. Oxygen content was obtained by 
difference. 

GC/MS Characterization of Evolved Gases 

Lignin (25 g) , coal (25 g) , and tetralin (300 ml) were 
reacted at 400 degrees centigrade for one hour at 2200 psi 
in a rocking autoclave (Parr #4021). The procedure was 
otherwise as discussed above. 

Two trials were performed for each sample. 
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After reaction the autoclave was cooled and then 
connected to the sampling valve of a Hewlet Packard #5985 
GC/Ms equipped with a stainless-steel column packed with 
Carbowax. The autoclave vessel was held at -2OOOC while 
a small flow of gas was released and periodically sampled 
for GC/MS analysis. Temperature programming of the GC 
column from 2OoC to 225OC over a time span of 60 
minutes permitted adequate separation of components. 

Results And Discussion 

The amount of gas formed was computed by difference. 

Characterization of Solid Products of Reaction: 

Table 1 summarizes mass balances for four experiments. 

Figure 1 summarizes the work up and fractionation of 
the solid and liquid products of reaction. The individual 
fractions, P1 through P7 are further identified in Table 2. 

Characterization of coal liquids as benzene-soluble and 
pentane-soluble goes back to Pelipetz et a1 (9) who viewed 
solubiility in benzene as a measure of the extent to which 
coal has been hydrogenated: unreacted or partially reacted 
coal remains insoluble in benzene. Solubility in benzene 
and pentane is a measure of the vvoilvv produced. The 
portion that is soluble in benzene but insoluble in pentane 
(i.e. precipitated by pentane) is called asphaltenes. 
Asphaltenes are high-molecular weight intermediate products 
in coal liquefaction. The presence of asphlatenes in 
coal-derived liquids has been reported by both Pelipetz (9) 
and Weller (10). Stern (11) showed that both the quantity 
and the molecular weight of the asphaltenes present in the 
coal-derived liquid product affect its viscosity. These 
methods are also describved by Mimal (12). As evident from 
Figure 1, we also employed pyridine solubility which was 
used by X-iitehurst (13) to represent the extent to which 
Coal is converted to liquid products (13). 

The mass of solids filtered from the products of the 
reactions are plotted in Figure 2 (see Table 3 for 
experimental conditions). Figure 2 compares the solids 
from experiment 4-A (in which lignin and Coal are 
co-liquefied) to the sum of the solids filtered in 
experiment 4-B (in which only lignin is used) plus 
experiment 4-C (in which only coal is used). The 
cross-hatched area of each bar graph represents 
benzene-soluble material (P4) which is greatly increased 
(by about a factor of four) when lignin is present in the 
reaction mixture. 

Further characterization of the benzene-soluble solids 
(P4) Figure 3 shows that when lignin 
and coal are co-liquefied the production of asphaltenes 

is shown in Figure 3. 
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(benzene-soluble but pentane insoluble, ( ~ 5 ) )  is increased 
more than the corresponding production of lloil" (soluble in 
benzene and pentane, (P6) ) , 

The benzene-insoluble residue was partially soluble in 
pyridine in every case. Co-reacting lignin with the coal 
does not cause any substantial change in pyridine 
solubility of the benzene insoluble residue. 

Three control experiments (5A, 5B and 5C) were 
conducted at room temperature but with all other aspects 
identical to experiments 4A, 4B and 4C. The results shown 
plotted in Figure 4 indicate essentially no liquefaction 
took place since the mass of filitered solid product was 
equal to the mass of coal and/or of lignin charged to the 
reactor. Benzene soluble solids are only about 2.5g in the 
case of the control experiments vs about three g for coal 
and lignin reacted separately at 4OO0C and about 11 g for 
the coreaction of coal and lignin at 40OoC. 

Characterization of Liuuid Products: 

Liquid products from reactions 4A and 4B were further 
characterized by analysis for carbon-14 and nitrogen. 
Because coal contains significant nitrogen but lignin 
Contains very little, nitrogen analysis of liquid products 
indicates the relative contribution of coal. Because 
lignin contains significant carbon-14 but coal does not, 
the carbon-14 content of the liquid indicates the relative 
contribution of lignin. The half life of carbon-14 'is 5730 
years and coal was formed from biomass millions of years 
ago: therefore the carbon-14 remaining in coal is 
unmeasurable. Any detectable carbon-14 in the liquid must 
be contributed by the lignin which contains carbon-14 
comparable in isotopic abundance to that in carbon dioxide 
in the atmosphere because the lignin was prepared from wood 
cut within recent years. Tetralin used as the solvent in 
the experiments contributed negligible carbon-14 because it 
was produced from petroleum formed millions of years ago. 

Table 4 reports carbon-14 contents of the liquid 
products for the case when lignin and coal are present in 
the reaction mixture as well as when only lignin was 
present in the reaction mixture. The greater concentration 
of carbon-14 observed when lignin and coal are co-liquefied 
suggests ruptured coal molecules may incorporate lignin 
fragments. Coal may also catalyze the liquefaction of 
lignin or more lignin may get incorporporated into the 
liquid because it reacts with coal fragments rather than 
self-polymerizing into a solid. 

Table 5 shows the elemental analysis of the coal and 
Stake lignin used in the experiments. Table 6 shows that 
the liquid filtrate obtained from experiment 4-A when coal 
and lignin are coreacted contains 0.1% nitrogen compared to 
no detectable nitrogen in the liquid formed by reaction of 
coal alone. 121 
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The absence of nitrogen in liquid products from coal 
reacted alone at 4OO0C (experiment 4B) indicates that the 
nitrogen-containing portions of the coal molecules were not 
depolymerized. During co-reaction with lignin under the 
same conditions (experiment 4A), however, nitrogen does 
appear in the liquid products indicating more extensive 
depolymerization of coal molecules. The content of 
nitrogen (0.1%) indicates a rather uniform disintegration 
of the coal to form liquid because this value is close to 
what one would compute using the original nitrogen content 
of the coal and the apparent fraction of coal that was 
liquefied. Table 6 also shows the nitrogen content of 
three distilled fractions of the liquid obtained from 
experiment 4A. The lowest-boiling fraction is tetralin and 
contains no nitrogen. It appears the nitrogen is 
concentrated in the non-distillable residue as might be 
expected if the nitrogen occurs in the larger molecular 
fragments contributed by the coal. 

Characterization of Gaseous Products 

Mass balances (see Table 1) suggest the formation of 
significant amounts of gases during the reaction. An 
experiment was performed in which coal and lignin were 
reacted as in experiment 4-A and the reactor then cooled 
under pressure. Later, the reactor was heated to about 
2OO0C and the product gas was sampled from the reactor at 
this temperature and analyzed by GC-MS. Table 7 shows the 
mass balance for this experiment and the components 
detected in the vented gas. 

chromatogram, carbon dioxide was the most abundant gaseous 
product with water vapor being next. The gases estimated 
in Table 1 by difference from mass balances contain only a 
small contribution from water vapor, however, because 
liquid and solid products were collected and weighed after 
the reactor was opened at room temperature. The reactor 
was sampled for gas analysis by GCMS at 2OO0C, however, 
at which temperature the gas phase would contain 
considerably more water vapor than at room temperature. 
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TABLE 1 

Mass Balances For Liquefaction Experiments 

Expt # Initial Mass Total Mass Liquid and Gaseous (3 ) 
(1) Charsed Is) Charged Solid Pdts Pdts,% of 

Lisnin Coal Solv. ( s )  ( C Y )  Total 

2-B(2) 25 25 223.0 277.0 241.6 12.8 
4 -A 25 25 190.8 240.8 215.3 10.6 
4-B 25 0 190.8 215.8 186.2 13.7 
4-c 0 25 191.0 216 203.0 6.0 

(1) 

(2) 
(3) Gaseous products are computed by difference. 

Reactions run at 4OO0C fo r  one hour’in tetralin and 
1000 psi hydrogen initial pressure. 
Reaction run at 3OO0C for 3 hours in guaiacol. 

P1 = Mass of Liquid Filtrate (9) 
P2 = Mass of Solid Filtered (9) 
P3 = Mass of Benzene-Insoluble Solids (9) 

P5 = Mass of Benzene-Soluble Solids 

P6 = Mass of Benzene-Soluble Solids that are 

P7 = Mass of Benzene-Insoluble Solids that are 

P4 = Mass of Benzene-Soluble Solids (9) 1 

Precipitated by Pentane (9) \ 

Pentane Soluble (9) 

Pyridine Soluble (9) 

I 

TABLE 3 \ 



TABLE 4 

Carbon 14 Analvsis of Limefaction Product 

Activity Description Molecules/ml Atoms/rnl 
Expt # Reported Experiment Lignin Carbon-1 4 

(11 (21 

4 -A 4.56* Coal/lignin 4.58 x lo2' 1.98 x lolo 

4 -B 3.30* Lignin 3.82 x lo2' 1.65 x lolo 

Carbon-14 activity determined by liquid scintillation 
spectrometry, performed by New England Nuclear Company. 
Reactions performed at 400 C for 1 hour with tetralin used 

Represents value obtained after background count of 2.5 
dpm/ml has been subtracted. 

* as the solvent. 

TABLE 5 

Elemental Analvsis of Unreacted Liqnin And Coal 
(maf basis) 

Stake Lisnin Illinois No. 6 Coal 

% C  60.58 
% H  5.30 
% O  34.11 
% N  - 
% S  - 

82.20 
5.20 
6.81 
1.38 
4.15 

TABLE 6 

Results of Nitrosen Analvsis of Liquid Filtrate Products (l) 

Experiment % Carbon % Hvdrosen % Nitroaen 
4-A" 76.6 5.9 0.1 
4-B** 76.3 6.1 - 

Atmospheric Distillation of Liauid Product From Experiment 4A 

Fraction # Boiling Range Volume of % Nitrogen 
Fraction 

fmll 
(OC) 

1 188 - 190 13 0 
192 - 195 5 2 

3 > 195 - 
- 

- 0 4  
* 34 

n Coal and lignin co-liquefied at 400 C. 
Coal alone reacted at 400 C. 

* ** 

(1) Nitrogen analysis was performed by American Cyanamid Co. 
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TABLE 7 

Characterization of Vented Gas for Emeriment # 6-A 

Expt# Initial Mass Total Mass Liquid and Gaseous (2) 
Charqed (s) Charged Solid Prod. Products,% 

Liqnin Coal Solv. (sl fs) of Total 
(1) 

6-A 24.8 25.0 220.8 270.6 244.0 9.98 

(1) Reaction run at 400C for 1 hour in tetralin and 1000 psi 

(2) 
hydrogen initial pressure. 
Gaseous products computed by difference. 

Comwonents detected in qas: 

Major: C02, H20, CH30H 

Minor: bicyclo(7,1,0)decane 
naphthalene 
1-nonyne 
tetralin 
methyl thiofurate 

Fisure Captions 

1. Flow diagram of treatment and characterization of solid 
and liquid products. 

2. Benzene solubility of solids filtered from products of 
experiments 4A, 4B and 4C. P3-benzene-insoluble 
portion. P4-benzene-soluble portion. 

3. Pentane solubility of benzene-soluble material extracted 
from solid products of reaction. P5-pentane-insoluble 
portion. P6-pentane-soluble portion. 

4. Benzene solubility of products from control experiments 
conducted at room temperature. Compare to Figure 2. 

k 
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DEHYDRATION OF CARBOHYDRATES IN SUPERCRITICAL WATER 

Ivan Simkovic, Tongchit Leesonboon, 
William Mok, and Michael Jerry Antal, Jr 

Hawaii Natural Energy. Institute and Department of Mechanical 
Engineering, University of Hawaii, Honolulu, Hawaii 96822 

INTRODUCTION 

The State of Hawaii is a leading producer of sugarcane and 
pineapples. The phytomass waste that results from this production is 
mainly burned to generate electric power. To use lignocellulose 
materials more effectively some programs are under development. One 
of the most promising seems to be the conversion of phytomass under 
pressure and temperature higher or near the critical point of the 
solvent into chemicals. Near this point the chemical and physical 
properties of solvent are both liquid- and gas-like and the fluid 
could be very useful for production of chemicals with higher yields 
and selectivity obtained using more conventional conditions. The 
factors affecting supercritical (SC) processing are solvent, 
catalyst, parameters of the reactor and accesibility of substrate. 

The dehydration of cellulose and chitin in supercritical acetone 
resulted in the formation of anhydrosugars with acceptable yields 
(1). We used water as a solvent because of its excellent 
characteristics as a solvent for carbohydrates, its ionic strength, 
and lower solubility of dehydration products. The reactions which we 
could suppose to take place under SC conditions in the presence or 
without inorganic acids or bases are mutarotation, epimerization, 
dehydration, degradation reaction to levulinic acid, saccharinic 
acids, as well as, aldol- and retro-aldol reaction. From all the 
products the most important seems to be 1,6-anhydro- -D-glucopyra- 
nose, 5-hydroxymethylfuraldehyder 2-furaldehyder and levulinic acid. 

Most of the authors who studied production of chemicals from 
phytomass o r  its model compounds under SC conditions used batch or 
semi-continuous reactors (1-6). The negative effect of these reactors 
on reactions taking place are diminished heat transfer, lower repro- 
ducibility, and industrial applicability in comparison to flow 
reactors. In this paper we discuss the processing of D-glUCOSe using 
the SC flow reactor under sub- and supercritical conditions. 

EXPERIMENTAL 

Prior to the initiation of flow, the system is brought up to 
pressure by an air compressor. Premixed reactant solutions were 
pumped into the reactor at a controlled flow rate by an HPLC pump. 
The solution flow through the reactor, pass a 10 port valve dual loop 
sampling system, and is collected in product accumulator. The flow of 
products into the accumulator displaces air through a back-pressure 
regulator which maintains the reactor system at the desired pressure. 
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The r e a c t a n t  f l o w  is r a p i d l y  h e a t e d  t o  r e a c t i o n  t e m p e r a t u r e  by t h e  
e n t r y  h e a t  g u a r d ,  and ma in ta ined  a t  i s o t h e r m a l  c o n d i t i o n s  by a Trans- 
temp I n f r a r e d  f u r n a c e  and an e x i t  h e a t  guard.  Samples c a p t u r e d  i n  5.4 
m l  s a m p l e  l o o p s  a r e  r e l e a s e d  i n t o  s e a l e d ,  e v a c u a t e d  t e s t  t u b e s  f o r  
q u a n t i t a t i v e  a n a l y s i s  by GC, GC-MS, and HPLC i n s t r u m e n t s  w i t h i n  t h e  
l a b o r a t o r y .  The  o u t e r  a n n u l u s  o f  t h e  r e a c t o r  i s  a 4.572 mm I D  
H a S t e l l o y  C-276 t u b e ,  and  t h e  i n n e r  a n n u l u s  is a 3.175 m m  OD 
s i n t e r e d  a l u m i n a  t u b e ,  g i v i n g  t h e  r e a c t o r  a n  e f f e c t i v e  h y d r a u l i c  
d i a m e t e r  of  1.4 mm. The a l u m i n a  t u b e  accommoda tes  a m o v a b l e  t y p e  K 
t h e r m o c o u p l e  a l o n g  t h e  r e a c t o r ' s  a x i s ,  wh ich  p r o v i d e s  f o r  t h e  
measurement  o f  a x i a l  t e m p e r a t u r e  g r a d i e n t s  a l o n g  t h e  r e a c t o r ' s  
f u n c t i o n a l  l e n g t h .  R a d i a l  t e m p e r a t u r e  g r a d i e n t s  a r e  measu red  a s  
d i f f e r e n c e s  b e t w e e n  t h e  c e n t e r l i n e  t e m p e r a t u r e s  and t e m p e r a t u r e s  
measured a t  1 0  f i x e d  p o s i t i o n s  a l o n g  t h e  o u t e r  w a l l  o f  t h e  r e a c t o r  
u s ing  t y p e  K thermocouples .  The e n t i r e  r e a c t o r  and sampling system is 
housed i n  a p r o t e c t i v e  e n c l o s u r e  which c a n  be purged o f  a i r  (oxygen) 
during s t u d i e s  i n v o l v i n g  f lammable s o l v e n t s  ( such  a s  methanol) .  

The r e a c t o r  a p p a r a t u s  c a n  be c h a r a c t e r i z e d  by t h e  f o l l o w i n g  
r e p r e s e n t a t i v e  n o n d i m e n s i o n a l  numbers:  R e  = 420, P r  = 1.86,  Sc = 
0.86,  P e h  = 776 ( t h e r m a l  d i f f u s i o n ) ,  Pem = 358 ( s p e c i e s  d i f f u s i o n ) ,  
and Da = 0.40. W e  have  determined from t h e  t empera tu re  p r o f i l e  of t h e  
r e a c t o r  d u r i n g  o p e r a t i o n  t h a t  r a d i a l  t empera tu re  g r a d i e n t s  w i t h i n  
t h e  a n n u l a r  f l o w  r e a c t o r  a r e  n e g l i g i b l e .  A compute r  p rogram,  which 
a c c u r a t e l y  a c c o u n t s  f o r  t h e  e f f e c t s  o f  t h e  v a r i o u s  f l u i d  ( s o l v e n t ,  
s o l v e n t  and  s o l u t e ,  a i r )  c o m p r e s s i b i l i t i e s  on f l o w  measuremen t s ,  
calculates  mass and e l e m e n t a l  b a l a n c e s  f o r  each  experiment.  

RESULTS AND DISCUSSION 

R e s u l t s  o f  expe r imen t s  p rob ing  t h e  d e h y d r a t i o n  chemis t ry  of D- 
g l u c o s e  i n  S C  w a t e r  (P = 34.5 MPa) a r e  summar ized  i n  T a b l e  1. We 
began t h e  f i r s t  experiment  a t  20OoC. A s  c a n  be  s e e n  under t h i s  condi- 
t i o n  no d e h y d r a t i o n  p r o d u c t s  were obse rved  and on1  a small amount of 
D-g lucose  was e p i m e r i z e d  t o  D-mannose. A t  250 C we o b s e r v e d  5- 
hydroxymethylfuraldehyde a s  t h e  o n l y  d e h y d r a t i o n  p r o d u c t .  T h e  \ 

presence  of s u l p h u r i c  a c i d  or  sodium hydroxyde i n c r e a s e d  t h e  conver-  
s i o n  o f  s u b s t r a t e .  The a c i d  i n c r e a s e d  t h e  y i e l d  o f  d e h y d r a t i o n  
p r o d u c t  and  a l s o  2 - f u r a l d e h y d e  o c c u r e d  a s  p r o d u c t  o f  p e n t o s e  
d e h y d r a t i o n .  On t h e  o t h e r  hand ,  b a s e  d e c r e a s e d  t h e  y i e l d s  o f  f u r a n  
d e r i v a t i v e s  and produced l a c t i c  a c i d  a s  a b e t a  e l i m i n a t i o n ,  b e n z i l i c  
a c i d  rearrangement ,  and r e t r o - a l d o l  r e a c t i o n  product .  The d e c r e a s e  of 
f l o w  r a t e  and omiss ion  of  c a t a l y s t s  i n c r e a s e d  t h e  y i e l d  of 5-hydroxy- 
me thy l fu ra ldehyde ,  as  well  a s  t h e  conve r s ion .  A f u r t h e r  i n c r e a s e  of 
t empera tu re  t o  275OC i n c r e a s e d  t h e  c o n v e r s i o n  of  s u b s t r a t e  and y i e l d  
of dehydra t ion  p roduc t .  The p r e s e n c e  of a c i d  dec reased  y i e l d  of fu ran  

predominant p roduc t .  A t  3OO0C and i n  absence  of  c a t a l y s t  t h e  y i e l d  of 
f u r a n  d e r i v a t i v e s  i n c r e a s e d  f u r t h e r .  These r e s u l t s  confirm t h a t  water 
is more s e l e c t i v e  f o r  dehydra t ion  when used wi thou t  c a t a l y s t  i n  t h e  
SC f l o w  r e a c t o r .  I n  some e x p e r i m e n t s  we were n o t  a b l e  t o  i d e n t i f y  
Some d e g r a d a t i o n  p r o d u c t s .  T h i s  r e s u l t e d  i n  l o w e r  c a r b o n  b a l a n c e s  
than  have been r e p o r t e d  i n  our  e a r l i e r  work. 

% 

d e r i v a t i v e s .  I n  t h e  p re sence  of sodium hydrox ide  l ac t ic  a c i d  was t h e  \ 
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When the reaction was run under supercritical conditions (38SoC, 
residence time of 24 seconds) the yield of furan derivatives 
decreased dramatically and products of retro-aldol reaction (acetol 
and formaldehyde) were observed. The levulinic acid was probably 
destroyed in this way. Under SC conditions gaseous products were also 
observed. Their presence indicate that decarbonylation, decarboxyla- 
tion, and other fragmentation reactions were taking place. These were 
probably due to homolytic reaction processes. 

CONCLUSIONS 

The reactions of D-glucose at 34.5 MPa and temperature interval 
from 200 to 385OC in SC flow reactor are epimerization, dehydration, 
degradation to acids, and retro-aldolization.The experiments con- 
firmed that water when used without catalyst is more selective for 
dehydration. Further research will follow to increase the yield of 
selected products. 
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PYROLYSIS AND SOLVOLYSIS O F  BIOMASS 

IN SUPERCRITICAL FLUID SOLVENTS 

Susan H. Townsend a n d  Michael  T. Klein 

Universi ty  of Delaware  
D e p a r t m e n t  of Chemical  Engineering 

Newark ,  DE 19716 

ABSTRACT 

The reactions of diary1 ethers and alkanes were examined in water a t  varying densities. The ethers, 

namely benzyl phenyl ether (BPE), phenethyl phenyl ether (PPE) and dibenzyl ether (DBE) 

underwent parallel pyrolysis and hydrolysis. The former paths led to the usual products described in 

the literature, whereas the latter led to benzyl alcohol plus phenol, phenethyl alcohol plus phenol and 

two mols of benzyl alcohol for BPE, P P E  and DBE, respectively, 1,2-Diphenylethane (DPE) and 

1,3-diphenylpropane (DPP) fragmented according to the neat pyrolysis pathway only, even at  the 

highest water density studied. 

The solvolysis was evidently substitution at  a saturated carbon atom to  which was attached a 

heteroatom-containing leaving group. Kinetics analysis of the DBE experiments allowed decoupling 

of the pyrolysis and solvolysis rates, which further permitted correlation of the solvolysis rate constant 

with the solvent dielectric constant. Good correlation on this Kirkwood plot suggests the solvolysis 

proceeds through a transition state that is more polar than the reactants. 

INTRODUCTION 

The extreme pressure-volume-temperature behavior of fluids a t  or near their critical point has 

focussed considerable attention on the extraction of volatiles from, and synfuels-related processing of, 

high molecular weight, low-volatility materials including biomass [lo]. More recently, i t  has been 

established that reaction in and with the solvent might assist [1,7,15]. However, information about 

the kinetics and mechanisms controlling these reactions is usually obscured during experiments with 

actual biomass by the complexity of the substrate and its structure. This motivates the use of model 

compounds whose structures and product spectra are well enough characterized to allow the 

deduction of reaction pathways, kinetics and mechanisms. 

The present report is of a probe into the effect of supercritical water on the reaction paths of the 
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diaryl ethers BPE, PPE and DBE and the diaryl alkanes DPE and DPP. The thermal reactions of 

these compounds having been well studied previously, they afforded an excellent opportunity to 

explore the effect of supercritical water on their reactions. 

EXPERIMENTAL 

The model compounds were reacted neat and in water a t  conditions summarized in Table 1. The 

reduced density of water (p , ,w=p/p, ,w)  ranged from 0.0 to 2.1. Except for PPE, the reactants, 

solvents, and GC standards were commercially available and used as received. PPE was synthesized 

according to the method of Mamedov and Khydyrov [a]. 

A typical experimental procedure was as follows: measured amounts of the reactant, solvent and the 

demonstrably inert 1151 internal standard biphenyl were loaded into "tubing-bomb" reactors 

comprising one 1/4 in. stainless steel Swagelok port connector and two end caps. These constant 

volume batch reactors had a volume of 0.59 ems. Sealed reactors were immersed into a fluidized sand 

bath and reached the desired reaction temperature, *2 ' C, in about 2 minutes. After the desired 

time had passed, the reactions were quenched by immersion in a cold water bath. 

Reaction products were collected as a single phase in acetone. Subsequent product identification 

was by GCMS; and routine quantitation was by gas chromatography on an HP 5880 instrument 

equipped with a 50 h i  SE54 or DB-5 fused silica capillary column and flame ionization detector. 

Response factors were estimated by analysis of standard mixtures. 

RESULTS 

Experimental results are presented in sections allotted to each model compound. Within each 

section, results are presented in terms of reaction products and kinetics, first for pyrolysis and then for 

reaction in water. 

Benzyl P h e n y l  Ether .  Neat pyrolysis of benzyl phenyl ether (BPE) a t  332" C led to phenol and 

toluene as stable primary products, as indicated by their positive initial and zero final slopes in Figure 

1, a plot of molar yield (ni/n ) vs. reaction time. Minor products included, in order of decreasing 
1 ,o 

yield, o-hydmYydiphen)lmethane (OHD), p-hydroxydiphenylmethane (PHD), diphenylmethane, 

benzaldehyde, benzene, 1,2-diphenylethane and &stilbene. Linear regression showed the apparent 

first-order disappearance rate constant for BPE a t  332" C to be 9.45 x lV4S1. 

BPE reaction in water, at 332' C and an overall water loading p =1.6, was almost four times as 

Figure 1 also illustrates the differences 
r,w 

fast as neat pyrolysis at the same reaction temperature. 
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between the product spectra for neat pyrolysis of BPE and its reaction in water at p =1.6. Benzyl 

alcohol, produced in only trace quantities during neat pyrolysis, was a major hydrolysis product. 

After reaching its maximum yield of 0.45 at 8 minutes, benzyl alcohol underwent secondary reaction 

to extinction by 45 minutes. 

I r ,w 

The ultimate yields of the stable products OHD and PHD were also dependent upon P , , ~ .  The 

maximum OHD yield of 0.098 observed during neat pyrolysis at 332' C was about one third of the 

value of 0.26 observed from reaction in water at p =1.6. Similarly the yield of PHD increased from 

a value of 0.05 after 45 minutes during neat pyrolysis to a value of 0.18, after only 30 minutes, during 

reaction of BPE in water. 

r,w 

! 
The effect of p on reaction of BPE in water is illustrated in Figure 2 as a plot of product 

selectivity (si=yi/x) vs. p BPE conversion (x) 

increased monotonically with reduced water density from a value of 0.85 at  p =O.O to essentially 

unity for P ~ , ~ , ?  1.5. Selectivity to the pyrolysis product toluene decreased with increasing water 

density from 0.25 at  p =2.1. Selectivity to phenol, which resulted from both 

pyrolysis and solvolysis, increbed from a low value of 0.58 at p 1.1.1. Selectivity 

to benzyl alcohol increased from 0.0 a t  p =1.2, at which 

point secondary reactions of benzyl alcohol were significant by 5.6 minutes. Furthermore, but not 

illustrated in Figure 2, the selectivity to both OHD and PHD increased, as pr,=. increased from 0.0 to 

2.1, from loivs of 0.08 and 0.03 to highs of 0.21 and 0.13 for OHD and PHD, respectively. 

r,w 

for a constant reaction time of 5.6 minutes. 
raw 

r,w 

=O.O to 0.05 at p 
,W r I F  

=O.O to 0.80 a t  p 
r,w r,w 

=O.O to a maximum of about 0.50 a t  p 
r,w r,w 

I 

I 

These results suggest that reaction of BPE in water is a combination of a thermal pathway leading 

to phenol and'toluene and a hydrolysis pathway that yields phenol and benzyl alcohol. The thermal 

pathway is like that reported for BPE thermolysis by Briiker and Kiilling 121, Schlosberg et al. [13], 

Sat0 and Yamakawa Ill] and Kamiya et al. 151. The hydrolysis reaction is the addition of one mol of 

water to one mol of BPE producing one mol each of phenol and benzyl alcohol. Selectivity to the 
I hydrolysis pathway increased with increases in reduced water density. 
li 

r Phenethyl  P h e n y l  Ether .  The major primary products from the neat pyrolysis of phenethyl 

phenyl ether (PPE) were phenol and styrene. Styrene underwent secondary decomposition to ethyl 

benzene, toluene, benzene and other minor products. PPE reaction in water also led to phenol and 

styrene, but in addition afforded phenethyl alcohol. Reactions in H,"0 showed incorporation of the 

label into the phenethyl alcohol. 
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The influence ofp on the selectivity to products at 413' C is summarized in Figure 3 as a plot of si 

=O.O and 

=O.O to an average 

1 0 . 2 .  Selectivity to phenol averaged at  about 1.0. The selectivity to phenethyl 

r,w 
vs. p 

leveled off a t  0.25 for p 

value of 0.52 for p 

alcohol increased from essentially zero a t  p 

for a constant reaction time of 16 minutes. PPE conversion was about 0.40 at  p 
r,w r,w 

20.2. Selectivity to styrene increased from 0.29 at  p 
r>w r,w 

=O.O to 0.06 a t  p 
r,w r,w 

r,w 
=1.4. 

These results suggest that  the overall reaction of PPE in water is by two paths, the first of which 

being pyrolysis to phenol and styrene and the second of which being hydrolysis to phenol and 

phenethyl alcohol. The neat pyrolysis pathway is identical to that observed by Klein and Virk 161. 

The hydrolysis of PPE was equivalent to the addition of one mol of water to one mol of PPE to 

produce one mol each of phenol and phenethyl alcohol. 

-- Dibenzvl Ether .  Neat pyrolysis of dibenzyl ether (DBE) a t  374'C led to toluene and 

benzaldehyde as major primary products. Its reaction in vater at 374'C led to benzyl alcohol, 

toluene, benzaldehyde: and oligomers. DBE decomposition in water at p =l.6 was about 3.5 times 

as fast as neat pyrolysis; benzyl alcohol was the major and essentially the only primary product at this 

water density. The yield of benzyl alcohol reached a maximum and then decreased at  longer times as 

it  reacted t o  oligomers. The foregoing suggests that DBE reaction in water comprises two parallel 

pathways, with the first being identical to the neat pyrolysis reported by Schlosberg et al. [12] and 

also thermolyses in hydrogen donor noted by Briicker and Kijlling 121, Cronauer et al. 131 and 

Simmons and Klein 1141. The second pathway is hydrolysis of one DBE mol to two benzyl alcohol 

mols. 

r,w 

1,2-Diphenylethane. Neat pyrolysis of 1,Zdiphenylethane (DPE) at  500' C produced toluene as 

the major and primary product; t-stilbene, benzene, ethyl benzene, phenanthrene, and 

diphenylmethane were all minor primary products. Trace amounts of styrene and triphenylethylene 

were also present. 

Reaction of DPE in water a t  500' C and p =1.4 also led to toluene as the major primary product. 

Observed minor products were those formed during neat pyrolysis. Products' yields from ueat 

pyrolysis and reaction in water were virtually identical. Thus, no additional pathways were identified 

for the reaction of DPE in water. 

1,W 

1,s-Diphenylpropane. Neat pyrolysis of 1,3-diphenylpropane (DPP) a t  420' C led to toluene 

and styrene; styrene underwent secondary conversion to other products including ethyl benzene. 
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Minor products included 1,2-diphenylethane, benzene, and n-propyl benzene , all present in molar 

yields of less than 0.05. Reaction of DPP in water a t  420" C and p =1.6 led to the same products in 

approximately the same molar yields as did pyrolysis. Thus pyrolysis was the lone operative pathway 

during reaction of DPP in water. 

r.w 

DISCUSSION 

Reaction of the diaryl ethers BPE, PPE and DBE in water was via parallel pyrolysis and solvolysis 

pathways. The diaryl alkanes DPE and DPP, on the other hand, fragmented by only a neat pyrolysis 

pathway, even at the largest p studied. Since all of the model compounds pyrolyse by a set of 

free-radical elementary steps, it is reasonable to suspect that solvolysis does not proceed through a 

transition state involving water and a thermally generated radical. In fact, the empirical observation 

that solvolysis occurred between water and an organic molecule with a saturated carbon to which was 

attached a heteroatom-containing leaving group suggests the chemistry may be like the classic liquid- 

phase nucleophilic substitution a t  saturated carbon. Solvolysis involving supercritical methanol and 

also a N- containing organic has been observed also [I]. Note that heterocyclics, devoid of saturated 

carbons, did not undergo solvolysis. Another mechanism must therefore govern the solvolysis 

reaction. 

r,w 

Thus the transition state is likely more polar than the reactants, which are neutral molecules. The 

class of reaction illustrated in Equation (1) 

molecule + molecule 0 polar transition state products (1) 

is amenable to division of the free energy of activation AGt into an electrostatic and a non- 

electrostatic part, the former being influenced by the solvent dielectric constant as developed in the 

classic Kirkwood analysis. For the present reactions, where the activated complex is more polar than 

the reactants, the solvolysis rate constant should increase with increasing solvent dielectric constant 

[9] and afford a linear correlation of In ks with the function (e-l/c). 

The kinetics data for reaction of DBE in water a t  374' C were reduced for pyrolysis and solvolysis 

rate constants for each p studied. The solvolysis rate constant and Franck's [4] measurements of z 

vs. p for water allowed construction of the Kirhvood plot of Figure 4. The linear relationship between 

In kS and pr,w supports the proposed polar transition state. 

r.w 

137 



SUMMARY AND CONCLUSIONS 

1. Reaction in water of the diaryl ethers was by parallel pyrolysis and solvolysis. The diaryl 
alkanes afforded only pyrolysis products, even a t  reduced water densities of greater than 
1.4. 

2. Whereas the pyrolysis occurred via a set of free-radical elementary steps, the solvolysis 
was likely via nucleophilic substitution that proceeded through a polar transition state. 
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Reactant I 
BPE 

e m  
PPE 

I DBE 

c3-0 
DPE 

DPP 

332 
377 

41 3 

374 

500 

420 

f' r,w 

0, 1.6 
0.0-2.1 

0.0-1.4 

0.0-1.6 

0.0 ,  

0 .0.  

.4 

.6 

t (min: 

0-60 
5.6 

16 

0-60 

0-1 80 

0-60 

Table 1: Summary of Experimental Conditions 
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Formation o f  Aromatic Compounds from Carbohydrates. X 
Reaction o f  Xylose, Glucose, and Glucuronic Acid i n  Ac id ic  So lu t ion  a t  3OO0C 

O lo f  Theander* 
Department o f  Chemistry and Molecular Biology, Swedish Un ive rs i t y  of 
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INTRODUCTION 

For several years our respect ive groups have inves t iga ted  the  format ion 
o f  aromatic compounds from carbohydrates i n  aqueous so lu t i on  a t  var ious pH- 
values under r e f l u x  o r  hydrothermolyt ic condi t ions.  For instance, previous 
papers (1-6) i n  t h i s  ser ies  concerned the  degradation o f  hexoses , pentoses , 
erythrose, dihydroxyacetone, and hexuronic acids t o  phenol ic and eno l i c  
components. O f  p a r t i c u l a r  i n t e r e s t  were the  i s o l a t i o n  and i d e n t i f i c a t i o n  o f  
catechols, an acetophenone, and chromones from pentoses and hexuronic acids 
a t  pH 4.5 (1,Z). The formation o f  these compounds, as we l l  as reduc t i c  
acid(7),was found t o  be more pronounced than t h a t  o f  2-furaldehyde(2) under 
ac id i c  condi t ions.  The aromatic precursors o f  3 and 4 were a lso  isoTated from 
these reac t ion  mixtures. 
from pentoses(8) and hexuronic acids(9) a t  very low pH. S im i la r  products were 
obtained i n  lower y i e l d  from glucose and f ruc tose  under ac id i c  cond i t ions( l0 ) .  
However, t he  predominant product o f  these hexoses was 5-hydroxymethyl-2- 
furaldehyde (1) as would be expected from p r i o r  work(l1). Surpr is ing ly ,  s i m i l a r  
products are noted a t  neut ra l  and even a l k a l i n e  pH w i t h  glucose and xylose( l2) .  
Previous hydrothermolyt ic studies o f  ce l l u lose  i nd i ca ted  t h a t  c e r t a i n  aromatic 
products could be obtained when the  pH was maintained i n  the  range o f  4 - l l (13) .  
This suggested t h a t  a ldo l  condensation, a prime rou te  f o r  the  product ion o f  
aromatics from saccharides, could func t ion  under moderately a c i d i c  condi t ions.  

This i s  i n  contrast- to t h e  h igh  y i e l d s  o f  2 obtained 

CHs 

1 2 3 4 5 

The cur ren t  research was i n i t i a t e d  t o  study the  compet i t ion between the 
formation o f  phenol ic compounds (aldol  involvement) and t h a t  o f  furans 
(dehydration and cycAization). 
5-7.5 minutes a t  300 C, were chosen t o  examine the  e f f e c t  on po ten t i a l  biomass 

Hydrothermolytic (1 iquefac t ion)  condi t ions,  
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mater ia ls  wh i l e  exposed t o  m i l d  acid. 
p rev ious ly  found t o  provide h igher  y i e l d s  o f  phenols than glucose. It i s  a lso  
o f  inc reas ing  i n t e r e s t  f o r  those invo lved w i t h  the  hydro lys is  o f  biomass, 
incauding steaming and au tohydr lys is  under s l i g h t l y  a c i d i c  cond i t ions  a t  170- 
250 , t o  ob ta in  substrates f o r  var ious fermentat ion processes o r  as a 
pretreatment f o r  o the r  uses. It i s  very l i k e l y  t h a t  t h e  aromatic products, 
p a r t i c u l a r l y  those formed from pentosans and polyuronides, may have an 
i n h i b i t i n g  e f f e c t  on fermentat ion processes. More informat ion,  therefore,  i s  
needed concerning t h e  format ion o f  aromatic components and t h e i r  precursors 
from the h igh  temperature, aqueous processing o f  biomass. 

EXPERIMENTAL 

A se r ies  o f  3.0 mL capaci ty tub ing  autoclaves (316 t a i n l e s s  s tee l )  were 
used. Each tube was 0.6 x 9 cm and sealed w i t h  SwagelokT8 f i t t i n g s .  The tubes 
were charged w i t h  0.27 g sodium glucuronate, 0.19 g D-x lose, o r  0.22 g D- 
glucose, respec t ive ly .  Buffered ac id  so lu t ions  (2.0 mL{ were added t o  the  
tubes. For instance, sodium acetate-acet ic ac id  b u f f e r  was used f o r  the  pH 3 
t o  4 react ions,  w h i l e  a potassium ch lo r ide-hydroch lo r ic  ac id  b u f f e r  was used 
f o r  the pH 1.7-1.9 react ions.  
n i t rogen p r i o r  t o  i n s e r t i o n  i n t o  a 300 sand bath. I n t e r i o r  tub8 temperature 
as reached 300' w i t h i n  2.5 minutes, wh i le  quenching t o  below 100 requ i red  
on ly  0.1 minute. The so lu t i ons  a f t e r  cool ing,  which i n  a l l  n ine  experiments 
were dark brown, contained minimal o r  no p rec ip i t a te .  The tube contents 
were ex t rac ted  w i t h  e thy l  acetate, d r ied ,  and the  solvent was removed. Gas 
chromatographic analyses were obtained w i t h  a Hewlett-Packard 5880A instrument 
us ing  a DB c a p i l l a r y  column. 

RESULTS AND DISCUSSION , 

Xylose and glucuronic acids were 

The vo id  space o f  each tube was swept w i t h  

The y i e l d s  o f  the  so lvent  f r e e  ex t rac ts  are presented i n  Table 1. Column 

Y ie lds  o f  E thy l  Acetate Ex t rac ts  A p e r  Ac id ic  Treatment o f  Glucose, 
Xylose, and Glucuronic Acid a t  300 

A shows the  standard wt .% y ie lds .  Column B was formulated t o  show a l oss  o f  

Table 1. 

PH Time(min.) A* B* * 
61 ucose 
Xylose 

1.7 5 37 52 
1.7 5 27 42 
3.6 5 40 62 
3.6 7.5 38 59 

Glucuronic Ac id  1.9 5 20 41 
3.0 5 22 45 
3.6 5 20 41 
3.6 7.5 31 63 
4.0 5 15 31 

*A equals wt.% based on the  amount o f  carbohydrate. 
**B equals wt.% based on glucose o r  xylose minus 3 H20, and glucuronic ac id  

minus 3H2 and C02. 
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t h ree  moles of water f o r  glucose and xylose and a l o s s  of one mole of carbon 
dioxide f o r  glucuronic acid.  This represents the conversion of carbohydrates 
t o  furan o r  phenolic components. The standard y i e l d s  (column A) g ive  mixed 
results when pH i s  compared; i .e. ,  xylose shows higher y i e l d s  a t  higher pH, 
while glucuronic acid does not. This may r e f l e c t  two d i f f e r e n t  mechanisms, 
however. These solvent ex t rac ted  y i e lds  a r e  r a t h e r  c lose  t o  those obtained 
under bas ic  condi t ions( l3) .  

xylose, and glucuronic acid.  
from pH 1.7 t o  about 2.6 a f t e r  5 min a t  300 . 
buffered a t  pH 3.6 held t h a t  ac id i ty  level r a the r  well. 
glucuronic ac id  reac t ions  tended t o  increase more than those of xylose 
regardless of buffer;  i.e., pH 1.9 t o  3.2, 3.0 t o  3.4, 3.6 t o  3.8, and 4.0 t o  
5.2. 
the  glucuronic acid.  

enough f o r  gc ana lys i s .  A t  low pH the furan compounds predominate when both 

Table 2. Major Iden t i f i ed  Components 08 Glucose, Xylose, and Glucuronic Acid 
Af te r  Hydrothermolysis a t  300 with Various Times and pH 

There was some change i n  pH a f t e r  t he  ac id i c  hydrothermolysis of glucose,  
The aqueous pease of glucose and xylose increased 

Those reac t ions  of xylose 
The pH of the 

This probably could be p a r t i a l l y  a t t r i bu ted  t o  t h e  decarboxylation of 

Table 2 presents  t he  quan t i t a t ive  r e s u l t s  of those components v o l a t i l e  

Glycuronic Glucuronic Glucuronic Glucuronic Glucuronic 
Glucose' Xylose Xylose Xylose Acid Acid Acid Acid Acid 

Component Smin 5min 5min 7.6min Smin 5 min Smin 7.5 mln 5 mm 
p ~ i . 7  p ~ i . 7  ~ ~ 3 . 6  ~ ~ 3 . 6  p ~ i . 9  pn3.0 pn3.6 p ~ z . 6  p ~ 4 . 0  

- - - - - ~ ~ ~ ~ ~  

2 - - - 6.4 46.5 6.9 2.9 2.7 0.7 

3 - - 3.5 6.5 3.8 4.2 16.7 4.0 8.5 

4 - - - - 0.5 0.5 4.1 0.9 0.6 

5 - 0.4 6.3 8.5 2.3 3.3 - 0.7 - 

* 
Values a r e  reported as  mole%; o i l  y i e lds  a r e  reported in Table 1; those values 

not reported a r e  <O. l%.  

glucose and xylose a r e  exposed t o  300'. T h i s  i s  not  unexpected s ince  a l l  
pentoses form 2-furaldehyde(z) in high y i e ld  when exposed t o  aqueous ac id  
so lu t ion ( l4 ) .  However, t he  presence of 2 i n  t he  glucose reac t ion  mixture i s  
of i n t e r e s t .  The major product obtained from hexoses a t  elevated temperatures 
and aqueous ac id  i s  5-hydroxymethyl-2-furaldehyde(l) with minor amounts of 2- 
(hydroxyacetyl)furan(15). The 2-furaldehyde has been de tec ted  a f t e r  ac id i c  
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treatment o f  f ructose( l6) ,  glucose(15,17), and i s  a major component a f t e r  the 
thermolysis o f  c e l l u l o s e  i n  d i s t i l l e d  water( l3) .  One p laus ib le  explanat ion 
f o r  t h e  format ion o f  2 may invo lve  loss  o f  formaldehyde(l8) f r o m  glucose w i th  
consequent pentose formation. 
does produce a small amount o f  g(19). However, t he  reac t ion  cond i t ions  are 
s u f f i c i e n t l y  d i f f e r e n t  t o  suggest a d i f f e r e n t  mechanism f o r  hydrothermolysis. 

and longer time. During 
previous work(1) w i t h  xylose i n  r e f l u x i n g  ac id  a t  pH 4.5, 1,2-dihydroxybenzene 
(3) was no t  detected. However, 3 has been detected a f t e r  xylose was exposed 
t o  r e f l u x i n g  caus t i c  so lu t ion( l27 .  
xylose was a t t r i b u t e d  t o  re t ro -a ldo l  and re -a ldo l  reac t ions  s ince both xylose 
and glucose y ie lded  the  same type o f  products. Unfortunately,  t h i s  does not 
exp la in  the  presence o f  3 i n  the  ac id i c  hydrothermolysis roduct, bu t  i t  has 
been shown t h a t  t he  aldoT reac t ion  can occur a t  pH 4.0(13!. Detect ion o f  3,8- 
d i  hydroxy-2-methylchromone(5) has been noted prev ious ly  i n  xylose so lu t ions  
a t  pH 4.5(1,20). Since 5 i s  a ten-carbon product, i t  i s  presumed t h a t  a t  l e a s t  
two moles o f  xylose were necessary f o r  i t s  composition. 
values o f  5 (Table 2) should be doubled t o  r e f l e c t  t h i s .  
t h i s  was recen t l y  demonstrated by E. Olsson, N. Olsson, and 8. Theander i n  
unpublished work du r ing  t h e  preparat ion o f  5 a t  pH 5 and \SO from 1-1%-pentose 
(prepared by a K i l i n  synthesis i n v o l v i n g  erythrose and K CN). The major 
d i s t r i b u t i o n  o f  t h e  13C-label was a t  the  2-methyl and C-8a pos i t ions .  

those from xylose. 
none was observed beyond pH 3.0. 
components (3 and 3) increased w i t h  pH, b u t  reached a maximum a t  pH 3.6. 
decrease o f  3 and 4 a f t e r  7.5 min a t  pH 3.6 may be due t o  i n s t a b i l i t y  o f  those 
components toward The thermal condi t ions,  however degradation o f  3 a t  pH 4.5 
was n e g l i g i b l e  a t  100°(l). The r e s u l t s  a t  pH 4.0 do suggest a con t r i bu t i on  
from the decreasing ac id i t y .  The decrease o f  5 w i t h  increasing pH i s  a lso  o f  
i n t e r e s t  s ince i t  had prev ious ly  been i s o l a t e d  from glucuronic ac id  exposed 
t o  pH 4.5 and 100°(1,20). The Table 2 values obtained f o r  3, 4, and 3 from 
glucuronic ac id  may also represent on ly  50% o f  t he  mole percentage since each 
component may requ i re  more than one mole o f  g lucuronic ac id  f o r  i t s  preparation. 

Several u n i d e n t i f i e d  components were a lso  observed i n  the  reac t i on  mixtures 
o f  hydrothermolyzed glucuronic ac id  and xylose. Unfortunately,  i s o l a t i o n  
attempts were no t  successful f o r  these products. 
and 162 from glucuronic a c i d  and xylose, respec t ive ly )  were found i n  moderate 
amounts . 
espec ia l l y  2, may be obtained by the a c i d i c  hydrothermolysis o f  xylose and 
glucuronic ac id  conta in ing  mater ia ls.  
con t r i bu te  toward the  i n h i b i t i o n  o f  fermentat ion organisms i f  a c i d i c  
pretreatment procedures a re  no t  c a r e f u l l y  con t ro l  led.  

I t  should be noted t h a t  t he  py ro l ys i s  o f  1 

The xylose r e s u l t s  a re  a lso  notable w i t h  the  increase o f  3 and 5 a t  pH 3.6 
I n  contrast ,  2 decreased w i t h  increased pH and t i m e .  

The presence o f  3 i n  basic so lu t ions  o f  

Thus, t he  mole % 
Further support f o r  

The r e s u l t s  f rom glucuronic ac id  do no t  appear q u i t e  as in fo rmat ive  as 
The 2-furaldehyde content decreased w i t h  inc reas ing  pH; 

Correspondingly, the  amount o f  phenol ic 
The 

These components (m/e 164 

i t  i s  evident from the  r e s u l t s  o f  t h i s  research t h a t  phenol ic products, 

The phenol ics and 2-furaldehyde could 
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INTRODUCTION 

Very l i t t l e  research  has been done t o  e x p l o r e  commercial a p p l i c a t i o n  o f  
t h e  thermochemical d e g r a d a t i o n  o f  po l ysacchar ide  m a t e r i a l s  t o  o r g a n i c  a c i d s  i n  
a l k a l i n e  s o l u t i o n .  Much o f  t h e  work on a l k a l i n e  degrada t ion  o f  
po l ysacchar ides  has been conducted a t  100°C or l ower  t o  i n v e s t i g a t e  mechanisms 
o f  deg rada t ion ,  r e a c t i o n  t e r m i n a t i o n  and t h e  e f f e c t s  o f  m o l e c u l a r  s t r u c t u r e  
(1-4). However, l i t t l e  conve rs ion  o f  po l ysacchar ides  t o  a c i d s  occurs a t  these 
low temperatures.  Most i n v e s t i g a t i o n s  a t  h i g h e r  temperatures have i n v o l v e d  
s tudy  o f  t h e  a l k a l i n e  p u l p i n g  process a t  app rox ima te l y  170OC (5 .6) .  where 
po lysacchar ide  d e g r a d a t i o n  i s  l i m i t e d  and n o t  d e s i r e d .  Chesley e t  a l .  ( 7 )  
proposed a commercial method f o r  p roduc ing  f o r m i c ,  a c e t i c ,  g l y c o l i c  and l a c t i c  
a c i d s  f rom c e l l u l o s i c  m a t e r i a l s .  However, optimum process parameters were n o t  
c l e a r ,  k i n e t i c  d a t a  was n o t  ob ta ined ,  a d d i t i o n a l  a c i d s  were n o t  i d e n t i f i e d ,  
and most o f  t h e  s t a r t i n g  p o l y s a c c h a r i d e  m a t e r i a l  was n o t  accounted f o r .  More 
recen t  work has p r o v i d e d  a d d i t i o n a l  i n f o r m a t i o n  on t h e  thermochemical 
deg rada t ion  o f  c e l l u l o s e  t o  o r g a n i c  a c i d s  a t  r e a c t i o n  c o n d i t i o n s  o f  p r a c t i c a l  
i n t e r e s t  ( 8 . 9 ) .  However, no a d d i t i o n a l  o r g a n i c  a c i d s  were i d e n t i f i e d ,  and the  
a c i d  p r o d u c t i o n  d a t a  was d i f f i c u i t  io i n t e r p r e t  because o f  i o n g  heat-up 
t imes.  No d a t a  has been r e p o r t e d  f o r  t h e  i m p o r t a n t  po l ysacchar ide ,  s t a r c h ,  a t  
r e a c t i o n  c o n d i t i o n s  o f  p r a c t i c a l  i n t e r e s t .  

The o b j e c t  o f  t h i s  s t u d y  was t o  o b t a i n  and compare k i n e t i c  data f o r  t he  
thermochemical d e g r a d a t i o n  o f  s t a r c h  and c e l l u l o s e  t o  o rgan ic  a c i d s  i n  
a l k a l i n e  s o l u t i o n .  Reac t ion  c o n d i t i o n s  l e a d i n g  t o  s u b s t a n t i a l  o r  complete 
deg rada t ion  i n  s h o r t  t imes  were s e l e c t e d  so t h a t  t h e  r e s u l t s  c o u l d  have 
p r a c t i c a l  a p p l i c a t i o n  t o  t h e  p r o d u c t i o n  o f  o rgan ic  ac ids .  Data f o r  t h e  
f o r m a t i o n  o f  seven i d e n t i f i e d  a c i d s  were a l s o  c o l l e c t e d  t o  a l l o w  d e t e r m i n a t i o n  
o f  r e a c t i o n  c o n d i t i o n s  l e a d i n g  t o  optimum y i e l d s .  The r e a c t i o n  system used i n  
a p rev ious  s t u d y  (8 )  was m o d i f i e d  t o  a l l o w  r a p i d  a t t a i n m e n t  o f  r e a c t i o n  
temperatures,  t h u s  making k i n e t i c  d a t a  more e a s i l y  analyzed.  
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EXPERIMENTAL 

M a t e r i  a1 s 

S t a r c h  used i n  experiments was commerc ia l ,  food-grade s t a r c h  (CPC 
I n t e r n a t i o n a l  I n c .  Englewood C l i f f s ,  NJ) hav ing  a m o i s t u r e  c o n t e n t  o f  13%. 
C e l l u l o s e  was purchased commerc ia l ly  as a h i g h l y  p u r i f i e d ,  f i n e l y  powdered 
p r o d u c t  ( C e l l u l a y - C e l l u l o s e ,  U n i t e d  S t a t e s  Biochemical  Corp., C leve land ,  OH) 
and had a m o i s t u r e  c o n t e n t  o f  6%.  

Formic a c i d  (88%) ( F i s h e r  S c i e n t i f i c  Co.. F a i r  Lawn, NJ), g l a c i a l  a c e t i c  
a c i d  ( J .  T .  Baker Chemical Co., P h i l l i p s b u r g ,  NJ), g l y c o l i c  a c i d ,  L ( + ) - l a c t i c  
a c i d  (grade L - l ) ,  DL-a-hydroxybutyr ic  a c i d  (sodium s a l t ) ,  a-hydroxy-  
i s o b u t y r i c  a c i d  and DL-a-hydroxyvaler ic  a c i d  (sodium s a l t )  (Sigma Chemical 
Co.. S t .  Lou is ,  MO) were used as s tandards i n  HPLC and GC ana lyses .  G l u t a r i c  
a c i d  ( M a l l i n c k r o d t ,  I n c . ,  S t .  Lou is ,  MO) was used as an i n t e r n a l  s tandard  i n  
t h e  GC analyses.  Boron t r i f l u o r i d e  (14% i n  p ropano l )  (Eastman Kodak Co., 
Rochester, NY) was used as a d e r i v a t i z i n g  agent  t o  produce p r o p y l  e s t e r s  o f  
t h e  o rgan ic  a c i d s  f o r  GC analyses.  

React ions 

A l l  r e a c t i o n s  were per formed under  n i t r o g e n  i n  a 1-L m a g n e t i c a l l y  s t i r r e d  
au toc lave  equipped w i t h  a c o o l i n g  c o i l  (Model AFP 1005, Autoc lave Engineers,  
E r i e ,  P A ) .  Each exper iment  was r u n  by  f i r s t  adding 1679 o f  aqueous s o l u t i o n  
c o n t a i n i n g  l o g  o f  NaOH t o  t h e  au toc lave  and h e a t i n g  t h e  sea led  a u t o c l a v e  t o  
t h e  d e s i r e d  temperature p l u s  5-10". A we l l -m ixed  s l u r r y  o f  l o g  o f  s t a r c h  o r  
c e l l u l o s e  ( m o i s t u r e  f r e e )  i n  859 o f  wa te r  was then  added t o  an a d j a c e n t  
Kuentze l  vessel  (Vessel  KD-19.3-SSl1, Au toc lave  Engineers,  E r i e  PA) which had 
t u b i n g  w i t h  a b a l l  va l ve  l e a d i n g  f rom i t s  bo t tom t o  t h e  s t i r r e d  a u t o c l a v e .  
l h e  t u b i n g  extended th rough  t h e  head o f  t h e  s t i r r e d  a u t o c l a v e  t o  be low t h e  
s u r f a c e  o f  t h e  a l k a l i n e  s o l u t i o n .  A f t e r  a d d i t i o n  o f  t h e  s t a r c h  o r  c e l l u l o s e  
s l u r r y ,  t h e  Kuentze l  vessel  was q u i c k l y  sea led  and connected t o  a n i t r o g e n  
c y l i n d e r .  The Kuentze l  vessel  was pressured t o  100 p s i  above t h e  p ressu re  i n  
t h e  s t i r r e d  au toc lave ,  and t h e  s t a r c h  o r  c e l l u l o s e  s l u r r y  was i n j e c t e d  i n t o  
t h e  h o t  a l k a l i n e  s o l u t i o n  i n  t h e  s t i r r e d  a u t o c l a v e  by opening t h e  b a l l  v a l v e .  
The r e s u l t i n g  s o l u t i o n  volume was 250ml and i t  con ta ined  l o g  o f  s t a r c h  o r  
c e l l u l o s e  (0.25M based on g lucose monomer) and l o g  o f  NaOH (1.00N). T h i s  
s o l u t i o n  dropped below t h e  t a r g e t  r e a c t i o n  tempera tu re  f o r  a s h o r t  t ime ,  b u t  
r e t u r n e d  t o  t h e  d e s i r e d  temperature i n  1-3 rnin. The r e a c t i o n  was t i m e d  f r o m  
t h e  moment o f  i n j e c t i o n .  

Experiments were conducted a t  temperatures between 180 and 30D°C, and t h e  
r e a c t a n t s  were h e l d  a t  t h e  s e l e c t e d  tempera tu re  f o r  v a r y i n g  t imes  t o  de te rm ine  
t h e  e f f e c t  o f  r e a c t i o n  t ime.  The tempera tu re  dropped q u i c k l y  upon f l o w  o f  
w a t e r  t h rough  t h e  c o o l i n g  c o i l  and removal o f  t h e  au toc lave  h e a t e r .  The t i m e  
r e q u i r e d  t o  c o o l  t h e  r e a c t a n t s  t o  be low 100°C was 5-15 min.  

A f t e r  c o o l i n g  t o  room temperature,  t h e  au toc lave  was opened and t h e  
r e a c t i o n  p roduc ts  were suc t i oned  o u t .  I n  t h e  case o f  c e l l u l o s e ,  any un reac ted  
m a t e r i a l  appeared as a s o l i d  res idue  i n  t h e  r e a c t i o n  s o l u t i o n .  Any r e s i d u e  
was f i l t e r e d  f rom t h e  r e a c t i o n  s o l u t i o n  and then  e x t r a c t e d  w i t h  w a t e r .  The 
f i l t r a t e  was combined w i t h  e x t r a c t ,  and an a l i q u o t  o f  t h e  combined s o l u t i o n  
was t i t r a t e d  f o r  t o t a l  o rgan ic  ac ids .  The s o l i d  r e s i d u e  was d r i e d  a t  40°C f o r  
24 h r .  i n  a f o r c e d - a i r  oven and then  a t  98°C f o r  24 h r .  i n  a vacuum oven. I n  
t h e  case o f  s t a r c h ,  any unreacted s t a r c h  was s o l u b l e  i n  t h e  a l k a l i n e  p r o d u c t  
s o l u t i o n .  An a l i q u o t  of t h e  s o l u t i o n  was t i t r a t e d  f o r  t o t a l  a c i d s .  Unreacted 
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s t a r c h  was p r e c i p i t a t e d  q u a n t i t a t i v e l y  w i t h  acetone (10) .  A 5.09 a l i q u o t  o f  
t h e  p roduc t  s o l u t i o n  was n e u t r a l i z e d  w i t h  2.ON HC1 t o  pH 7 and 25ml o f  acetone 
was added. A f t e r  s i t t i n g  o v e r n i g h t ,  t h e  s t a r c h  p r e c i p i t a t e  was separated by 
c e n t r i f u g a t i o n ,  washed w i t h  20ml o f  a 1:3 acetone-water  s o l u t i o n ,  separated 
a g a i n  by c e n t r i f u g a t i o n ,  and f i n a l l y  d r i e d  i n  t h e  same manner as f o r  c e l l u l o s e  
s o l i d  r e s i d u e .  

H i  gh-Perf ormance L i qu i d Chroma t o g  rap h y  

F i l t e r e d  p r o d u c t  s o l u t i o n s  from r e a c t i o n s  w i t h  s t a r c h  and c e l l u l o s e  were 
analyzed u s i n g  a Waters Associates h igh-per formance l i q u i d  chromatograph model 
ALC 201 equipped w i t h  a r e f r a c t i v e  i ndex  d e t e c t o r  model R-401 (Waters 
Associates,  M i l f o r d ,  MA) t o  i d e n t i f y  w a t e r - s o l u b l e  p roduc ts .  T h i s  was 
accomplished by match ing r e t e n t i o n  t i m e s  o f  p roduc t  compound peaks w i t h  
r e t e n t i o n  t imes  o f  s tandards.  A 300 nun x 7.8 mn Aminex HPX-87H o rgan ic  a c i d  
a n a l y s i s  column (Bio-Rad Labora to r ies ,  Richmond. CA) was used. E l u t i o n  was 
c a r r i e d  o u t  a t  60°C u s i n g  0.002N H SO a t  a f l o w  r a t e  o f  0.5 ml/min. Data 
a c q u i s i t i o n  f r o m  t h e  ch romatog rap t i?  system was by t h e  Hewlet t -Packard 
i n t e g r a t i n g  r e c o r d e r  model 3388A ( H e w l e t t  Packard Co., Palo A l t o ,  C A ) .  

Gas Chromatography 

To v e r i f y  t h e  compounds i d e n t i f i e d  b y  HPLC, b o t h  s tandards and p roduc t  
s o l u t i o n s  were conver ted  t o  t h e i r  p r o p y l  e s t e r s  w i t h  BFg-propanol acco rd ing  
t o  t h e  method o f  Sa lw in  and Bond (11) .  A n a l y s i s  o f  t h e  e s t e r i f i e d  compounds 
was per formed o n  a H e w l e t t  Packard 5880A gas chromatograph equipped w i t h  a 
f lame i o n i z a t i o n  d e t e c t o r  and a bonded Superox FA ( A l l t e c h  Assoc..  I n c .  
O e e r f i e l d ,  I L )  f u s e d - s i l i c a  c a p i l l a r y  column (25m x 0.25mn I.O., 0.2 pm f i l m  
t h i c k n e s s ) .  The tempera tu re  program was 100°C t o  24OOC a t  5"C/min and 10 min 
a t  240'C. The i n j e c t o r  temp was 225'C and t h e  d e t e c t o r  temp was 300°C. 
C a r r i e r  f l o w  (He) was 1.0 ml/min. I n j e c t i o n  volume was 1 ~ 1  w i t h  a s p l i t  
r a t i o  o f  8O: l .  

RESULTS AN0 DISCUSSION 

Degrada t ion  o f  S t a r c h  and C e l l u l o s e  

An a n a l y s i s  o f  t h e  d a t a  was per formed t o  de te rm ine  whether  s t a r c h  and 
c e l l u l o s e  d e g r a d a t i o n  i n  a l k a l i n e  s o l u t i o n  c o u l d  be desc r ibed  by  second-order 
k i n e t i c s  a c c o r d i n g  t o  t h e  equa t ions :  

p o l y s a c c h a r i d e  + N - a l k a l i  - produc ts  1 )  

1 n L  = I n  M + Cp (M-N)kat 
CP 

H = cao/cpo 
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where k, i s  t h e  r e a c t i o n  r a t e  c o n s t a n t  f o r  s t a r c h  o r  c e l l u l o s e  i n  a l k a l i n e  
s o l u t i o n .  C p  i s  t h e  c o n c e n t r a t i o n  o f  s t a r c h  o r  c e l l u l o s e ,  Cpo i s  t h e  
c o n c e n t r a t i o n  o f  s t a r c h  o r  c e l l u l o s e  a t  t=O.  Ca i s  t h e  c o n c e n t r a t i o n  o f  
a l k a l i ,  C, i s  t h e  c o n c e n t r a t i o n  o f  a l k a l i  a t  t = O .  t i s  t h e  r e a c t i o n  t i m e ,  and 
N i s  th% s t o i c h i o m e t r i c  r e a c t a n t  r a t i o  between hyd rox ide  i o n  and 
po lysacchar ide .  

The c a t a l y t i c  e f f e c t  o f  t h e  hyd rox ide  i o n  would n o r m a l l y  be rep resen ted  as 
p a r t  o f  t h e  r e a c t i o n  r a t e  c o n s t a n t  (k,) f o r  each temperature,  because 
c a t a l y s t  c o n c e n t r a t i o n  n o r m a l l y  remains c o n s t a n t .  However, i n  t h e  case o f  
a l k a l i n e  d e g r a d a t i o n  o f  s t a r c h  o r  c e l l u l o s e ,  o r g a n i c  a c i d s  a r e  produced wh ich  
a r e  conver ted  t o  t h e i r  s a l t s  by t h e  a l k a l i  p resen t ,  t hus  r e d u c i n g  t h e  
hyd rox ide  i o n  c o n c e n t r a t i o n .  Therefore,  i t  seemed t h a t  t h i s  d e g r a d a t i o n  
r e a c t i o n  c o u l d  be rep resen ted  by  second-order k i n e t i c s ,  w i t h  t h e  hyd rox ide  i o n  
c o n c e n t r a t i o n  determined by  t h e  s t o i c h i o m e t r y  o f  conve rs ion  o f  s t a r c h  o r  
c e l l u l o s e  t o  o rgan ic  a c i d s .  

F igu res  1 and 2 show exper imen ta l  d a t a  p l o t t e d  a c c o r d i n g  t o  Equa t ion  3 on 
s e m i l o g a r i t h m i c  graphs t o  determine a p p l i c a b i l i t y  o f  second-order k i n e t i c s .  
The l i n e a r  p l o t s  i n d i c a t e  t h a t  t h e  r e s u l t s  conform t o  second-order k i n e t i c s  
q u i t e  w e l l .  Table I shows t h e  r e a c t i o n  parameters determined f o r  each 
tempera tu re  p l o t t e d  i n  F igu res  1 and 2. 

Tab le  I. Reac t ion  Parameters f o r  A l k a l i n e  Degrada t ion  

S t a r c h  C e l l u l o s e  

T N ka  N ka  
" C  l i t e r h o l e  min.  l i t e r h o l e  m i n  

180 1.44 0.0026 2.09 0.0034 
200 1.17 0.0243 1.85 0.0194 
220 1 . l b  0.1334 1.71 0.1189 
240 1 . l b  0.3733 1.59 0.6000 

I n t e r e s t i n g l y ,  a l t h o u g h  M = Cao/Cpo = 4.0 f o r  b o t h  s t a r c h  and c e l l u l o s e ,  
e x t r a p o l a t i n g  t h e  da ta  p l o t t e d  i n  F igu res  1 and 2 back t o  t = 0 g i v e s  M = 5.0 
f o r  s t a r c h  and M = 4.6 f o r  c e l l u l o s e .  Thus. W i nc reased  f r o m  4.0 t o  5.0 f o r  
s t a r c h  and 4.b f o r  c e l l u l o s e  i n  ve ry  l i t t l e  o r  no t i m e  i n s t e a d  o f  t h e  expected 
f i n i t e  t i m e .  Cons ide r ing  t h a t  M e v e n t u a l l y  reaches i n f i n i t y  f o r  t h e  systems 
s tud ied ,  t h i s  rep resen ts  a smal l  f r a c t i o n  o f  more e a s i l y  degraded 
po lysacchar ide .  The r e s u l t s  o f  t h i s  paper  a p p l y  t o  t h e  more r e s i s t a n t  
f r a c t i o n s  o f  s t a r c h  and c e l l u l o s e ,  wh ich  c o n s t i t u t e  t h e  b u l k  o f  t hose  
po lysacchar ides .  

F i g u r e  3 shows t h e  r e a c t i o n  r a t e  cons tan ts  determined f rom t h e  s lopes  o f  
t h e  l i n e s  i n  F igu res  1 and 2 p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  o f  a b s o l u t e  
temperature on a s e m i l o g a r i t h m i c  graph.  The s lope  o f  t h e  l i n e  th rough  t h e  
p o i n t s  a l l o w s  d e t e r m i n a t i o n  o f  t h e  r e a c t i o n  a c t i v a t i o n  energy a c c o r d i n g  t o  t h e  
A r rhen ius  equat ion:  k = ko e exp (-E/RT). The va lue  o f  E determined i n  
t h i s  manner i s  39,500 c a l o r i e s h o l e ,  which appears t o  a p p l y  e q u a l l y  w e l l  t o  
t h e  degrada t ion  o f  s t a r c h  o r  c e l l u l o s e .  
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P r o d u c t i o n  o f  Organic  Ac ids 

The va lues  o f  N c a l c u l a t e d  f o r  s t a r c h  and c e l l u l o s e  shown i n  Table I 
r e v e a l  t h a t  as  t h e s e  po lysacchar ides  were degraded by a l k a l i ,  a s m a l l e r  number 
of o rgan ic  a c i d  mo lecu les  w e r e  formed f rom each g lucose  monomer i n  s t a r c h  
compared t o  c e l l u l o s e .  T h i s  means t h a t  t h e  o rgan ic  a c i d s  produced i n i t i a l l y  
f r o m  s t a r c h  had a g r e a t e r  m o l e c u l a r  w e i g h t  t han  those  produced From 
c e l l u l o s e .  Th is  i s  i l l u s t r a t e d  c l e a r l y  i n  F i g u r e  4, which shows e q u i v a l e n t s  
o f  o rgan ic  a c i d s  produced f rom t h e  d e g r a d a t i o n  o f  s t a r c h  o r  c e l l u l o s e  as a 
f u n c t i o n  o f  t ime .  A l though  s t a r c h  and c e l l u l o s e  degrade a t  t h e  same r a t e ,  t h e  
r a t e  of t o t a l  o r g a n i c  a c i d  f o r m a t i o n  was l e s s  f o r  s t a r c h ,  and fewer  
e q u i v a l e n t s  o f  o r g a n i c  a c i d s  were produced i n  a g i v e n  t i m e  f r o m  s t a r c h  t h a n  
f r o m  c e l l u l o s e .  The r e l a t i v e  d i f f e r e n c e  decreased as t h e  temperature 
increased,  and a t  h i g h e r  temperatures t h e  d i f f e r e n c e  i n  t o t a l  e q u i v a l e n t s  of 
o rgan ic  a c i d s  produced d isappeared a t  s h o r t  t imes .  A maximum c o n c e n t r a t i o n  of t  
app rox ima te l y  0.45 e q u i v a l e n t s / L  o f  t o t a l  o r g a n i c  a c i d s  was produced f o r  b o t h  
s t a r c h  and c e l l u l o s e  f o r  t h e  r e a c t i o n  systems s t u d i e d .  Apparen t l y ,  i n  s t a r c h  
degradat ion.  t h e  i n i t i a l l y  l a r g e r  mo lecu les  o f  o r g a n i c  a c i d s  e v e n t u a l l y  break 
down i n t o  a l a r g e r  number o f  s m a l l e r  o r g a n i c  a c i d s .  There fo re ,  t h e  t o t a l  
o r g a n i c  a c i d  f o r m a t i o n  f o r  s t a r c h  u l t i m a t e l y  equa ls  t h a t  f o r  c e l l u l o s e .  S ince 
t h e  s t a r t i n g  c o n c e n t r a t i o n  o f  s t a r c h  and c e l l u l o s e  was 0.25 mol /L  based on t h e  
g lucose  monomer, t h e  average e q u i v a l e n t  w e i g h t  f o r  t h e  o r g a n i c  a c i d s  produced 
i s  (0 .25 ) (180 ) / (0 .45 )  = 10Og/eq. T h i s  assumes t h a t  a l l  t h e  po lysacchar ide  
m a t e r i a l  degrades t o  a c i d s .  

The HPLC chromatograms o f  t h e  a l k a l i n e  degrada t ion  p roduc ts  o f  s t a r c h  and 
c e l l u l o s e  were q u i t e  s i m i l a r .  Based on r e t e n t i o n  t imes  o f  s tandards,  f o r m i c ,  
a c e t i c ,  g l y c o l i c ,  l a c t i c ,  2 -hyd roxybu ty r i c  and 2 -hyd roxyva le r i c  a c i d s  were 
i d e n t i f i e d .  The GC chromatograms o f  t h e  p r o p y l  e s t e r s  o f  t h e  s t a r c h  and 
c e l l u l o s e  chromatograms were a l s o  q u i t e  s i m i l a r .  S ince GC gave much b e t t e r  
s e p a r a t i o n  o f  d e g r a d a t i o n  p roduc ts  t h a n  HPLC, t h e  GC chromatograms were used 
t o  c a l c u l a t e  t h e  y i e l d s  o f  g l y c o l i c ,  l a c t i c ,  2 -hyd roxybu ty r i c  and 
2 -hyd roxyva le r i c  a c i d s .  Formic and a c e t i c  were h idden  under  t h e  GC s o l v e n t  
peak; thus,  t h e i r  y i e l d s  w e r e  determined f r o m  t h e  HPLC chromatograms. I n  
a d d i t i o n ,  2 - h y d r o x y i s o b u t y r i c ,  which was h idden  under  t h e  HPLC l a c t i c  peak, 
was i d e n t i f i e d  and q u a n t i f i e d  w i t h  GC. Tables I 1  and 111 g i v e  t h e  maximum 
y i e l d s  o f  t hese  a c i d s  a t  seve ra l  t empera tu res .  The co r respond ing  t imes a t  
temperatures t o  a c h i e v e  maximums a r e  i n c l u d e d  i n  t h e  headings. 

Table 11. Maximum Organic  Ac id  Y i e l d s  f rom Degradat ion o f  S ta rch  
i n  A l k a l i n e  S o l u t i o n  

Y i e l d s ( l )  % 
240'C 2bO°C 280°C 300°C 
30 m in (2 )  30 m in  20 min 5 min 

Formic 10.5 10.9 10.5 10.2 
A c e t i c  1 .b 1.9 2.3 2.1 
G l y c o l i c  3.4 4.5 5.3 5.6 
L a c t i c  16.9 17.5 19.1 19.0 
2-Hydroxybutyr ic  2.3 2.9 3. b 3.6 

2.7 2.5 

lBased on s t a r t i n g  d r y  w e i g h t  o f  s t a r c h  
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Table 111. Maximum Organic  A c i d  Y i e l d s  f rom Degradat ion o f  C e l l u l o s e  
i n  A l k a l i n e  S o l u t i o n  

Y i e l d s ( l )  % 
240'C 260°C 280°C 300°C 
32 min 18 min 6 min 3 m in  

Formic 10.8 10.9 10.7 10.2 
A c e t i c  1 .b 1.9 1.1 1.7 
G l y c o l i c  4.6 4.8 5.5 5.2 
L a c t i c  19.8 19.9 20.4 18.5 
2-Hydroxybutyr i  c 3.4 3.3 3.5 3.4 
2-Hydroxyi s o b u t y r i  c 2.1 2.1 2.1 1.9 
2-Hydroxyval e r i  c - 1.3 _ _  1.6 1.4 - 1.3 

T o t a l  43.6 44.5 45.3 42.2 

lEased on s t a r t i n g  d r y  w e i g h t  o f  c e l l u l o s e  

C o n s i s t e n t  w i th  t h e  r e s u l t s  f o r  r a t e s  of t o t a l  a c i d s  produced shown i n  F i g u r e  
4, i t  took  a l o n g e r  t i m e  t o  reach t h e  maximum y i e l d s  s t a r t i n g  w i t h  s t a r c h  
compared t o  c e l l u l o s e .  The maximum y i e l d s  o f  t h e  i d e n t i f i e d  p r o d u c t  a c i d s  a t  
each temperature were q u i t e  s i m i l a r  f o r  s t a r c h  and c e l l u l o s e  s t a r t i n g  
m a t e r i a l s .  The t i m e  r e q u i r e d  t o  reach  t h e  maximum y i e l d s  decreased as 
temperature increased.  The t r a d e - o f f  i s  t h e  h i g h e r  o p e r a t i n g  p ressu re  a t  
h i g h e r  temperature.  The t o t a l  y i e l d s  o f  t h e  i d e n t i f i e d  a c i d s  appear t o  reach  
an optimum a t  app rox ima te l y  280°C f o r  b o t h  s t a r c h  and c e l l u l o s e .  

The s i m i l a r i t y  i n  maximum y i e l d s  f o r  t h e  i d e n t i f i e d  p r o d u c t  a c i d s  f r o m  
s t a r c h  and c e l l u l o s e  suggests s i m i l a r  or i d e n t i c a l  r e a c t i o n  pathways. The 
s lower  r a t e  f o r  a c i d  f o r m a t i o n  f r o m  s t a r c h  c o u l d  be e x p l a i n e d  by d i s s o l v e d  
s t a r c h  polymer o r  p a r t i a l l y  degraded s t a r c h  polymer i n t e r f e r i n g  w i t h  
a d d i t i o n a l  deg rada t ion  of  i n i t i a l  conve rs ion  p roduc ts ,  The g r e a t e r  ease w i t h  
which s t a r c h  polymer d i s s o l v e s  i n  a l k a l i n e  s o l u t i o n  compared t o  c e l l u l o s e  i s  
c o n s i s t e n t  w i t h  t h i s  p o s s i b i l i t y .  

A l though s i g n i f i c a n t  amounts o f  o t h e r  o r g a n i c  a c i d s  a r e  produced, l a c t i c  
a c i d  i s  t h e  major  p r o d u c t  f o r  t h e  r e a c t i o n  c o n d i t i o n s  s t u d i e d .  As w e l l  as 
hav ing  numerous d i r e c t  uses, l a c t i c  a c i d  has t h e  p o t e n t i a l  o f  b e i n g  an 
i m p o r t a n t  i n t e r m e d i a t e  i n  t h e  p r o d u c t i o n  of o t h e r  v a l u a b l e  p roduc ts  (12,  13 ) .  
P r e l i m i n a r y  economic a n a l y s i s  i n d i c a t e s  t h a t  p r o d u c t i o n  o f  l a c t i c  a c i d  f r o m  
a l k a l i n e  degrada t ion  of c e l l u l o s e  has economic m e r i t  ( 9 ) .  It i s  a l s o  
conce ivab le  t h a t  a l l  t h e  hydroxy a c i d s  produced c o u l d  be used t o g e t h e r  w i t h o u t  
s e p a r a t i o n  t o  produce p o l y e s t e r  m a t e r i a l s .  

CONCLUSIONS 

S ta rch  and c e l l u l o s e  can b o t h  be the rmochemica l l y  degraded i n  a l k a l i n e  
s o l u t i o n  t o  water  s o l u b l e  compounds o f  r e l a t i v e l y  l ow  m o l e c u l a r  w e i g h t .  ( A  
p a r a l l e l  s tudy  examines more comp le te l y  t h e  n a t u r e  o f  t hese  compounds ( 1 4 ) . )  
Both s t a r c h  and c e l l u l o s e  degrada t ion  processes can be desc r ibed  by 
second-order k i n e t i c s ,  w i t h  t h e  hyd rox ide  i o n  c o n c e n t a t i o n  determined by t h e  
s t o i c h i o m e t r y  o f  po l ysacchar ide  convers ion  t o  o rgan ic  a c i d s .  The 
thermochemical deg rada t ion  a c t i v a t i o n  energy i n  a l k a l i n e  s o l u t i o n  f o r  b o t h  
s t a r c h  and c e l l u l o s e  i s  39,500 ca lo r i es /mo le .  
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The p r o d u c t i o n  of o r g a n i c  a c i d s  f rom s t a r c h  proceeds more s l o w l y  than  f rom 
c e l l u l o s e .  U l t i m a t e l y .  however, t h e  y i e l d s  of a c i d s  a r e  q u i t e  s i m i l a r  f rom 
bo th .  Formic,  a c e t i c ,  g l y c o l i c ,  l a c t i c .  2 -hyd roxybu ty r i c ,  2 -hyd roxy i sobu ty r i c  
and 2 -hyd roxyva le r i c  a c i d s  a r e  produced i n  s i g n i f i c a n t  amounts. The maximum 
y i e l d  o f  l a c t i c  a c i d  i s  app rox ima te l y  20%. and t h e  maximum sum t o t a l  y i e l d  o f  
a l l  i d e n t i f i e d  a c i d s  i s  a p p r o x i m a t e l y  45% f o r  t h e  c o n d i t i o n s  i n v e s t i g a t e d .  

I n c r e a s i n g  t h e  y i e l d s  o f  t h e  d e s i r a b l e  a c i d s  produced f rom t h e  
thermochemical, a l k a l i n e  degrada t ion  o f  po l ysacchar ides  w i l l  r e q u i r e  
a d d i t i o n a l  unders tand ing  o f  t h e  r e a c t i o n  mechanisms and k i n e t i c s  i n v o l v e d .  
A d d i t i o n a l  research  shou ld  a l s o  proceed t o  de te rm ine  t h e  e f f e c t  o f  o t h e r  bases 
and supp lemen ta t i on  o f  a l k a l i  c a t a l y s i s  by  o t h e r  c a t a l y t i c  m a t e r i a l s .  
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Figure 1 .  Effect of time on thermochemical degradation o f  starch in alkaline 
solution according to Eq. 3. 
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Figure 2. Effect of time on thermocnemical degradation of cellulose in 

alkaline solution according to Eq. 3. 
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ABSTRACT 

The systematic analysis of the solid residues of the supercritical methanol extrac- 
tion of Populus tremuloides was performed for samples prepared at temperatures 
varying from 250 to 35DoC and pressures from 3.4 to 17.2 MF'a, using such analytical 
techniques as wet chemistry, chromatography, thermogravimetric analysis, diffuse re- 
flectance FTIR spectroscopy and photoelectron spectroscopy. The results allow to 
monitor the continuous changes in chemical composition of the samples from partly 
extracted wood samples to highly recondensed polyaromatic structures. 

INTRODUCTION 

In the of thermal and thermochemical processes of wood liquefaction, 
considerable progress has been reported in the analysis of gazeous and liquid 
products (1). Some attention has been given to the composition of the solid products 
by wet chemistry analysis (2.3). 

For the last twenty years much work has been done in the study of the thermal stabil- 
ity of lignocellulosic materials by thermal analytical methods. Since these 
materials are complex mixtures of organic polymers, thermogravimetric (TG) analysis 
causes a variety of chemical and physical changes depending on the nature of the s a w  
ple and its treatment prior to analysis. 
( 4 ) .  

Lignocellulosic material can also be analyzed by IR spectrometry. This analytical 
method was used, for characterization of modified lignin and cellulose in various 
ways (5-l3). Quantification by infrared spectrometry, has been reported, for example 
in analysis of the three basic constituents in sweetgum and white oak chips pretrea- 
ted at temperatures ranging from 140 to 280OC(5) using the diffuse reflectance FTIR 
spectrometry (DRIFT). The technique is simple and applicable t o  powdered solids and 
dark samples(14) and can be used for the characterization of the chemical bonds and 
their modifications by thermal processes. 

In this paper we report our efforts to characterize the solid residues produced in a 
series of experiments for the semicontinuous extraction of Populus tremuloides in 
supercritical methanol(l5), at temperatures ranging from 250 to 350OC (Supercritical 
Extraction residues or SCE residues), by using wet chemistry and chromatographic('e), 
thermogravimetric and spectral methods such as DRIFT(17) and ESCA(18). 

recent studies 

These problems have been reviewed recently 

EXPERIMENTAL PROCEDURB 

The solid residues analyzed here were produced by supercritical extraction with 
methanol of Populus tremuloides in a tubular reactor(15). The analytical procedures 
used for these residues were described previously as elemental analysis, Klason 
lignin test, thioglycolic acid lignin test, recondensed material and 
carbohydrates(16), thermogravimetric (TG/DTG) and FTIR(17) and ESCA(18). Table 1 
reports results obtained using these procedures as well as conditions of extraction 
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RESULTS AND DISCUSSION 

I Wet Chemistry and Chromatography 

For  t.he a n a l y s i s  of wood, t h e  Klason l i g n i n  test, performe!d i n  concent ra ted  s u l f u r i c  
a c i d ,  is  t h e  accepted  method f o r  t h e  de te rmina t ion  o f  l i g n i n  c o n t e n t .  We performed 
similar t e s t s  u s i n g  also t r i f l u o r o a c e t i c  a c i d  (TFA), t h e  r e s u l t s  of  which are almost 
i d e n t i c a l  t o  those  of  the Klason t e s t s .  TFA has t h e  advantage t o  a l low f u r t h e r  anal-  
ysis uf '  t.he s a c c h a r i d e s  i n  t h e  a c i d  s o l u b l e  f r a c t i o n  a s  i t  can e a s i l y  b e  evapora ted  
from the s o l u t i o n .  

The acid insolub.Le f r x c t i o n ,  u s u a l l y  des igna ted  as "Klason l i g n i n " ,  i s  r e f e r r e d  to  i n  
t h i s  work as Klason res idue .  F igure  1 shows t h a t  i n  t h e  most s e v e r e  e x t r a c t i o n  con- 
d.iI i o n s  t .hc whole ScU r e s i d u e  is almosl. e n t i r e l y  c u n s t i t u t e d  ~f Klasun r e s i d u e .  Tho 
f a c t  t h a t  t h i s  Klason r e s i d u e  cannot be cons idered  as l i g n i n  h a s  been e s t a b l i s h e d  
through e lementa l  a n a l y s i s  and IH spec t roscopy i n  Dr p e l l e t s (  ' 6 )  . 

In order  to de termine  i f  the  s o l i d  res idues  s t i l l  c o n t a i n  l i g n i n  t h e  o l d  method of 
t'orming R s o l u b l e  l j g l i i n  d e r i v a t i v e  w i t h  t h i o g l y c o l i c  a c i d  was used. Thi.s reagent 
reacts by displacement of  CL--hydroxyl and CL -alkoxy1 groups i n  l i g n i n  and t h e  der iv-  
o t i v c  s o  produced can be s o l u b i l i z e d  by a l k a l i  and recr~vercd .  R e s u l t s  a r c  repor ted  
i n  Table 1 and Figure  1 showing t h a t  t h i o g l y c u l i c  a c i d  l i g n i n  [TGAL) decreases  from 
15.6% in W<JOCI t o  3.3- 5.9% i n  t h e  samples prepared at 350°C. I t  was shown by It2 spec- 
trometry t h a t  t h e  TGAL keeps the  c h a r a c t e r i s t i c  f e a t u r e s  of  l i g n i n  even f o r  SCE tem- 
poral.ures o f  :15OoCc 16, . 
'Phis conf.irms our  b e l i e f  that. t h e  t h j u g l y c o l i c  a c i d  lest. is ii s u i t a b l e  mct.hod f o r  t h e  
de te rmina t ion  of uncondensed l i g n i n  in  SCB r e s i d u e s .  In s p i t e  of t h e  f a c t  t h a t  
1 ) t h o  Klason test  induces  some c:oiidensntion rc!actioiis, 2 )  t h e  t . h i o g l y c o l i c  a c i d  test 
may only e x t r a c t  those l i g n i n  fragments c o n t a i n i n g  benzyl a l c o h o l  groups o r  a r y l  
e t h e r  groups""), w e  would l i k e  t o  suggest that 
1 )  t h e  t h i o g l y c o l i c  a c i d  l i g n i n  r e p r e s e n t s  a good estimate of  unconverted l i g n i n ,  
2 )  t h c  Klauon resiclue represent.s  t h e  sumntttion of unconvertcxl l i g n i n  and of  condensa-. 
t i o n  products formed by p y r o l y s i s  r e a c t i o n s  dur ing  t h e  SCE process .  

As 21 consequencw w e  su$gc t h a t  t h e  d i f f e r e n c e  between t h e  Klason r e s i d u e  and t h e  
t h i o g l y c o l i c  a c i d  l i g n i n  is r e p r e s e n t a t i v e  o f  recolidenst-d m a t e r i a l  (IE.?) i n  SCE resi- 
dues. The ca lcu la t .ed  va lues  f o r  recondensed m a t e r i a l  in  t h o s e  r e s i d u e s  a r e  report.ed 
i n  Table 1. F igure  2 g i v e s  t h e  va lues  f o r  t h e  p e r c e n t  recondensed m a t e r i a l  expressed 
on :i dry wood b a s i s .  

Fi.6ure 3 S ~ O W S  t h e  percent.age of recondensed m a t e r i a l ,  expressed  on dry  wood b a s i s ,  
p l o t t e d  as a f u n c t i o n  of  l i g n i n  convers ion .  This graph s u g g e s t s  d i f f e r e n t  condensa- 
t.ion r e a c t i o n s  a t  250°C and a t  300- 350OC. At. 250°C i n  p a r t i c u l a r ,  t h e  condensation 
seems to  b e  a sccondary r e a c t i o n  of Lignin convers ion .  As a l s o  shown on t h e  f i g u r e ,  
f o r  SeverCil expcrilnents Lhc percent s u f  recondensed m u t c r i a l  arc h i g h e r  than the  
v a l u e  which would be c a l c u l a t e d  assuming t h a t  a l l  conver ted  l i g n i n  is transformed t o  
recimlensrd m e t c r i o l  ~ L i r r e  A ) .  I t  i s  believed t.hut t h i s  i n d i c a t e s  t.hat I h c  conrlensa- 
t i o n  r e a c t i o n  involves  not on ly  products of degrada t ion  of l i g n i n  but  a l s o  some of 
carbohydra tes .  

Tho lSlucose and x y l o s e  c o n t e n t s  were determined i n  t h e  s o l u b l c  TFA a c i d  h y d r o l y s i s  
f r a c t i o n  b y  l i q u i d  chromatography us ing  a c a t i o n  exchangc r e s i n  (Cat+ form) column. 
The r e s u l t s  a r e  repurt .ed i n  Table 1. Most of t h e  samples prcpared  at 300~--350~C show 
o n l y  minor amounts of hydrolyzed m a t e r i a l  except f o r  samples MF-IF, MP-13 and MP-14 
prepared  a t  low p r e s s u r e  o r  .Low t'low r a t c .  The p e r c e n t s  o f  g lucose  and xylose  f o r  
t h e s e  sameles a s  w e l l  as those  f o r  t h e  samples prepared  a t  250OC, expressed  on d r y  
wuod b a s i s ,  a~x! p l o t t c ( l  oi i  Figure  4. The r a t h e r  w e l l  def ined  curve  i n d i c a t e s  t h a t  
c e l l u l o s e - a n d  hemice l lu lose  are s imul taneous ly  degraded a t  o r  below 250oC. 

158 



I 

'Phrmnofiravimetri c Analysi  s 

Thermogravimetric a n a l y s i s  (TG and DTG) under n i t rogen  atinospherc w a s  performed f o r  
aspen wood and the  16 p a r t i a l l y  converted wood r e s idues .  The TG and DTG curves  a r e  
reproduced i n  Figure 5 f o r  untreal .ed wood and f o r  4 s e l e c t e d  r e p r e s m t t i t i v e  SCI< resi 
dues.  

The examination o f  TG ond DTG curves ,  shows t h a t :  
a )  aspen wood l o s e s  weight s t a r t i n g  near 230°C ( p y r o l y s i s  o f  hemice l lu lose  (21)), and 
hct.wccn 350 and 420°C wi th  a inaximuii i ,a te  of wcight. loss at. 38tinC ( c e l l u l o s e  and 
l i g n i n  p y r o l y s i s  ( 2 1 ) ) ;  t h e  weight l o s t  at 700OC is 89.4%. 
b )  t h e  SCH r e s i d u e s  can be c l a s s i f i e d  according to  t h e i r  temperature  o f  e x t r a c t i o n .  

For t h e  r e s i d u e s  o f  type 1 prepared a t  250OC ( l i k e  sample MP--6!, t h e  weight l o s s  
t.akes p l ace  between 350 and 420oC, with H maximum rate a t  375--3900C. l'hc weight l o s t  
a t  7OOOC is between 82.5 and 94.6%. 

For t h c  type  11 res idues  produced at 300°C ( t  i k e  sanil)le MP-12)  , :I r:ont.i.mous weight. 
loss is observed from 300 t o  600-700OC, wi th  a maximum r a t e  at temperatures  ranging 
Prom 380°C t o  510OC. The totcil  weight loss at.  700°C is less important. than f o r  s m -  
p l e s  o f  t h e  previous type ,  ranging from 27.2 t o  57%. 

For samples of type I11 prepared a t  3 5 W C  ( l i k e  samples MP--ll and M P - R ) ,  l.he wcight 
loss is slower than f o r  t hose  o f  type I1 but happens roughly on t h e  same temperature  
rartgc (300 tu  b;00.--70ODC) and wi th  maximum rtt1c.s occu r ing  a t  higher  te inper~rtures ,  L'rom 
380 t o  620OC. The weight loss a t  700°C is s i g n i f i c a n t l y  smaller ranging from 8.2 t o  
34.2%. 

A c l o s e r  mia lys i s  of t h e s e  curves  shows t l i i i t  I h c r r :  is a <:ant inuous chirngc thc 
shape of t h e  thermograni o f  t h e  r e s i d u e s  as t h e  SCE p r e s s u r e  is increased f o r  experi-  
mcnt.s a t  t h e  same SCIl ternpcrat.urc. As shown i n  E'iLmro 6 1 . l ~  t.cmperat.urc Tmax c o r r w -  
ponding t o  a maximum 011 the DTG curve shows a cont inuous rwolut ion with the  parame- 
ters of e x t r a c t i o n .  Two maxima arc observed at t he  lower SCE p r e s s u r e  o f  3.4 MPa 
showing t h a t  when t h e  e x t r a c t i o n  is performed less e f f i c i e n t l y ,  some of  t h e  

/ unconverted l i g n i n  and ci:llulosc is sti1.l presei i l  a t  r o l a t  i vc ly  high conlcmt i n  llic 
r e s idue  prepared at. 3500 C .  

The smooth evo lu t ion  i n  t h e  temperature  of t.hc high tcmperature  DTG peak r e f l e c t s  a 
change in t h e  n a t u r e  o f  t h e  v o l a t i l e  f r a c t i o n  of t h e  recondensed material. 

A very good c o r r e l a t i o n  was found between weight los t  bctwcen 200 and 42OoC and t h c  
weight of t r i f l u o r o a c e t i c  a c i d  s o l u b l e  p l u s  unconverted l i g n i n  p rev ious ly  determined 
by w e t  chemistry ( c o r r e l a t i o n  c o e f f i c i e n t  is 0.994 i f  one excep t s  sample Ml--l6). 
These da t a  suggest  t h a t  t h e  m a t e r i a l  s t i l l  no t  v o l a t i l i z e d  a t  420°C would be iden t i -  

I c a l  with what. w c  dcf'ined as t h e  recoiidensed material. I t  w a s  indeed v e r i f i e d  that 

v o l a t i l i z e d  a t  420°C is also e x c c l l c n t  ( c o r r e l a t i o n  c o e f f i c i e n t  0.984 when p o i n t  MP- 
16 is excepted) .  From thermogravimetr ic  d a t a  t h e  recondensed m a t e r i a l  i n  a given SCE 
re s idue  can thus  be f u r t h e r  c h a r a c l e r i z c d  by t h e  weight f r a c t i o n  of AM v o l a t i l i z e d  
between 420 and 700OC. 

I 

I t h e  c o r r e l a t i o n  betwecn recondensed material and weight % of  t h e  s o l i d  not 

- - _ _ _ _ ~  Diffuse Hefleclance ---- I n f r a r e d  SpecLroinetry 

DRIFT s p e c t r a  were ob ta ined  f o r  t h e  17 a f o r e  mentionned samples and t h e  s p e c t r a  of 
t.he f i v e  r e p r e s e n t a t i v e  samples used t o  present.  t h e  TG/DTG d a t a ,  are repor t ed  i n  
F igu re  7. 

The spectrum of aspen wood (F igu re  7.A) shows t h e  presence of t.he t .hree fundamental 
wood c o n s t i t u e n t s .  The bands f o r  c e l l u l o s e  are a t  898 cm- '  6-anomer i n  pyranose 
r i n g )  ( % 2 ) ,  a t  1043.1171 c m - 1  (C-0 bonds i.n primary and secondary a l c o h o l s ) .  The 
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carbonyl or carboxyl structure but it would be surprising that carboxyl could resist 
at severe SCB conditions. Further study is necessary for definite assignment of this 

band at 1745 cm-1 is due to uronic acid and acetyl groups in hemicellulose ( 2 2 ) .  The 
bands from 1246 to 1607 cm-1, specially the one at 1505-1515 cm-1, are typical for 
lignin ( 1 9 ) .  

As shown 
the SCB treatment. 

Suectral region 2850-3050 an-'. A band at 3050 cm-' (aromatic and/or alkene C-H 
stretching) becomes evident at 3OOOC (MP-12, Figure 7-C) and dominates this region at 
350OC (MP-8, Figure 7-E). The band in the 2900 cm-1 region (aliphatic C-A 
stretching) which is broad in the initial wood sample, is progressively resolved in 
three separate bands (2850, 2900 and 2%0 cm-l) as the SCE temperature is increased 
(MP-12, MP-11 and MP-8, Figures 7C, D and E ) .  The overall pattern in Figure 7B 
corresponding to the most carbonized sample is similar to the ones reported for 
higher rank bituminuous coal ( z 3 )  and for vitrinite ( z q ) ,  with the 3050 cm-1 even 
more intense in our MP-8 sample. As it was shown earlier that this sample contains 
89.21; of recondensed material it may he concluded that this material has a coal-like 
polyaromatic nature. 

Spectral Region 800-950 cm-l. The band at 898 cm-1 is discernible in wood and MP-6 
( S a  temperature 250OC) but disappears from spectra of samples treated at higher tem- 
peratures where saccharides analysis has also shown the absence of cellulose. As 
carbonization proceeds, the out-of-plane bending of one isolated (868-874 cm-1) and 
two adjacent (815-816 cm-1) aromatic H increase. 

The band at 950 arl, which is visible in Mp-8, is probably due to 
tion giving t-alkenes(18). 

by the other spectra in Figure 7, these bands are significantly modified by 

This is supported by the changes in the next spectral region. 

elimination reac- 

Quantification. Schultz et al(5) reported recently correlations of FTIR absorbance 
ratios with such variables as the percents in glucose, xylose and Elason lignin for 
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isolated at three different SCE temperatures and 2 reference compounds are illus- 
trated in Figure 8. There is a general agreement in the literature on the assigment 
of components C1, C2 and C3 in wood derived materials: Ci corresponds to carbon 
linked to H or C, Cz has one link to oxygen, whereas C3 has two. In the solid phase, 1 

wood chips pretreated by the RASH process at temperature ranging 
These correlations 
tions by non-linear least squares regression. 
bances, baseline was defined as shown on spectrum 7E.  

These equations are as follows. 

from 140 to 280oC. 
do not fit correctly our data so that we developped our own equa- 

For quantitative evaluation of absor- 

C1 is referenced at 285.0 eV and C2 and C3 are usually close to 287.0 and 289.5 eV I: ( 2 5 ) .  

In all SCE residues, 
of the spectrum, shifted from the Ci component by 1.4 f 0.5 eV. 

a fourth Cis component is found on the low binding energy side 
This is thereafter 
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designated as the CO component. As the temperature of extraction is increased from 
260 to 3000C, the CO component increases continuously whereas the general trend of 
C i ,  C2 and Ca collponents in a continuous decrease. 

It is interesting to note that the uncorrected experimental Cis binding energy for 
dibenz (a,h) anthracene is very close to the binding energy for this CO peak. As 
plyaromatic are electrical conductors, the charging is expected to be low and Ec 
close to 0. On this basis, Co component is assigned to carbon in polyaromatice. 
Usually, ammatic compounds show a shake up satellite located 5-7 eV above their Cis 
peak ( 2 6 ) .  It can be seen however from Figure 8 that the intensity of this satellite 
in dibenz (a,h) anthracene is considerably lower than in o-biphenol. Thus the 
satellite'frtm CO peak in SCB solid residues should only make a minor contribution to 
the overall Cis band. 

The ratio Cnn/CsR (where CSR is the carbon content of the whole solid residue as de- 
termined by el-tal analysis, where- CRn is the calculated'mass of carbon in the 
recondensed material a given sample) was calculated for 5 samples (the 
el-tal analysis for MP-13 was not available). Figure 9 shows not only that this 
ratio is correlated to the Co fraction of the Cis peak, but that both values are al- 
most equal for all sarples. 

Therefore it may be concluded that the BSCA technique provides a simple mean for the 
determination of the extent of recondensation reactions by a mere determination o f  
the propartion of the Co component in the Cia band of the solid residue. 
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,ti! rt% Ut% .ti: rt% "ti! "ti! i - - - - - - - - - - 
00.0 17.4 15.b - 78.5 4 7 . b 2 7 . 2 4 b . 1  6.50 a7.4 

74.8 2b. l  14.3 11.8 7O.e 15.7 18.0 54.0 5.84 44.2 j 
55.4 1 . 5  22.2 8.3 64.1 38.1 12.8 53.5 5.2s 41.2 

69.7 10.6 6.5 4.1 6 9 . V  18.0 lV.2 45.0 b.4V 48.6 

68.4 7.6 5.4 2.0 V0.6 26.9 1 2 . 3 4 4 . 1  6.V7 48.V : 
40.5 42.2 12.1 30.1 4e.4 25.V 7 . V M . V  5.82 29.2 

31.0 78.1 12.3 6 . 8  - 0.0 0.0 75.V 5.12 1V.C 

16.4 V2.1 4.3 87.8 5.0 0.0 0.0 78.2 4.V6 16.8 1 

15.9 n.5 3.8 68.7 1.6 0.6 0.0 80 .4  4.62 15.C ! 
I 

15.7 89.2 4.5 84.7 2.4 0.0 0.0 7v.8 5.35 14.8 1 

18.1 65.8 6.0 5V.8 27.2 10.3 3.3 M.8 5.47 S . 7  I 

8.4 71.4 4.8 44.7 IV.8 7.1 0.0 74.! b.08  lV.8 i 
15.0 5.3 81.3 4.0 0.7 o.o n.3 5.17 21.6 i 

0.0 0.0 92.8 3.84 3.33 

b.1 EV.3 n.o 0.0 0.0 7b.3 5.00 18.8 

\ '  

Table I .  SCE r e s i d u e s .  e x t r a c t i o n  c o n d i t i o n s  and a n a l y s e s  
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Some Aspects of Pyrolysis Oils Characterization 
by Bigh Performance Size Exclusion Chromatography (EPSEC) 

David K. Johnson and Helena Li Chum*. 

Chemical Conversion Research Branch 
Solar Energy Research Institute 

1617 Cole Blvd.. Golden, Colorado 80401 

ABSTRACT 

The utilization of biomass pyrolysis oils or isolated fractions of these feedstocks 
requires a fast overall characterization technique. Gas chromatographic techniques 
typically analyze only the volatile fraction (52-502) of underivatized oils. With 
proper choice of solvent and detector systems, the HPSEC on polystyrene- 
divinylbenzene copolymer gels of the whole oils can provide valuable information on 
the apparent molecular weight distributions and changes that occur upon aging or 
chemical fractionation. Several pyrolysis oils have been analyzed as well as 
fractions isolated by solvent elution Chromatography. In order to understand better 
the observed low-molecular-weight region, a number of model substances of the main 
classes of compounds found in pyrolysis oils have been investigated. While hydrogen 
bonding between the phenolic groups and tetrahydrofuran occurs, solute-solute 
interactions can be kept very small by operating at very low concentrations of 
solute; solute-gel interactions do occur when polycyclic aromatic compounds 
predominate. HPSEC provides very good information on shelf life, reactivity of 
pyrolysis oils, and comparison of oils as a function of process conditions. 

INTRODIICTION 

Many biomass pyrolysis processes produce 552-652 conversion of the dry biomass to a 
very inexpensive pyrolysis oil (1-3). Costs of the oils will range from $0.02- 
$0.08/lb of oil. depending on the biomass feedstock cost ($10-$40/dry ton 
biomass). Therefore, these inexpensive oils, rich in phenolic fractions, acids, and 
furan-derivatives can be feedstocks for further upgrading or could be used because 
of their reactivity, in applications such as thermosetting resins and other wood- 
bonding methods. One of the important considerations for this use or further 
processing is the stability of the oil. Fast techniques to determine such 
properties become necessary. We present a method of characterization of pyrolysis 
oils and chemically isolated fractions using high-performance size exclusion 
chromatography ( 4 - 5 ) .  a technique commonly employed in the determination of the 
molecular weight distribution of polymers. We discuss the potential of the method 
and its limitations. Classes of model compounds commonly found in these oils have 
been investigated in the low-molecular-weight range t o  shed light on interactions 
between solute and solvent, solute and gel material (polystyrene-divinylbenzene), 
and solute-solute which can be kept to a minimum by operating at very dilute 
conditions. 

EWERMENTAL 

High performance size exclusion chromatography was performed on Hewlett-Packard 1084 
and 1090 liquid chromatographs using HP1040A diode array and HP-1037A refractive 
index detectors. Data were stored on s HP 85 microcomputer. The colwnns (300 x 
7 mm) used in this study were purchased from Polymer Laboratories Inc. and were a 
PL 100 A (10 p particles) and a PL 50 A (5 p particles). lhe solvent employed was 
tetrahydrofuran (Burdick and Jackson, chromatographic grade) used as received. 
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Deta i l s  on t he  p r e p a r a t i o n  of  py ro lys i s  oils a t  SERI i n  t h e  entrained-f low,  f a s t  
a b l a t i v e  p y r o l y s i s  r e a c t o r  can be found i n  a r e p o r t  by Mebold and S c a h i l l  ( 2 ) .  

The l i g n i n  model compounds were prepared by J. A. Hyatt  (6); a l l  t h e  o t h e r  model 
compounds were purchased from t h e  Aldrich Chemical Co. 

RESULTS AND DlSC[ISSIOR 

Comparison of P y r o l y s i s  Oils Obtained from Various Sources. ?he HPSEC of fou r  wood 
pyro lys i s  o i l s  ob ta ined  from t h e  en t r a ined  flow, f a s t  a b l a t i v e  p y r o l y s i s  r e a c t o r  a t  
SERI a r e  shown i n  Figure 1. Ihe o i l s  were obtained from two s e p a r a t e  runs and 
c o l l e c t e d  from two d i f f e r e n t  scrubbers .  The apparent  molecular weight d i s t r i b u t i o n s  
of the fou r  oils a r e  ve ry  s i m i l a r .  i n d i c a t i n g  l i t t l e  s e l e c t i v i t y  on t h e  b a s i s  of 
molecular weight d i s t r i b u t i o n .  Figure 2,  however, shows t h e  HPSE chromatograms of a 
number of o the r  p y r o l y s i s  o i l s  obtained under a v a r i e t y  of c o n d i t i o n s  from many 
d i f f e r e n t  sources .  C l e a r l y ,  some of t h e  o i l s  con ta in  components of h igh  apparent  
molecular weight even t o  t h e  ex ten t  t h a t  some a r e  excluded from t h e  pores  of t h e  
column polymer, i n d i c a t e d  by t h e  peaks a t  about 4 .5  minutes in t h e  chromatograms. 
The o i l s  a l s o  have va ry ing  amounts of more sha rp ly  resolved components a t  lower 
apparent  molecular  weight. Thus, HPSEC may be used t o  c h a r a c t e r i z e  py ro lys i s  o i ls  
obtained from d i f f e r e n t  sou rces ,  and comparisons may be drawn rega rd ing  t h e i r  
r e l a t i v e  appa ren t  molecular  weight d i s t r i b u t i o n s  a s  long a s  the  ana lyses  were 
c a r r i e d  ou t  under t h e  same chromatographic cond i t ions .  

The wood o i l  obtained from t h e  packed scrubber  i n  Run 4 1  a t  S E R l  was a l s o  subjected 
t o  f r a c t i o n a t i o n  by s e q u e n t i a l  e l u t i o n  by s o l v e n t s  chromatography (SESC) according 
t o  the  method o f  I s v i s  e t  al.  (7). The f r a c t i o n s  obtained were a l s o  analyzed by 
HPSEC and t h e  chromatograms a r e  shown i n  Fiaure 3. Ihe HPSEC shows a g e n e r a l  t r end  
t o  higher  apparent  molecular  weight as t h e  p o l a r i t y  of t h e  e l u t i n g  solvent  was 
increased up t o  methanol.  A number o f  t h e  f r a c t i o n s  appear  t o  con ta in  r e l a t i v e l y  
l a r g e  amounts of d i s t i n c t  components ( t h e  sha rp  peaks) of lower apparent  molecular 
weight. The s i x t h  f r a c t i o n  was produced by going back t o  a l e s s  po la r  solvent .  A 
seventh f r a c t i o n  was produced using a more po la r  e luan t  of 10% a c e t i c  acid in 
methanol which could no t  be analyzed by HPSEC because i t  was in so lub le  i n  
te t rahydrofuran.  About t h r e e q u a r t e r s  of t h e  o i l  was found in F r a c t i o n s  3, 4 ,  and 
5 .  the  l a s t  being t h e  major f r a c t i o n .  If  t h e  chromatograms i n  Figure 3 were 
combined t ak ing  i n t o  account  t h e  y i e l d s  of t h e  v a r i o u s  f r a c t i o n s  then,  as expected, 
a c lose  comparison could be made with t h e  chromatogram in Figure 1 of t h e  
un f rac t iona ted  o i l .  

Doubts have been expressed t h a t  t h e s e  p y r o l y s i s  o i l s  could have molecular  weights a s  
high as i n d i c a t e d  by t h e s e  chromatograms a s  they  a r e  obtained by condensat ion of t h e  
primary vapors  from pyro lys i s .  Analysis  by techniques r e q u i r i n g  r evapor i za t ion  of 
t h e  o i l s  c o n s i s t e n t l y  does not d e t e c t  high-molecular-weight components, poss ib ly  
because they  a r e  d i f f i c u l t  t o  vaporize and a l s o  because they  may be thermally 
degraded t o  e i t h e r  h i g h e r  o r  lower molecular  weight components ( 8 )  O K  both.  It has  
been suggested t n a t  t h e  h igh  apparent  molecular weights observed by HPSEC a r e  the 
r e s u l t  of so lu t e - so lu t e  o r  solute-solvent  a s s o c i a t i o n s  producing high-molecular- 
weight complexes. To v e r i f y  the r e s u l t s  obtained by HPSEC. t h e  t h r e e  major 
f r a c t i o n s  and t h e  o r i g i n a l  un f rac t iona ted  oil were sub jec t ed  t o  proton NMR 
ana lys i s .  The s p e c t r a  o f  F rac t ion  5 and the o r i g i n a l  oil c o n t a i n  broad peaks 
c h a r a c t e r i s t i c  o f  i r r e g u l a r  polymers such a s  l i g n i n ,  while  t h e  s p e c t r m  of 
F rac t ion  3 con ta ins  sha rp  peaks i n d i c a t i v e  of a mixture of s imple r ,  low-molecular- 
weight compounds; F rac t ion  4 is i n t e rmed ia t e  between 3 and 5. 'Ihus, t h e  HPSEC and 
proton NMR s p e c t r a  appear  t o  be in gene ra l  agreement i n  t h a t  t h i s  py ro lys i s  oil 
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con ta ins  mixtures of poss ib ly  h ighe r  molecular weight polymeric components and 
s impler  l o w - m o l e c u l a r r e i g h t  compounds. 

Many of t h e  chromatograms shown h e r e  a r e  of samples whose h i s t o r y  of handl ing and 
age a r e  not known in d e t a i l .  It has been suggested t h a t  because o f  t h e  ve ry  
r e a c t i v e  and a c i d i c  n a t u r e  of t h e s e  o i l s  t h a t  t h e  high molecular  weights  observed 
a r e  produced a s  t h e  o i l s  g e t  o l d e r  and a r e  exposed t o  ambient cond i t ions .  
Consequently,  a s tudy has  been s t a r t e d  t o  examine t h e  e f f e c t s  of aging and t h e  
cond i t ions  under which p y r o l y s i s  o i l s  a r e  s tored.  A p y r o l y s i s  o i l  w a s  produced i n  
t h e  SERI  entrained-flow. f a s t  a b l a t i v e  p y r o l y s i s  r eac to r .  In t h i s  r e a c t o r ,  t h e  
primary vapors a r e  scrubbed ou t  w i t h  water  such t h a t  about  90% a r e  d i s so lved  out.  
One sample of t h i s  aqueous s o l u t i o n  o f  p y r o l y s i s  o i l  was s t o r e d  a t  4OC and t h e  o t h e r  
was analyzed by HPSEC. I h e  sample t o  be analyzed was made up by d i s so lv in l :  a small 
amount of t h e  aqueous s o l u t i o n  in te t rahydrofuran.  S to rage  was under ambient 
cond i t ions .  Ihe THF s o l u t i o n  was analyzed s e v e r a l  t imes over  t h e  pe r iod  of a week 
t o  look f o r  changes in i t s  HPSE chromatogram as shown i n  Figure 4. A t  t h e  end of 
t h i s  per iod.  t h e  sample kep t  at  4OC was a l s o  analyzed t o  determine t h e  e f f e c t  of 
ag ing  on t he  oil. Actua l ly ,  a phys i ca l  change took p l a c e  on t h e  aqueous sample 
s to red  a t  4OC i n  t h a t  a small  amount of tar  sepa ra t ed  out on t h e  bottom of t h e  
v i a l .  Consequently,  tw samples were made up i n  THF from t h e  cooled sample, one 
from t h e  aqueous pa r t  and one from t h e  t a r .  Figure 5 compares t h e  HPSEC of  t h e  
sample kept  a t  ambient c o n d i t i o n s  t o  those of t h e  cooled samples. The HPSEC of t h e  
t a r  sample shows i t  c o n s i s t s  of r e l a t i v e l y  much l a r g e r  amounts of material h ighe r  i n  
apparent  molecular weight.  The aqueous f r a c t i o n  of t h e  cooled sample appears  very 
s i m i l a r  t o  t h e  sample s t o r e d  a t  2S0C, a l though t h e  l a t t e r  does appear  t o  c o n t a i n  a 
s l i g h t l y  l a r g e r  r e l a t i v e  amount o f  appa ren t ly  h ighe r  molecular weight ma te r i a l .  I h e  
degree t o  which s t o r a g e  a t  lower temperature  h a s  prevented any i n c r e a s e  i n  molecular  
weight of t h e  py ro lys i s  o i l  w i th  t ime i s  d i f f i c u l t  t o  a s c e r t a i n  because of t h e  
f r a c t i o n a t i o n  of t h e  r e f r i g e r a t e d  sample. lhe sample kep t  a t  ambient cond i t ions  d i d  
not have t h e  oppor tun i ty  t o  f r a c t i o n a t e  because of t h e  s o l v e n t  i t  was d i s so lved  In. 

The HPSEC of t h e  u n r e f r i g e r a t e d  sample (Figure 4) d i d  i n d i c a t e  t h a t  t h e  p y r o l y s i s  
o i l  "aged" over t h e  per iod of a week wi th  i n c r e a s i n g  amounts of appa ren t ly  h ighe r  
molecular weight components being produced wi th  t i m e .  k s t  o f  t h e  samples ob ta ined  
from o u t s i d e  of SERI are much o l d e r  than one week. P y r o l y s i s  o i l s  are g e n e r a l l y  
ve ry  r e a c t i v e  so t h a t  u n l e s s  t hey  are e f f e c t i v e l y  s t a b i l i z e d  i n  some way, i n c r e a s i n g  
molecular  weight should be expected as t h e y  g e t  o lde r .  

mat are t h e  L imi t a t ions  of HPSEC as a Technique When Applied to P g r o l y s i s  011 

+ t h e  proper choice o f  s o l v e n t  t o  d i s s o l v e  t h e  sample, t h e  whole o f  t h e  sample may be 
analyzed under ve ry  mild cond i t ions .  Because HPSEC is  an i s o c r a t i c  technique.  
d i f f e r e n t i d  r e f r ac tomete r s  may be used a s  d e t e c t o r s  so t h a t ,  again,  a l l  of t h e  
sample may be detected.  ?is i s  not a g r e a t  concern when app l i ed  t o  p y r o l y s i s  o i l s .  
as they  t end  t o  absorb q u i t e  s t r o n g l y  in t h e  u l t r a v i o l e t .  With a modern W - v i s i b l e  

t d iode a r r a y  d e t e c t o r ,  a n m b e r  of wavelengths can be monitored t o  ensure a l l  t h e  
components of t h e  o i l  a r e  monitored. However, t h e  e l u t i n g  s o l v e n t  must be chosen 
such t h a t  a l l  t h e  sample i s  d i s so lved .  and as p y r o l y s i s  o i l s  a r e  f a i r l y  p o l a r  and 
o f t e n  con ta in  water,  t h e  s o l v e n t  w i l l  a l s o  need t o  b e  f a i r l y  polar .  The combination 
of polar  s o l u t e s  and po la r  s o l v e n t s  means t h a t  so lu t e - so lven t  i n t e r a c t i o n s  through 
hydrogen bonding must be a concern.  Tetrahydrofuran,  probably t h e  most popular 
so lven t  f o r  HPSEC, can form hydrogen bonds with c e r t a i n  s p e c i e s  such a s  phenols  
producing a complex molecule e x h i b i t i n g  g r e a t e r  molecular  s i z e  and lower r e t e n t i o n  
volume than would be expected (9). When nonpolar s o l v e n t s  are used such a s  to luene  
or chloroform, t h e  molecular  s i z e  should be r e l a t i v e l y  una f fec t ed ,  but o i l  
s o l u b i l i t y  then becomes ve ry  l imi t ed .  The use o f  s o l v e n t s  of g r e a t e r  s o l v a t i n g  

/ Character izatfon.  One o f  t h e  major advantages of HPSEC as a technique i s  t h a t  w i th  
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power, such as dimethyl  formamide, a l s o  gene ra t e s  problems (10) due t o  so lu t e - so lu t e  
a s s o c i a t i o n ,  i n t e r a c t i o n  between polystyrene s t anda rds  and t h e  column g e l  and column 
gel-solvent  i n t e r a c t i o n s .  

The o the r  major l i m i t a t i o n  of HPSEC as a technique comes from t h e  d e s i r e  to 
c o r r e l a t e  s o l u t e  e l u t i o n  t i m e  w i th  molecular weight. As s t a t e d  i n  i t s  name, t h i s  i s  
a method of s e p a r a t i o n  based on molecular s i z e .  HPSEC columns con ta in  a polymer g e l  
of polystyrenedivinylbenzene produced wi th  a c o n t r o l l e d  pore s i z e  d i s t r i b u t i o n .  
So lu te s  of d i f f e r e n t  s i z e  a r e  sepa ra t ed  by t h e  d i f f e r e n t  degrees  of t h e i r  
pene t r a t ion  i n t o  t h e  pores  of t h e  ge l .  Zhe parameter t h a t  can be obtained from 
HPSEC is e f f e c t i v e  molecular  l eng th ;  e.g., m a t e r i a l  excluded from a column 
containing g e l  w i th  100 A pores  should have an e f f e c t i v e  molecular  l e n g t h  of 100 A 
o r  greater .  To c o r r e l a t e  r e t e n t i o n  t imes t o  molecular weight,  i t  i s  necessary t o  
use c a l i b r a t i o n  s t a n d a r d s  s i m i l a r  in s t r u c t u r e  t o  t h e  s o l u t e  whose molecular  weight 
is being determined. The most common c a l i b r a t i o n  m a t e r i a l s  used a r e  po lys ty renes  of 
low po lyd i spe r s i ty .  Others used include s t r a i g h t  chain a lkanes ,  polyethylene 
g l y c o l s ,  and t h e  r e l a t e d  m a t e r i a l s  IGEPALS" t h a t  a r e  4-nonylphenyl terminated. I f  a 
column were c a l i b r a t e d  wi th  s t r a i g h t  chain a lkanes ,  i t  i s  u n l i k e l y  t o  be much good 
f o r  ob ta in ing  molecular  weights  o f  aromatic  s o l u t e s ,  as a benzene r i n g  is on ly  about 
a s  long a s  propane, and anthracene i s  on ly  about  a s  long as  hexane. When d e a l i n a  
wi th  much l a r g e r  molecu le s ,  i t  is d i f f i c u l t  to e s t i m a t e  what t h e i r  s i z e  might be in 
t h r e e  dimensions in so lu t ion .  Although p y r o l y s i s  oils have a h igh  l e v e l  of aromatic  
components, e s p e c i a l l y  pheno l i c s ,  t h e y  a r e  a ve ry  complex mixture  of components, and 
so i t  is u n l i k e l y  t h a t  any one s e t  of c a l i b r a t i o n  s t anda rds  would do a ve ry  good 
job. Desp i t e  t h e s e  l i m i t a t i o n s ,  HPSEC can g ive  an idea  of t h e  molecular weight 
d i s t r i b u t i o n  of a n  o i l  and c e r t a i n l y  can be used i n  comparing o i l s .  Es t ab l i sh ing  
molecular weights  f o r  l o w l n o l e c u l a r w e i g h t  components is probably t h e  most d i f f i c u l t  
task.  F igu res  6 and 7 compare t h e  a c t u a l  molecular weights  of a v a r i e t y  of 
d i f f e r e n t  t ypes  o f  compounds wi th  t h e i r  appa ren t  molecular  weights  c a l c u l a t e d  from 
t h e i r  r e t e n t i o n  t imes  on 50 A 5 p HPSEC column c a l i b r a t e d  with polystyrenes and 
IGEPALS. I f  t h e  c a l i b r a t i o n  was good f o r  a l l  compounds, then they  should a l l  f a l l  
on the  s t r a i g h t  lines. Zhe aromatic  hydrocarbons fo l low t h e  c a l i b r a t i o n .  but  t h e  
aromatic  a c i d s  and naphthalenes d e v i a t e  g r e a t l y  and i n  oppos i t e  d i r e c t i o n s .  The 
aromatic a c i d s  c o n t a i n  bo th  ca rboxy l i c  and phenol ic  groups and so probably have 
higher  apparent  molecular  weights  t han  their  a c t u a l  molecular weights  because of 
hydrogen bonding wi th  t h e  s o l v e n t  t e t r ahydro fu ran .  "he naphthalenes have lower 
apparent  molecular  weights  t han  a c t u a l  not on ly  because t h e i r  condensed s t r u c t u r e  
makes them r e l a t i v e l y  small f o r  t h e i r  molecular weight,  but  also because of 
i n t e r a c t i o n s  between t h e s e  s o l u t e s  and t h e  column gel .  P h i l i p  and Anthony ( 9 )  
observed r e t e n t i o n  volumes t h a t  were longe r  than  expected f o r  an th racene ,  
benzopyrene, and coronene, cons ide r ing  t h e i r  molecular s i ze .  ' h e y  a t t r i b u t e d  t h i s  
behavior t o  i n t e r a c t i o n  o f  t h e s e  h igh ly  a romat i c  s o l u t e s  w i th  t h e  phenyl groups of 
t h e  polymer cha ins  of t h e  g e l s .  

The phenols and lignin model compounds follow t h e  c a l i b r a t i o n  q u i t e  c l o s e l y ,  tending 
to show s l i g h t l y  h i g h e r  apparent  molecular  weights  t han  they  a c t u a l l y  have, probably 
beczme  Of S 6 6 O C i a t i G i i  w i th  t h e  solvent .  Th i s  is encouraging f o r  t he  HPSEC of 
py ro lys i s  oils as t h e s e  t y p e s  of compounds a r e  more l i k e l y  t o  be present .  Heavily 
cracked o i l s .  however, can be r i c h  in polynuclear  aromatics .  

\ 
I 

Solute-solute  a s s o c i a t i o n  has  no t  been observed for  any of t h e s e  molecules or f o r  '-- 
o t h e r s  when using t e t r ahydro fu ran  a s  solvent. Retent ion t ime changes of l e s s  than 
0.01 minutes were observed i n  changing sample concen t r a t ions  i n  t h e  mg/mL range (-4 
mg/mL) to t h e  ng/mL range  (-3 pg/mL) when i n j e c t i n g  5 p 1  of t h e s e  s o l u t i o n s .  HPSEC 
Of PYrOlySIS o i l  samples made up i n  t h i s  concen t r a t ion  range should a l s o  b e  f r e e  of 
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so lu t e - so lu t e  a s s o c i a t i o n  which would a r t i f i c a l l y  inc rease  the  apparent  molecular 
weight of t h e  o i l s .  

CONCLUSIONS 

HPSEC has  been shown to be a u s e f u l  method of c h a r a c t e r i z i n g  p y r o l y s i s  o i l s  because 
it examines the whole of t h e  o i l .  Using p o l y s t y r e n e d i v i n y l  benzene polymer g e l  
columns, te t rahydrofuran a s  so lven t  and polystyrenes and IGEPALS a s  c a l i b r a t i o n  
s tandards a good i n d i c a t i o n  of molecular  weight d i s t r i b u t i o n  can be obtained f o r  
o i l s  from a v a r i e t y  of sources .  l h e  h igh  apparent  molecular weights  observed appear 
to be r e a l ,  and some co r robora t ion  i s  seen in proton NMR spec t r a .  Although some 
so lu t e - so lven t  a s s o c i a t i o n  can be expected, use of pheno l i c  model compounds has  
shown t h a t  HPSEC can g ive  a good i n d i c a t i o n  of molecular  weight. However, i f  t h e  
o i l s  contained l a r g e  amounts of e i t h e r  much more po la r  compounds or condensed 
aromatic  compounds, then i n t e r p r e t a t i o n  of HPSEC on t h e  b a s i s  of molecular  weight 
would be much more d i f f i c u l t .  P y r o l y s i s  o i l s  are r e a c t i v e  m a t e r i a l s  and an 
awareness of t he  l eng th  of t ime and cond i t ions  under which they a r e  kep t  mst be 
maintained and is important  f o r  f u r t h e r  processing.  
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FIGURE 2. HPSEC OF WOOD PYROLYSIS OILS FROM A VARIETY 
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FIGURE 1, 
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0,4%. 

FRACTION 3 ELUTED WITH 7,SX ETHER I N  CHLOROFORM, 
YIELD 15,6%, 
FRACTION 4 ELUTED WITH 5% ETHANOL IN ETHER, YIELD 
19.5X, 

FRACTION 2 ELUTED WITH CHLOROFORMj Y!ELD 1.5%. 

FRACTION 5 ELUTED WITH METHANOLj YIELD 38.u. 
FRACTION 6 ELUTED WITH 4% ETHANOL 1N THFj YlELD 3,1%, 
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CHROMATOGRAPHY OF NON--DERIVATIZED PYROLYSIS OILS AND UPGRADED PRODUCTS 

E . J .  Soltes and S-C.K. Lin 

College Station, Texas 77843-2135 
Dept. of Forest Science and TAES, Texas A&M University System 

ABSTRACT 

Over a period of several years [l], the Department of Forest Science at Texas ABdrl 
University has been conducting studies in the hydroprocessing (catalyzed high pressure 
hydrocracking plus hydrotreating o r  hydrodeoxygenation) of pyrolytic tars produced in 
biomass pyrolysis and gasification. 
volume [2]. 
composition of the volatile components of raw tars produced for these studies, the 
composition of products produced from these tars in the upgrading studies as well as a 
gel permeation / gas chromatography technique used to separate functionslities in raw 
and upgraded tars for kinetic studies of tar hydroprocessing. In all cases, no 
derivatization was required prior to chromatography. 

Processing details are given elsewhere in this 
This paper discusses various chromatography techniques used to  study 

METHODOLOGY 

Capillary Gas Chromatography. We found suitable, for both the volatiles of tars and 
their upgraded products, the use of a 30-meter DB-5 bonded phase fused silica capillary 
column (J&W Scientific). The column was used in a Tracor 560 gas chromatograph (Tracor 
Inc., Austin TX) in the split injection mode (ca. 1OO:l). Temperature programming for 
the tars was held for 5 minutes at 30'C, then to 280'C at 3'C per minute. 
hydroprocessed tars, temperature was held at 30'C for five minutes, then programmed to 
280'C at 4'C per minute. 
stored in raw form on diskettes for later reconstruction with the CAPS program of an IBM 
Instruments 9000 Computer. 

Capillary GC-Mass Spec. 
composition of the separated components. 
Radian Corporation (Austin TX) using a Hewlett-Packard 5985A instrument. Conditions 
generally were on-column injection, hydrogen gas flow at 1 ml per minute, temperature 
programming was typically split 30'C to 1OO'C at 3°C per minute then to 280°C at 6'C per 
minute. 
those reported in the literature, and the BPA/NIH Mass Spectral Data Base [4]. 
Computer-assisted component identification was not used. 

Gel Permeation Chromatography. 
separation of volatile components, it cannot be used for the larger non-volatile 
molecules found in biomass tars. For these, gel permeation chromatography can be used. 
In earlier experimentation when evaluating various columns for this purpose, we 
determined that GPC columns can separate tar components not only by molecular size, but 
also somewhat surprisingly by functionality [2,5). GPC separations were performed on a 
Model ALC/GPC 202 liquid chromatograph (Waters Associates) equipped with a refractometer 
(node? R401). FGiir Styragel columns (30 cm x 7 .8  mm i.d.) were used in series. THF, 
refluxed and distilled with sodium wire under a nitrogen atmosphere, was used to reduce 
tar viscosity, and tar/THF solutions (typically 25% tar in THF) were filtered through 
micropore filters (Millipore, 0.5 pore size) before injection. Maximum injection 
volume was 250 microliters. 
Fractions separated were collected and subjected to GC analysis on the DB-5 column. 

Another 12-foot SP-2100 packed glass column (Supelco) was used to analyze the volatiles 
which were defined as the total amount of components detected by GC relative to a 1- 
decene internal standard. 

C O h m  (60 cm x 7.7 mm I.D.; Polymer Laboratories) used with a Varian 5560 ternary 
liquid chromatograph equipped with ultraviolet (Varian UV-200) and refractive index 

For the 

Signals were detected by a flame ionization detector and 

The same columns were used in capillary GC-MS runs to determine 
Analysis was performed in subcontracts to 

Identification of peak contents WM by comparison of spectra obtained with 

Although gas chromatography is suitable for the 

More recent work shows satisfactory performance in the use of a single 5-micron PLgel 
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(Varian RI-3) detectors. 
in raw form on diskettes for later reconstruction with the CAPS2 program of an IBM 
Instruments 9000 Computer. 

Signals, as per the capillary gas chromatography, are stored 

RESULTS AND DISCUSSION 

GC of Raw Tars. Tars produced via the thermochemical conversion of biomass materials 
are very complex in chemical composition, with very few components in excess of 1% 
concentration [ 6 ] .  Further, standard chemical separation techniques used to separate 
fractions of similar functionality are complicated by the wide range of molecular 
weights and difficult solubility of the various components. For example, one tar 
produced by the Tech-Air Corporation at their demonstration plant in Cordele, Georgia 
exhibited the gross composition shown in Table I [ 7 ] .  
water-soluble. 

of the tars appear to be of low volatility, typically 50 to 60%, when simple 
distillations are attempted. It appears that pot temperature above 2OO'C cause 
condensation reactions resulting in intractable pot solids. 

temperatures such as might be experienced in the injection port of a gas chromatograph 
could cause condensation/ polymerization reactions, it was understandably with much 
hesitation that we initially attempted direct injection of tars into capillary columns 
for gas chromatography. 
in the use of capillary columns in split or splitless modes. 
performance consists of occasional cleaning of the injection system, frequent baking of 
the column at 300'C to remove any volatile fragments resulting from thermal cracking of 
non-volatiles at oven temperature, and occasionally breaking off the first two or three 
cms of column containing the non-volatile matter. The bonded phase columns in particular 
appear to suffer little in performance with continued use. 
Figures 1 and 2 show the gas chromatograms for the volatiles of Tech-Air pyrolysis oil 

and corn cob gasification tar, respectively. 
composition. 
with the alkyl guaiacols predominating. 
(see Table II), and these are responsible for the corrosivity of pyrolysis oils, as 
determined by corrosion tests using ASBI G31-72 [1,8]. Figure 3 gives the GC-MS 
chromatogram of the same oil and the same column as in Figure 1, except that on-column 
injection was used. Note that on-column injection results in less fractionation of the 
oil as seen in the higher concentrations of less volatile components. 

GC of Hydropro_cessed Tars. Tar, once hydroprocessed, is much easier to analyze for 
chemical composition than raw tar since it is nearly completely volatile, and thus 
easily subjected to gas chromatography and gas chromatography-mass spectrometry 
examination. 
hydroprocessed corn cob gasification tar are shown in Figures 4 and 5 [9]. Alkyl 
cyclohexanes and their corresponding aromatic counterparts are predominant chemical 
species, derived from lignin phenolics (alkyl guaiacols) via hydrocracking and 
hydrotreating reactions. Some phenolics are still present due to incomplete hydro- 
treating. 
hydrogen consumption at milder reaction conditions. 
eliminated completely by saturation of chemical entities with hydrogen under more 
drastic conditions [lo]. 
Some surprises in chemical composition of both the hydroprocessed pine waste tar and 

corn cob tars were contents of straight-chain hydrocarbons, similar and identical to the 
hydrocarbons found in conventional gasoline and diesel fuels. 
hydrocarbons in the paraffinic series from C5 to C30 have been identified. 
mechanisms by which these are produced are under investigation. 
The two hydroprocessed tars examined were from different feed materials, and produced 

in two different processes in differing yields. 
of the tars, both before and after hydroprocessing are remarkably similar. 
suggests that thermal conversion of biomass, followed by hydroprocessing of the tars 

Approximately 45% of the tar was 

Despite the fact that the tars are produced by condensation of volatile matter, much 

Knowing that the volatiles content of raw pyrolytic oils is very low, and that higher 

After several hundred injections, we can now claim few problems 
Maintenance of column 

Note the similarity in chemical 
Lignin appears to leave a strong signature in the volatile components, 

Small concentrations of organic acids are found 

Chromatograms of the hydroprocessed Tech-Air pine pyrolysis oil and the 

If desired, higher yields of phenolics are possible through less complete 
Alternately, the phenolics can be 

Straight-chain saturated 
The 

Yet the volatiles chemical compositions 
This 
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produced, might be a somewhat universal method for producing similar products from 
dissimilar biomass feedstocks. 

GPC/GC of Raw and Hydroprocessed Tars. 
chromatograms for the Tech-Air pyrolysis oil and its hydroprocessed product. Fraction 1 
at lower retention volumes is high molecular weight polymeric material; Fraction 2, 
larger molecules (size of Cia to C44 hydrocarbons); Fraction 3, phenolics; Fraction 4, 
aromatics; and Fraction 5, solvent used in hydroprocessing plus some smaller molecules. 
Note that this analysis results in separation of chemical functionality, and this fact 
was used in subsequent kinetic studies of the hydroprocessing reaction [2]. Figures 8 
and 9 are gas chromatograms of the aromatic fraction 4 for the raw and hydroprocessed 
oil, respectively. 

Other Chromatofiraphy. Other chromatography, especially that showing similarities in the 
compositions of oils and hydroprocessed oils from nine different biomass feedstocks will 
be discussed in the oral version of this communication. 

Figures 6 and 7 display gel permeation 
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! !  Neutrals 
i '  volatile 

I! 

1 1  volatile 
I non-volatile 
1 total 

non-volat ile 
total i l  

Phenols 

5.6 0.0 
1.2 28.2 
6.8 28.2 

2.2 0.3 
18.1 13.2 
20.3 13.4 

5.6 
29.4 
35.0 

2.4 
31.3 
33.7 

:i Acids 
I j  volatile 5.2 0.0 5.2 
s I Unextractab les 13.1 2.0 15.1 
,I 

9 . 7  

1.3 

- - 
- - 

56.4 43.6 100.0 
- 

I I 

TABLE 11. RELATIVE ABUNDANCE AND PERCENTAGE COMPOSITION OF ' i  
VOLATILE ACIDS IN PINE PYROLYSIS OIL 1 1  _- "smm" 1 1  

i ,  
,I.". 

Formic Acet ic  P r o p i o -  Peak B u t y r i c  Peak I s o v a l e -  1 1  
A c i d  A c i d  n i c  A c i d  no..? A c i d  110.5 r i c  A c i d  i j  

j j  .lli.,"YIIUY""=I. - IIY-mI=.-LI-N,I **---, "Fm"ICI---.. -.lmnil- :=~=----=- 

/ /  Relative 17.9 100.0 13.47 0.50 3.66 1.00 1.00 / /  
Abundance 

j !  
% Compo- 0.32 1.70 0.24 0.01 0.06 0 . 0 2  0.02 i l  I /  sition i /  

!I - i-" _=-.-..=--.% i _ i _ ~ l _ _ _ _ _ _ / " w n = E _ _ - - ~ ~ - ~ ~ = . - ~ ~ ~ . ~ . ~ " - - - . , , - - ~ ,  

I / - " " " * ~ ~ ~ a n d  5 were not identified in gas chromatography but 
exhibited acidic properties similar to the other components: ! !  

. -. ... . .- - -. .... ..__ .. -.- 
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PRODUCT ANALYSIS FROM DIRECT LIQUEFACTION OF SEVERAL 
HIGH-MOISTURE BIOMASS FEEDSTOCKS 

Douglas C.  E l l i o t t ,  L. John Sealock, J r .  and R. Scott  Butner 

Pacific Northwest Laboratory*, P.O. Box 999, Richland, WA 99352 

PROCESS RESEARCH IN DIRECT LIQUEFACTION OF BIOMASS 

Significant progress has been made over the past f i f teen  years toward the 
development of processes f o r  d i rec t  production of l iqu id  fue ls  from biomass. Process 
research has generally progressed along two l ines  -- flash pyrolysls and high- 
pressure processing. Extensive analysis of the l iquid products from these two 
types of processes has demonstrated the  s ign i f icant  process-related differences in 
product composition. However, the effect  of feedstock has received a l e s se r  degree 
of attention. 

Liquefaction Processes 

Two generalized categories of d i r ec t  liquefaction processes can be identi-  
f ied . ( l )  The f i r s t ,  f l ash  pyrolysis, i s  characterized by a short residence time 
in the reactor (-1 second) a t  re la t ive ly  h i g h  temperature (450-500'C) in order t o  
obtain maximum yie ld  of l iqu id  product. The second, high-pressure processing, i s  
usually performed a t  lower temperature. (300-400°C) and longer residence time (0.2- 
1.0 hr). A typical operating pressure i s  200 atm and often reducing gas and/or a 
catalyst  i s  included i n  t he  process. The differences in  processing conditions 
result  in s ign i f i can t  differences i n  product yleld and product composltion. 

Product Analyses 

Product ana lys i s  in support of the process development research i n  biomass 
direct  l iquefaction began a t  rudimentary level of determining solvent-soluble 
portions o f  the product. Analysis was soon extended t o  elemental analyses and 
proximate analyses, such a s  ash and moisture. Later, spectrometric anaLyses were 
performed followed by detailed chemical analyses used in conjunction with chromato- 
graphic separation techniques. 

A t  a l l  stages of development, the s ign i f icant  dlfferences in  composition between 
the products of f lash  pyrolysis and highJpressure processing have been evident. 
While polar  solvents are most effective f o r  both products, l e s s  polar solvents 
such as methylene chloride and even benzene and toluene have been used as  extrac- 
tan ts  f o r  high-pressure product o i l s .  Comparative analysis has demonstrated the 
higher oxygen content and higher dissolved water content in the flash pyrolysis 
o i l s .  Detailed analyses with spectrometric and chromatographic methods have added 
supporting evidence to  these findings. 

Variations I n  Product Due t o  Feedstock 

While process-related dlfferences in product composition have been evident, 
extensive study of the ef fec t  of feedstock on product composition has never been 
undertaken. Some limited comparative t e s t s  can be gleaned from the l i t e ra ture :  
however, most process research I n  d l r ec t  l lquefactlon of biomass has been performed 
with woods of various species. Table 1 provides some of the resu l t s  available in 
the l i t e r a tu re  f o r  non-woody feedstocks. Signiflcant dlfferences in heteroatom 
content a r e  evident,  but only limited chemical analysis i s  available in most cases. 

* Operated by Bat te l le  Memorial In s t i t u t e  f o r  the U.S. Department of Energy under 
contract DE-AC06-76RLO 1830 
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I 

TABLE 1. Product Analyses from L ique fac t i on  Tests wi th Various Biomasses 

Feedstock Tz;p. Pressure C H N 0 s H / C  
p s i g  percent  

High-pressure Processes 

(2) newsprint 250 2,000 71.7 
(2) p i n e  needles & tw igs  250 2,000 72.2 
(2) sewage sludge 250 2,000 77.0 
(3) c e l l  ulose 250 2,000 72.4 
(3) sucrose 350 4,000 75.2 
(4) municipal re fuse 380 5,000 79.8 
(4) manure 380 4,500, 80.4 
(5) microalgae 400 4,000 *81.2 

Flash Py ro l ys i s  

(6) aspen 450 0 53.8 
(7) sewage sludge 450 0 69.4 
(8) pop la r  500 0 49.8 
(8) peat 520 0 67.1 
a 

e s t  i mate 

7.3 <0.3 - 
8.7 1.05 
10.7 2.80 
7.0 .004 
9.1 -- 
10.4 3.0 
9.4 3.0 
8.6 5.4 

d20.6 <O.l 1.21 
18.0 0.10 1.43 
8.8 0.64 1.65 
20.4 0.2 1.15 
15.7 -- 1.44 
6.8 0.05 1.55 
6.9 0.26 1.39 
3.5 -- 1.26 

6.7 -- 39.3 -- 1.48 
10.2 5.8 14.5 -- 1.75 
7.3 0.0 42.8 0.0 1.74 
9.0 3.4 20.3 0.1 1.59 

* the  microalgae anal s i s  was ca l cu la ted  from the  ana lys i s  o f  product  f r a c t i o n s  
( o i l  and asphal tenel  and t h e  product  d i s t r i b u t i o n  

The researchers a t  t h e  P i t t sbu rgh  Energy Research Center (2,3,4) s t e a d f a s t l y  
maintained i n  t h e i r  p ioneer ing work t h a t  t h e i r  o i l  products  obta ined from c e l l u -  
l o s i c  wastes were p a r a f f i n i c  and c y c l o p a r a f f i n i c  i n  nature. They repo r ted  t h e  
presence of carbonyl and carboxy l  f u n c t i o n a l  groups b u t  maintained t h a t  t h e r e  was 
e s s e n t i a l l y  no aromatic ma te r ia l  produced except a t  h ighe r  temperature ( then on ly  
i n  very small amounts). These conclus ions were based on i n f r a r e d  and mass spec t ra l  
analys is .  (2) La te r  ana lys i s  o f  t h e  sucrose-derived o i l  (3) inc luded p ro ton  nuc lear  
magnetic resonance spec t ra l  eva lua t i on  b u t  r e s u l t e d  i n  t h e  same conclusion. Most 
o f  t h e  hydrogen was i n  methylene o r  methyl groups and about 4 percent  was unsatur-. 
a ted  bu t  probably o l e f i n i c  and no t  aromatic. Some e the r  l inkages were a l s o  r e -  
p o r t e d  present  i n  the  sucrose-derived o i l .  Mass spec t ra l  ana lys i s  o f  t h e  munic ipa l  
re fuse-der ived o i l  (4) i d e n t i f i e d  on ly  two long chain f a t t y  ac ids w i t h  c e r t a i n t y ;  
however, no t  more than t races  o f  aromatics were determined t o  be present. The 
manure-derived o i l  was found t o  be l a r g e l y  a l i c y c l i c  hydrocarbon b u t  conta ined 
h e t e r o c y c l i c  n i t rogen  and a l k y l  phenolics. (4) These claims o f  t h e  saturated 
hydrocarbon na tu re  o f  t h e  o i l  products  a re  a t  odds w i t h  the repor ted elemental 
analyses (see Table 1). The low hydrogen t o  carbon r a t i o s  d i c t a t e  t h a t  t h e  o i l  
products  must con ta in  a l a r g e  f r a c t i o n  o f  aromatic or ,  a t  l eas t ,  h i g h l y  unsaturated 
compounds. 

An algae-derived o i l  was repor ted t o  be p r i n c i p a l l y  n -pa ra f f i ns  and o l e f i n s  
w i t h  oxygen- and n i t rogen-conta in ing s t ra igh t - cha in  hydrocarbons. (5) Po la r  com- 
pounds were repor ted t o  comprise 50-60 percent  o f  the.  o i l .  Unfor tunate ly ,  t he re  
i s  no i n d i c a t i o n  o f  t he  t ype  o f  ana lys i s  performed o r  d e t a i l e d  r e s u l t s  o f  any 
k ind ;  therefore,  i t  i s  d i f f i c u l t  t o  evaluate the  v e r a c i t y  o f  these repor ted 
r e s u l t s .  

The comparison o f  t h e  peat  and wood f l a s h  p y r o l y s i s  products  i s  a good example 
of  t he  e f f e c t  o f  feedstock on product  o i l  composition.(8) The pop la r  o i l  t y p i c a l l y  
was composed o f  phenolic, ketone and fu ran  compounds w i t h  a subs tan t i a l  f r a c t i o n  
of  low molecular weight organic  acids. The main components o f  t h e  peat  o i l  were 
hydrocarbons, most ly  s t r a i g h t  chain o l e f i n s .  Minor  q u a n t i t i e s  o f  ketones were 
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noted but no ac ids ,  aldehydes o r  furans were ident i f ied  by mass spectrometry. 
Phenols were a l so  present in s ign i f icant  quantit ies.  

A s ign i f icant  e f f o r t  i n  comparing feedstock e f f ec t s  on product o i l  composition 
was reported by Russell e t  a1.(9) Unfortunately, this e f f o r t  did not include 
ultimate analysis of the o i l s  f o r  comparison. The report contains qua l i ta t ive  
analysis by gas chromatographylmass spectrometry of f ive  product o i l s  derived from 
cellulose,  hops f i e l d  residue, softwood t r e e  branches, peat,  and sewage sludge. 
Phenols were a major component group fo r  a l l  feedstocks. Ketones and furans were 
a l so  common. Hydrocarbons, aromatic and otherwise, were a l so  identified primarily 
in the ce l lu lose  and softwood products. Nitrogen-containing products were absent 
from the ce l lu lose  and softwood products but could be found i n  the  peat and sewage 
sludge-derived o i l s .  

All of the above accounts can be contrasted with the large amount of analy- 
t i c a l  work on the chemical composition of wood-derived d i rec t  1 iquefaction products 
which has been reported over the pas t  several years.(8,10-16) In a l l  cases the 
majority of the  product o i l s  have been identified a s  phenolic w i t h  only minor amounts 
of pure hydrocarbon reported. 

LIQUEFACTION EXPERIMENTS WITH MOIST BIOMASS 

A t  Pacific Northwest Laboratory we have been tes t ing  the  use of high-moisture 
biomass (marine and fresh-water biomass, post-harvest f i e l d  residues and food 
processing wastes) in a thermochemical conversion system t o  produce useful fuels. 
Although the  main focus of the  work (17) has been gasification (ca ta ly t ic  produc- 
t ion of methane) we have a l so  performed a limited number of t e s t s  under high- 
pressure l iquefaction conditions. 

Feedstock Description 

Five high-moisture biomass feedstocks were tested i n  these liquefaction 

Kelp - The sample used was a freshly harvested macrocystis kelp from Pacific 
Ocean seabeds off the southern California coast (El Capitan Beach, 
Santa Barbara Channel). I t  was packed i n  ice and flown to  our 
laboratory where i t  was frozen in a polyethylene bag until used. 

experiments. They a re  characterized as follows: 

Water Hyacinth - Uprooted samples of hyacinths were recovered from the primary 
treatment 1 agoon a t  the  Reedy Creek experimental sewage treatment 
f a c i l i t y  near Orlando, Florida. The sample was packed in ice and 
flown t o  our laboratory where i t  was frozen in a polyethylene bag 
unt i l  used. 

Spent Grain - The grain sample used was the residue following malting barley 
and water extraction of the sugars pr ior  t o  fermentation. The sample 
was obtained from the  Blitz-Weinhard Brewery i n  Portland, Oregon 

used. 'I 

Florida researchers. The sample was bagged and shipped in a 
re f r igera ted  container t o  our laboratory where i t  was stored in a 
f reezer  until  used. 

Sorghum - Grain sorghum was collected a f t e r  the harvest of t he  grain by the 
University of Florida. The sample containing stems, s ta lks ,  and 
leaves was bagged and shipped in  a refrigerated container t o  our 
laboratory where i t  was stored in a freezer until  used. 
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and was transported t o  our laboratory where i t  was frozen until 1 
Napier Grass - Napier grass was collected a f t e r  harvest by University of 
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Ultimate analysis, moisture contents and energy contents f o r  the f ive  feedstocks 
a re  provided in Table 2. 

TABLE 2. Analysis of Moist-Biomass Feedstocks 

C H N 0 Ash Moisture HHV* 
percent, d r ied  basis percent BTu/la 

Kelp 26.9 4.0 1.2 30.2 38.4 88.9 7150 
Water Hyacinth 43.0 5.8 5.6 29.5 15.3 94.9 7730 
Spent Grain 48.6 6.8 3.4 35.3 3.4 80.5 9160 
Napier Grass 44.5 5.9 <O.l 41.9 5.7 84.4 7870 
Sorghum 44.7 5.8 0.2 37.5 7.9 77.0 8046 

*HHV = higher heating value of dried biomass 

Reactor Conditions 

The experiments were performed batchwise in a one- l i te r ,  s t i r r e d  autoclave. 
Approximately 300 g of moist-biomass was charged t o  the autoclave i n  a s ta in less  
steel  l iner .  Sodium carbonate was added t o  the feedstock (approximately 0.1 g/g 
dry biomass) except i n  the case of kelp which already contains a high level of 
a lka l i  as  part  of i t s  chemical makeup. 

The autoclave was then sealed, purged w i t h  nitrogen and then pressurized with 
carbon monoxide (approximately 50 atm). The reactor was heated t o  350'C (approxi- 
mately 30 minutes from 200' to  350'C) and held a t  tha t  temperature f o r  30 minutes. 
The pressure within the  autoclave a t  temperature typ ica l ly  increased from 270 atm 
to  340 atm over the  period of the experiment. A t  the end of the a l lo t t ed  time 
cooling water was flushed through our internal cooling coil  which brought the reactor 
temperature down t o  200°C w i t h i n  5 minutes. 

Product Recovery and Analysis 

The 
typical gas composition included nearly equal par t s  of hydrogen and carbon dioxide 
with a 10-15 percent residual amounc of carbon monoxide and minor amounts o f  
hydrocarbons. [These resu l t s  suggest a strong water-gas s h i f t  reaction a s  cata- 
lyzed by the sodium carbonate base.(l8)] The autoclave was then opened and the 
two-phase liquid product was collected. The autoclave was rinsed with acetone and 
the result ing wash solution f i l t e r ed .  The l iquid product was ac id i f ied  t o  pH 2 
with d i lu t e  HC1 and then extracted with methylene chloride. 

The soluble and insoluble products were analyzed f o r '  elemental content of 
carbon, hydrogen, nitrogen and oxygen with Perkin-Elmer 240 se r i e s  instruments. 
The methylene chloride soluble o i l  product was also analyzed as  a methylene chloride 
solution on a gas chromatograph equipped with a mass selective detector for 
qua l i ta t ive  analysis and a similar gas chromatograph equipped w i t h  a flame ionization 
detector f o r  quantitative analysis. Identification of compounds was made by 
comparison of mass spectra with l ib rary  l i s t i ngs  of known compounds i n  conjunction 
with a comparison of chromatograph column residence time with similar known 
compounds. Quantitative analysis was based on a known amount of internal standard 
(trans-decahydronaphthalene) w i t h  detector response fac tors  determined fo r  various 
functional group types. Quantitation i s  estimated a t  within 5 20 percent. DB-5 
capillary columns are  used i n  both chromatographs. 

After the autoclave had cooled completely, the gas product was vented. 
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LIQUEFACTION RESULTS AND PRODUCT DESCRIPTION 

Liquefaction Experimental Results 

Results from the  liquefaction experiments w i t h  the f ive  moist-biomass 
feedstocks a re  given in Table 3. The  o i l  yield i s  based on the combined mass of 
acetone- and methylene-chloride soluble o i l s  as a percent of the  mass of dried 
feedstock calculated t o  an ash-free basis. The product o i l  elemental analysis i s  
the  calculated composite analysis fo r  the combined acetone- and methylene chloride- 
soluble o i l s .  

TABLE 3. Experimental Results fo r  Liquefaction Experiments 

Oil Yield C H N 0 H / C  
percent combined oi 1 analyses 

Kelp 19.2 76.7 8.9 3.5 9.9 1.38 
Water Hyacinth 26.0 76.3 9.9 3.3 10.5 1.54 
Spent Grain 34.7 75.2 10.2 3.8 10.8 1.61 
Napier Grass 34.4 74.5 8.5 0.4 16.7 1.36 
Sorghum 26.6 75.9 8.7 1.7 13.7 1.36 

The t e s t  r e su l t s  in Table 3 demonstrate o i l  product yields fo r  liquefaction 
of the moist-biomass feedstocks a t  levels comparable t o  wood liquefaction. 
Reported yields for  wood liquefaction in aqueous s lu r r i e s ,  such as the LBL 
process,(l9) have typically been in the 25 t o  30 weight percent range. The quality 
of the moist-biomass liquefaction products f a l l  i n  a general range which i s  also 
similar t o  reports f o r  wood liquefaction products. However, cer ta in  examples o f  
moist-biomass product o i l s  appear t o  have elemental compositions suggesting higher 
quali ty products. Especially interesting are the  high hydrogen t o  carbon ra t ios  
f o r  the spent grain and water hyacinth products and the re la t ive ly  low oxygen 
contents of the spent grain,  water hyacinth and kelp products. A significant 
difference from wood-derived o i l s  i s  the high nitrogen content i n  the o i l s  from 
spent grain and aquatic biomasses. 

Product Analysis Detai 1s 

The de ta i led  chemical analysis of the f ive  moist-biomass derived o i l s  by gas 
chromatography and mass spectrometry helps t o  be t te r  define the differences iii oil  
composition. Over 190 d i f fe ren t  compounds and isomers were identified i n  the five 
o i l s .  In order t o  be t t e r  understand t h i s  large amount of information the com- 
ponents have been grouped by chemical functionali ty and these groups a re  l i s t ed  in 
Table 4. 

The compound groups consist  of the following types of compounds: 

esters/aldehydes/alcohol s - four t o  six carbon oxygenates 
cyclic ketones - f ive  and s ix  carbon rings, many unsaturated, most alkylated 
furans - di hydrof uranones, hydroxymethyl tetrahydrofuran 
phenols - phenol and alkylated (up t o  f ive  carbons) phenols 
methoxyphenols - mono- and dimethoxyphenols and a1 kylated forms 
benzenediols - d i  hydroxybenzenes and a1 kylated (up t o  f ive  carbons) forms 
naphthols - naphthols and methylated naphthols 
aromatic oxygenates - bismethylguaiacol (?), phenylphenols, benzodioxin(7) 
cyclic hydrocarbons-a1 kylcyclopentenes, a1 kylbenzenes (?), a1 kyl indans, phenanthrene 
long-chain hydrocarbons - C 
f a t t y  acids - C12 to  Cz0 saturated and unsaturated acids 
nitrogen cyclics-alkylpyrrolidinones, a1 kylaziridines(?),  alkylpyrroles, 

a1 kyl indoles 
amines/amides - C8 t o  CZ2 amines/amides(?) 

t o  CZ7 n-alkanes and o le f ins  
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TABLE 4. Chemical Functional Groups i n  Moist-Biomass Oil Product5 

I 

Compound 
Group Kelp 

esterslaldehydeslalcohols 0 (1) 

cyclic ketones 

furans 

phenols 

methoxy phenols 

benzenediols 

naphthols 

aromatic oxygenates 

cyclic hydrocarbons 

1 ong-chai n hydrocarbons 

f a t t y  acids 

nitrogen cyclics 

amineslamides 

percent identified 

Water 
Hyacinth 

0 (0) 

3 (9) 

1 (1) 

22 (18) 

3 (2) 

6 (4) 

2 (3) 

3 (3) 

12 (18) 

16 (15) 

8 (7) 

17 (11) 

L E L  
17.8 

Napier 
Grass 

3 (4) 

20 (25) 

2 (3) 

35 (24) 

5 (5) 

6 (6) 

5 (9) 

4 (5) 

16 (24) 

3 (9) 

1 (2) 

0 (0) 

m.x 
20.4 

* tabular l i s t i ng  i s  the mass percent of identified o i l  components in each compound 
group; the number i n  parentheses i s  the number of individual compounds and 
isomers in each compound group 

Comparison t o  Ear l ie r  Results 

These resu l t s  verify tha t  the carbohydrate structures found in biomass can be 
converted thermochemical l y  t o  a mixture of primarily phenolic compounds. Hydro- 
carbons are not predominant yet they may survive the  processing in a s ign i f icant  
y ie ld  given an appropriate feedstock. Cyclic ketones a re  the other major component 
group which can be identified by GC/MS. Low molecular weight oxygenates and furans 
are minimized by the addition of base to  the reaction medium as  has been demon- 
s t ra ted  by other researchers. (20) 

The product compositions of the napier grass and sorghum-derived product o i l s  
shown many s imi la r i t i es  t o  wood-derived o i l s .  In comparing with high-pressure 
processed o i l  from Douglas f i r  the same groups of cyclic ketones, phenols, naph- 
tho ls ,  and dihydroxybenzenes dominate. The t races  of hydrocarbon in the  sorghum 
and napier grass o i l s  a r e  s ign i f icant ly  d i f fe ren t  from the Douglas f i r  and a re  
apparently feedstock related. Nitrogen-containing compounds were not found in 
e i the r  the Douglas f i r  o i l s  o r  the sorghum o r  napier grass o i l s  reported here. 

The large fraction of nitrogen-containing cyclic compounds i s  the d is t in -  
guishing factor between the hyacinth, kelp and grain o i l s  when compared t o  e a r l i e r  
wood o i l  analyses. Similar compounds were found e a r l i e r  i n  peat and sewage sludge 
o i l s . (g)  Our resu l t s  now extend t h i s  trend t o  high protein feedstocks and green, 
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aquatic plants. It is obvious that a strong correlation exists between nitrogen 
content of the feedstock and the amount of nitrogen incorporated into the product 
oil. High-pressure liquefaction even with a reducing gas environment and alkaline 
catalysis cannot effect a preferential denitrogenation reaction. Substantial amounts 
o f  nitrogen are condensed into cyclic systems which remain in the oil product. 

Utilization of Oil Products from Moist Biomass 

The oil products from these high-moisture biomasses have properties similar 
to the more widely studied wood-derived oils. The numerous applications of wood- 
derived oil have been discussed by others (loa, 20). The moist-biomass oils should 
be amenable to the same types of applications. In addition, the nitrogen-containing 
compounds may be useful as chemical commodities. Indoles in particular may be 
recoverable for use as fragrances or flavors. The hydrocarbon component in the 
oils may facilitate the direct use of these oils as fuels. 

The nitrogen-containing components i n  some of the moist-biomass oils is a 
source of concern when considering their use as fuels. Direct utilization of these 
oils would certainly lead to higher levels of emission of NO . The nitrogen- 
containing components have also been indicated as a source o r  fuel instability 
during storage and as cancer-causing agents in various chemical forms. Hydrotreating 
of these oil products to remove the nitrogen is a possible means of upgrading the 
products. However, hydrodenitrogenation of the heterocyclic compounds is a difficult 
and costly procedure compared to hydrodeoxygenation of the phenolics, which would 
also be accomplished in a hydrotreating type of oil upgrading. 

Implications for Future Research 

The high-moisture biomass feedstocks can be a source of useful liquid fuel 
products. The use of the high-moisture biomasses in high-pressure processing will 
allow their utilization i n  a thermochemical process without prior drying. Other 
research on the use o f  these feedstocks in high-pressure gasification has suggested 
the feasibility of feeding these materials as a slurry following maceration.(l7) 
This same type of feeding should allow direct utilization of high-moisture biomass 
in high-pressure liquefaction processing. Experimental verification of this type 
of continuous processing needs to be undertaken. 

The use of the nitrogen-containing feedstocks will lead to production of a 
nitrogen-containing oil product. Direct utilization of this oil product as a fuel 
will likely require development of appropriate emission control techniques in order 
to maintain air quality. Alternately, nitrogen-containing components can be removed 
from the oil product for use as specialty chemicals or by hydrotreating. Further 
development of hydrotreating technology specific to these oi 1 s may be necessary in 
order to process the heterocyclic nitrogen-containing compounds which require 
extensive processing in order to effect nitrogen removal. 
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A n  Integrated sp+myopic mrcnch to the QMnical 
olaracterization of pyrolysis O i l s  
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Profiling (Mke~) : Edward M. E y r h ~ ,  W i d  M. G r a n t  (chemistry Department) : and 

T h e , h F  ("oil91) fraction of a coal pyrolysis tar prepared by open 
column l i q n d  ChrmMtOgraphy (E) was separated htn 16 subfractions by a seccad LC 
run. T h e  first 13 of these fractions were c h m  for  integrated spectroscopic 
analysis. k w  voltage mass spectmmetry (Ms) , infrard (IR) , and 
proton (€+Et) as well as arbon -13 nuclear magnetic msmance spectrcn?etry (CMR) 
were performed on the 13 fractions. 
such as factor or discriminant analysis follcxnled by canonical correlation techniques 
were used to extrad the overlapping infomation from the analytical data. 
quent evaluation of the integratd analytical  data revealed chemical infomation 
which cauld not have been obtained &ly from the iniividual spectrosmpic techni- 
ques. The appmach described is gene+ly applicable to nultisource analytical data 
on p lys i s  o i l s  and other ccanplex D u x t U E s .  

ccmrpvterized multivariate analysis pxnxdwes 

subse- 

mMJmoN 

Ixle to the extremely -lex ~ t u r e  of p l y s i s  tars obtained from recent or 
foss i l  bi- sanples s- ard ccnnpositional analysis of such tars poses a 
formidable challenge to analytical chemists. men when armed w i t h  an arsenal of 
sophisticated analytical techniques a detailed qualitative analysis requires 
careful, laborichls cabinat ion and integration of v o l d n o u s  chmnatcgraphic and 
spectroscopic data. True quantitative analysis is generally not w i t h i n  reach of 
current analytical methodologies, especially i f  the tar contains nonvolatile and/or 
highly polar or reactive ccnrpcolents. 
have been made with the physical cmp1i.q of two or  more chrcnratographic and/or 
spectroscopic techniques into so-called "hyphemtedll methods, e.g. , GCW, L C P ,  
E/m, KW, etc., true integration of the analytical data by means of multi- 
variate analysis mthcds such as cananical correlation analysis is rarely wer 
atten@&. 
integration methods are easily understood. W i t h  these considerations in mird the 
authors carried out the present feasibi l i ty  dxdy of a &-derived pyrolytic tar 
using a ccnnbination of c l u y a ~ ~ c  (E), v i c  (E, ,IR, m, ,W) and 
chemmetrics (factor, discrlrmnant and canonical varlate analyslS) technl-. In 
o d e r  to reduce the caplexity of the analytical pmblem to mre manageable pmpor- 
tions, a cmpletely d is t i l l ab le  & tar was selected. Moreover, polar and/or 
highly reactive ccnp?onerrts were renwed by open column E. 
this integrated analytical approach w i l l  be presented here. - 

Althou$~ i n  recent years iup-ive advames 

Y e t ,  intuitively the potential advantages and benefits of data 

preliminary results of 

A ppulysis tar frcnn a hi@ volat i le  B bituminws Iiiawatha seam coal ( W a s a t c h  
plateau field, Utah)  was obtained fram the fixed bed Wellman Galusha gasif ier  
operated by Black, Sivalls and Bryxn in Minneapolis. Open colynm liquid chmnr 

polarity; i.e. 
111, was mm a l .  (1). Ihe hexane and heWne/benzene elute3 fractions constituted 

atosraphy (IC) on silica g e l  using four solvents and solvent muctures of increasing 
hexane: hexane@nzene 8/1; benzene/ether 4/1; and benzene/methanol 

to sepxate the whole tar into broad cmpnml classes as described by 
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amplex nixbxes , principally CQnpOsed of -. lhese fractions were can- 
bined and Auther separateaby a d IC run. Fradions were elm f m m t h e  
column w i t h  a nonlinear gradiyk beginniy w i t h  100% n-hexane and s tabi l iz i rq  at 10% 
benzene/90% hexane wex a period of 30 nun. 
weiqhed wer a total of 40 rmnuteS . &proxhately 1 m l  was taken fman each -le 
for  IW voltage % analysis. The remaining subfractions were then mtary evapxatd 
and weights of residue were recorded. The calculated elution volunes are shown i n  
Figure 1. 

spectrmneter w i t h  Curie-Fint heating inlet. 
fractions 1-15 were obtamed using l/4 ul glass capillary probe tips as described by 
Mcclennen et al. [2]. Eledron energy was set a t  12 eV. Samples were scanned frcnn 
m/z 20 to m/z 300. 
IBM 9000 ccarpxlter and printed out in the form of bar plots. Examples of law voltage 
l~ss spectra are shcrwn in Figure 2. 

instrument was a N i c o l e t  7000 series qstmmta, resolution 4 an- , 
%?.%atre intensities were rec4rded for 20-30 peaks in each spectrum. In this way 33 
wavenumker variables w e r e  obtained. Exanples of FPIR spectra are shown in Figure 3. 

region. mted peak intensities f o r  eight regions of the spedrum were 
tabulated for  each subfraction, in addition to a table  containing an overall view of 
the nws3er of aliphatic, -tic an3 olefinic protcols present. 

300 fmm 0-180 plmn. 
'ItJenty three variables were chosen. Table 1 shaws overall data froan EMR and m. 
prcgram package developed at  the University of Utah B i m d t e r i a l s  h p f f i i r q  Center 
which affords scaling, as well as factor, discriminant and canonical an-relaticm 
analysis (3). 
Diagram technique described by Wudig et a l .  (4) .  

Sixteen fractions were collected and 

rn voltage mass spectra were run on an Extramdear 5000-1 quadrupole mass 
Lcw voltage mass spectra of s u b  

inlet was heated to 2 0 0 ~ ~ .   ass spectra were stored on an 

FTIR spectra were obtain4 using neat sanples on NaCl (salt) df"]". The 
scans, 2oP operated i n  the atsorbance mode. Saples were scanned frcnn 4000-600 an- . Ab- 

FT&OII NMR spectra of the hyazwarbon subfnct+ons dissolved i n  Cl (with 
m) were taken using a V a r i a n  300 -w lnstnrment over the?-18 ppp 

carbon 13 NMR spedra of subfractions were also run i n  cq?Cl  on the V a r i a n  Sc 

ccrmputerized multivariate analpis was carried out using the interactive S I m  

Psdk intensities were measured us- intqra&on ares. 

Qlanical ccrmponenfs were numerically extracted usirq the variance 

REsuLlfs AM) DISCUSSION 

me a@lasis of this paper is on the general method of nnil- data ink- 
gratim using Factor Analysis and canonical Correlation Analysis. 
the variances calculated for  the factors in ~ a c h  data set. For mass spectral and IR 
data, only eigenvalues greater than 1.0 are shown, whereas a l l  factors were used for 
the FMR and m data. T% dashed line shws eigenvalues <LO, e.g. in the EMR, only 
Factor 1 had an eigenvalue > 1.0. six factors from each data set were used for  the 
canonical correlation analyses. Figure 3b shws the percent variance frum the 
original factors that was represented in the subspace spanned by the canonical 
variate functions. Between 40% (Ms) and 80% (m) of the original variance is 
repmsented by Canonical V a r i a t e  functions 1 + 2. 

Our discussion of the factor analyses preserrted i n  Figure 5 w i l l  f i r s t  identify 
anponents characteristic of early eluting sanples and then m e  on to l a t e r  el- 
-1s. Investigation of the correlated mass peaks l c a d i q  on factors l and 2 
(Figure 5a) by means of the variance diagram method rev+& 8 ccmrponents. In Figure 
5a 
( 1 6 F -  
(190-240°) 
ions a t  m/z 149, 163T%:'L 191 dmracterdyc of terpenoid resins or other 

Figwe 4 shms 

t (a) (l3Oo) represents the ion series mml * ,  whereas aqonent (b) 

as w e l l  as fraswnt 
ions fram mcomcyclics or alkenes. A l y e  Camponent (c) 

ions (190O), c,,H~ ,2+. ion (220 

' (240'). 
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the SCOT~G in this factor space r c q h l y  describe a circle, with the e x e o n  of 
fraction 13, which is found near sample 10. 
sample 13 frcnn the others w i t h  a aonpcarent axis a0ltahi.q anthracene/= 
moieties as w e l l  as an ion series a t  m/z 180, 194, 208. 

Factor analysis was perfonw3 on the I R  spectra of subfractions 1 to 13 us* 
a l l  33 wavemmker variables. the factor score plot  of the II( data 
on subfraction 1 to 13 in the F1 vs. F2 factor space. 
together, imp1yi.y that infrarea q e + m x q y  does not d e w  mch difference 
betweenMesedanuMn tly aliphatic muctures . M y s i s  of the Unaerlyirg correlation 
between variables by means of the variance diagram method shcrwed cmpnent (a) 350° 
repreynts methyl and methylene absorptions such as $870, 2850, 2920, 1460 ard 
72Oan- . 
and 1600 represented ammatic absorptions. A ampnent axis (d) 240°, Ych points 
t o  subfractions 1 2  and 13, r e p y s m t s  peaks 750, 2940 1030 and 1180 an- . 

Factor 3 (not shcrwn) aist 

Figure 5b 
samples 1-7 are very close 

ccrmpcolerrt axes (b) 120°with peak 1516 an- and (c) 160° w i t h  3050, 3015 

Initially, we tentatively assigned 1030 ami 1180 an-' as C-O stretches, but 

although it is believed t o  represent a d i m t i o n  of methyl ad methylene 
stretches. 
mcexals. The data strongly sugyest a reinterpretation of this peak assignment. 

out-of-plane bends. mese tLmle3 out t o  be importarrt in the Cmbined (canonical 
variate) space and w i l l  be dkassed later. 

shm a general distrwion of samples f0nnh-q a circle. The variance diagram of 
F1 E. F2 fmm the proton NMFZ data shanfi that jjhe positive F1 axis contains methyl 
and methylene groups attached t o  aliphatic (sp hybridized) cairn groups, and 
olefinic protons. The F1 axis contains -tic p?mtcms, s p l i t  into two groups. 
The cmpnent axis a t  200O represents methyl substituted benzenes (CH + 1 ring 
-tic), oriented taward fractions 9 and 10. Ihe 170° rotation &ins 2-ring 
and +ring -tics and longer chain -tic substituents (a2) oriented taward 
fractions 11-13. 

Score plot Of F1 VS. F2 (56% O f  the vari-) 

painter et., (4) also found this behavior in IR spectra of coal 

Severdl peaks in the F1+ direction of Figure 5b can be assigned as olef in  CH 

7% factor score plot  F1 vs. F2 (91% variance) of the R4R data in Figure 5c 

Factor analysis of the CMR data gave 6 factors w i t h  eigenvalues >1.0. 

appear to be s h i E  i n  this dimension oriented along the negative side of FL 
ccanponents i n  this direction inch& aliphatic peaks such as at 23, 30, 32 and 38 
p p  and ( w i t h  weaker loaaings) , a t  97 ard 114 ppn, prnbably olefinic carbons. 
Fracti? 8 is sanswhat renvxred fmm fractions 1-7 but still on F1-, and therefore 
P- y aliphatic in character. Fractions 9-13 are widely spread on factor 

Fractions 10 ard 11 have an assoclated ccanpcaerrt wh ich  includes the peaks at 40 and 
134 e. Fractions 12 ard 13 have an associated capnent axis w i t h  the peaks a t  
u 7 ,  129, 132 and 142 p. A l l  peaks on F1+ ( e x c p  a t  20 and 40 pp) are likely 
arcmatic carlxns. 
arcmatic rings. 

CMR data us iq  6 factors fnnu each data set gave four canonitxl variate functions 
w i t h  correlation coefficient greater than 0.90. The variance associated w i t h  the 
four CV functions is shcwm in Figu-e 4. Figure 6 is a score plot of C V l s  CV2 fo r  
the four data sets. The scores fmm each fraction analyzed by the four methods are 
connected by lines. A small polybedmn implies that the methods see the sample in  a 
similar way. 
are widely separated fnnu one anather (e.g., 9 and 10, 11 and 12, 13) whereas early 
eluting ~ m p l e s  (1-7) are close,tcqether in this space. Figure 7 W a mmsemus 

la- variables consistent w i t h  an inteqretation of aliphatic ccwp.m% are 
c l ~ e  around CVl-, near fractions 14. 
-ion. 
loads weakly in t h ~ ~  CV space. 

The 
(Figure 5d) shaws that samples 1-7 

F1+. A anrpOnent a t  350' peaks a t  20, 122, 126,  131 and 135 ppl. 

The 20 and 40 pp peaks are sp hybridized cxbon substituerrts on 

canonical correlation of the factor analysis results fnnu the E, IR, EMR ard 

Ihe later eluting sanples (9-13) a- to group into clusters that 

picture of the CqWnent directl OnS f m  each method found in this cv space. corre- 
Fraction 7 appears also i n  this 

A amp?mnt axis of alkyl benzenes (m/z 92, 106. ..) from the data 
Ftcmn the original fador analyses it can te seen 
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that the mass spedral and FMR data clear ly  differentiated fraction 7 f m  the other 
fractions, but that other data sets gmuped 7 with fractions 1-6. Ihe EMR data 
shawed no unique CCmprJnent associated with fraction 7. 'Ibis says that the mass 
spec t rd lp ic tureof  fraction7is+asenseunique, and does not appear in the^^ 
space. A Ccnnponent 4 s  
a t  150°, in the d.im%&ion o- 5 and 6. Ihe mass spectral data shars ion 
series with 2 and 3 units of --tion, one or mre of these apparently beirq a 
double bcod. 
w i t h  an assicpment of aromaticity. 
increasing fused r ing  ammaticity in the ccw direction (300° to 50°). 
spedral data identified the ccmponent a t  300' with indane/tetmlin, the Oo capon- 
ent as % alkyl substituted mphthalenes and the 50° ccwponent as 
acena@khene/biphenyls. A Ccmpanent axis a t  80° (mass SpeCM data only) s h a d  
peaks characteristic of alkyl anthram/-. The data has not been 
interpreted in as great a detai l ,  but gmups of aromatic peaks foLnd in these three 
directions are not inconsistent w i t h  interpretations fmm the other data sets. A 
point of interest is provided by the two CMR aliphatic peaks, 20 and 40 ppn (OO) ,  
which correlate w i t h  aromatic carbons and are f m  alkyl substituents. 

maJJs10Ns 

to olefinic variables (m, FMR, m) appears 

Ihe positive half of CVI revedls three cmpmnts, each one wnsistent 
The PMR and IR (a in-plane bend modes) show 

Ihe mass 

V a l u a b l e  information was gained by c o r r e l a t i q  the four analytical techniques. 
For example, mass spectral peaks of sanples cuntaining 2 and 3 units of -~LP 
ation, asdelmmnd by PMR, were shum t o  e+ double bonds, whereas mass 
spedralpeaksco- . t o m l e c u l e s ~  one uni t  of unsaturation were 
found to be cyclic. Since all the techniques shawed the prdonurm tly arcmatic 

to higher fused ring 
of aromatic 

Amajor limitation of the present study is that only that portion of the analy- 
Futurestudies 

w i l l  have to address the highly important portions of the andlytical data unique for 
each analytical method in order to reap the f u l l  benefits of the integrates 
-ic apprwch. 

A- 

tical data CQmnOn to a l l  four analytical techniques was interpreted . 
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Figure 4. Percent t o t a l  variance explained. by (a) factors and (b) 
canonical variate functions. 
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INTRODUCTION 

The identification and extraction of valuable chemicals from woobderived 
oils is a very important goal for the biomass thermochemical conversion 
industry (1,2). Pyrolysis oils have been extensively studied and several 
pure conpounds that are found in wood oils have already been separated 
(3.4). However to our knowledge there are only t w o  gneral methods which 
have been reported for the fractionation of pyrolysis oils into chemical 
groups: the solvent extraction method (5) and the adsorption- 
chromatographic method (6). The former technique is rather tedious and 
w i t e  often the phase separation is difficult due to the emulsion formation. 
The yield of extraction strongly depends on the solvent volume and extrac- 
tion repetition number. The adsorption-chromatography method was used for 
this investigation with further modifications which will be discussed later. 

Extensive work conducted by different authors utilizing GC and GC/IIS some- 
times leads to different results, which indicates the difficulties of carry- 
ing out accurate detailed analyses of the chemical constituents of pyrolysis 
oils. Examples of incomplete or even contradictory results can be found in 
the literature (3.7) and this paper for the analysis of vacuum pyrolysis 
oils. Other researchers have studied functional group distribution in 
pyrolysis oil (E). Although those techniques are long and tedious. they 
will lead to useful information about wood oil chemistry. 

The majority of conpounds found in pyrolysis oils are oxygenated with rather 
similar polarity. Therefore their gas chromatograms in general suffer from 
low resolution and consequently the quantitative analysis will be less 
accurate. Although this problem may be partially obviated by choosing 
narrow bore and long capillary columns, but they are very expensive and not 
very practical. Direct injection of a complex mixture into the gas chroma- 
tograph on the other hand, tend to deteriorate the column by building-up of 
non volatile matter in the column inlet, leading to gradual decomposition of 
the column stationary phase. Generally gas chromatography has a limited 
application and is not meant to be used for very complex and less volatile 
mixtures. GC/tlS is a much more powerful analytical tool but would not be 
available in a great majority of cases. Besides it is quite costly and 
requires skilled operators for the interpretation of the results. Therefore 
development of new methods of separation and fractionation in particular are 
needed. 

The primary objective of this work is to develop a separation and fractiona- 
tion method for better and detailed analysis of pyrolysis oils. This will 
eventually enable us to make correlatiom between the oil properties and 
pyrolysis operation conditions. Full characterization of the oils will also 
shed light upon the possible pyrolysis reaction mechanism and the 
upgrading of the oils. The secondary objective is to develop methods for 
extraction of valuable chemicals such as specialty and rare chemicals which 
are in increasing demand ( 9 ) .  203 



The wood oil samples which have been characterized in this work have been 
obtained from pyrolysis of Popyl.us_del_toi.de~ (clone D-38) with m bark in a 
multiple-hearth vacuum pyrolysis reactor. The Process Development Unit 
( P . D . U . )  has been described in detail by one of the co-authors in another- 
paper ( 1 ) .  

The P.D.U. was tested for the production of high yields of oils from wood 
chips. One objective was to separate the bulk of the aqueous phase from the 
organic liquid phase by means of fractionation of the oil directly at the 
oulet of the reactor. This was achieved in the following way. The organic 
vapor product was r-emoved from the reactor through six outlet manifolds 
which corresponded to the six heating plates of the reactor. The vapors 
were condensed in two condensing units named Primary and Secondary Condens- 
ing Units (P.C.U., S.C.U.). P.C.U. consisted of six heat exchangers in 
parallel and S.C.U. consisted of three traps placed In series. The pyroly- 
sis oils which were obtained in both condensing units were subjected to 
sequential elution by solvent chromatography. The organic tractions were 
then analyzed as described below: 

One gram of the oil sample was transferred into a glass column with 16 mm 
i.d. packed with 12.5 g of 60-200 mesh silica-gel in petroleum ether- (30-60 
.'C b.p.). Fourteen fractions were collected, using different Solvents as 
depicted in Table 1. 

All the solvents were distilled before use and the silica-gel was washed 
with dichloromethane and dried in air. The other fractions were dried by 
rotary evaporator without heat. A l l  the yields are shown in Table 1. FTNMR 
spectra o f  5% solution in DMSO were recorded on XL 200 Varian instrument. 
Gas chromatographic analyses were performed on a 6000 Varian gas chromato- 
graph with flame ionization detector and two injectors (on column and 
split). The capillary columns were J & W fused silica: DB5. 30 m X 0.25 mm 
i.d.; DB1, 30 m X 0.32 mm i.d. and D61701, 30 m X 0.25 mm i.d. The results 
shown in this paper are on D61 and DE5 columns. The carrier gas was He and 
N2 as make up gas. The oven temperature was maintained at 50 OC for 2 min. 
then programmed to 150 OC and 290 OC at rates of 4 and 10 OC min-1 respec- 
tively. Water's 840 data and chromatography control station with digital 
professional Xi3 computer and iA50 recorder were used as data processor. \ 

Hydrolysis followed by sugar analysis was carried out according to the Well 
know silylation technique. The procedure can be found elsewhere (10). \ 

G e l  permeation chromatographic (G.P.C.) analysis of the six Oils from P.C.U. 
and o n e  oil from S.C.U. (trap 1) were performed on ALC/GPC-201 Water's 
Associate liquid chromatograph equipped with a model R-401 refractometer. 
Four 30 cm X 7.8 mm i.d. columns packed with 100. 500. lo3 and 104 PStyra- 
gel were used in series. The samples were prepared in THF (5%) and 15 P I  
were injected and eluted with THE. The following standards were used to 
calibrate the s_vstem: polystyrenes (MW z 4000; 2000; 800 and 6001, polyeth- 
ylene glycol (MW = 450, 300, 200). guaiacol. syringaldehyde and vanilline. 

RESuLLs ~ ! Q - 9 I ~ C ! L S S . I . ~ S  

The PYrolytic products can be divided into four parts as below: 

1- Light organic chemicals such as phenols which can be analyzed by 
conventional analytical techniques, mainly liquid and gas chromato- 
graphy and mass spectrometry. 

2- High molecular weight, less volatile and presumably more polar com- 
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pounds resulting f r o m  incomplete thermal degradation of l ignin,  cellu- 
lose and hemicellulose which can not be easily characterized ( 8 ) .  

3- Char 

4- Gases (e.9. CO and CO2) 

Part I w i l l  be discussed i n  th is  paper with appropriate references t o  Part 2 
and 3. 

The total o i l s  from the s ix  condensers ( C l  to Q) and an o i l  sample f rom 
Trap 1 (S.C.U.) were analyzed by GPC fo r  their  molecular weight range dis- 
tribution. The average molecular weights for  the condensers 1 t o  6 were: 
342, 528. 572. 393, 233 and 123 respectively. The test f o r  T r a p  1 showed an 
average molecular weight o f  about 100. The molecular weight distr ibut ion of 
Trap 1 was as below: 

W<lOO (40%); lOO<nW<200 (46.5%); 200<nW<300 (10.5%) and 300<p1w<500 
(35)- 

The pyrolyt ic o i l  i n  S.C.U. contains about 38.83: of the to ta l  o i l  which 
consisted of 17.9% water and 5.6% carboxylic acids (11). Due to i t s  average 
l o w  molecular weight however, i t  i s  expected that the majority of the S.C.U. 
o i l  can be analyzed i f  the interferance due t o  the water can be eliminated. 

G.P.C. analysis was carried out fo r  a series of pyrolyt ic o i l s  obtained i n  a 
batch reactor operated a t  various temperatures similar to P.D.U. hearth 
temperatures (12). The results showed a rather similar average molecular 
weight which indicates a f a i r  selective separation of wood o i l  constituents 
a t  various temperatures i n  P.D.U. 

The results of s i l ica-gel  column fractionation of the o i l s  (C l  t o  Q) are 
shown i n  Table 1. The recoveries were approximately 44 higher probably due 
to  the incomplete solvent removal. A l l  fractions are designated as F1 to 
F14 i n  th is  part  and a l l  w i l l  be studied separately as shown i n  Tab le  1. F1 
to  F12 of a l l  condensers were l iquids with 5ome differences i n  the i r  colours 
and odors. The F13 and F14 were found to be very viscous and nearly solid. 
They became par t ia l l y  insoluble i n  water and methanol by redissolving t h e m  
i n  water and methanol. F l  to F2 were not very soluble i n  methanol indicat- 
ing their hydrocarbon nature. F4. 5, 6 showed some methanol insoluble 
matter which was ident i f ied as high molecular weight carboxylic acids i n  the 
range of CIS to (2x0 with a maximum a t  c24 (11). These were separated and 
pur i f ied by crystal l izat ion i n  methanol. Although the high molecular weight 
carboxylic acids comprise very l i t t l e  percentage o f  the o i l  (-0.2%) but 
their  f inding i s  very interesting as only even carbon number acids up to c24 
have been already found i n  hardwood pyroligenous tar (13). The fractions 7 
to  12 were s l igh t ly  insoluble i n  dichloromethane and f u l l y  soluble i n  metha- 
nol. A preliminary cmposition analysis of each fract ion was made and more 
work i s  i n  progress. The results are the followings: 

Fraction 1: 

This fraction mainly contains hydrocarbons with an odor typical  of a foss i l  
fuel mono-aromatic hydrocarbon. Proton nuclear magnetic resonance s p e c t r u m  
was recorded for a sample of C l f l  (Condenser I. Fraction 1) as an example 
and showad 4.5% aromatic, 2% olef in ic,  18% methylenic hydrogens O( t o  the 
rings and 19.5% B t o  the r ing and 56% methylene and methyl hydrogens further 
away from the ring. This distr ibut ion indicates long a lky l  and alkenyl side 
chains on benzene rings. A s igni f icant difference was observed i n  the i r  gas 
chromatograms f rom C 1  to 05- C1 to C5 showed scane s imi lar i t ies  i n  a f e w  
mi l  resolved peaks elut ing out of the gas chromatographic column a t  above 
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200 oc. Recently a series of sho r t  side chain alkyl  and alkenyl benzene5 
(up to C11 H14 & C I I  H I E . )  were reported i n  wood pyrolysis o i l  ( 6 ) .  
Condenser 6 on the other hand showed a broad range of hydrocarbons elut ing 
above loo o C .  Materials elut ing between 100 and 200 OC were rather less 
complex compared with the others elut ing a t  above 200 OC. I t  is interesting 
to see i n  Table 1 that there i s  an increasing trend i n  quantity of the 
hydrocarbons up to  the maximum i n  C 3  which f a l l s  down i n  C 5  and again 
reaches to the maximum at  18.5% i n  C6. Whether- further increase of the 
hearth temperature w i l l  increase and produce any more materials has not been 
tested but we have made an infrared spectroscopic study of the so l id  residue 
which were l e f t  behind accidentally i n  each hearth after the I-un (14) .  
Theit- infrared spectra i s  shown i n  Fig. 1. Despite of the fact that a bulk 
of the pyrolyt ic o i l s  were produced i n  condensers 1 and 2 DUt there are very 
small changes which can be observed i n  H-1 (Hearth 1) and H-2 (Hearth 2) 
(see Fig. 1 ) .  However signif icant differences were observed for H-3 to H-6. 
Spectrum H-6 which was operated a t  448 OC shows only mlnor- bands due to the 
i-emaining orqanic matter, mainly l ign in  or recondensed materials (15). 
These materials were measured to be approxlnlately 20% of the total  residue. 

F.r.a.ction -2 

This fract ion was i n  low abundance i n  a l l  the condensers and their quan- 
t i t i e s  are s igni f icant ly dependent on the hearth temperature. Similar to 
Fraction 1, Condenser 6 showed a maximum quantity of Fraction 2. With a 
s l igh t  t a i l i ng  from the ear l ier  or later fractions, but the overall separa- 
t ion  of Fractions 2 was good. Qualitative analysls of Fractions 2 by GC 
showed signif icant differences for Condenser 6 i n  part icular. This Fraction 
is similar to Fraction 1 and has aromatic nature but more polar than 
Fraction 1. I t s  gas chromatogram showed well resolved peaks but their 
identi f icat ion has not been completed yet. Condenser 5 & 6 have comrsletely 
different composition from the rest .  Their GC peaks are moderately resol- 
ved. I t  was interesting to observe a complete change i n  the distr ibut ion of 
the compounds by 50 OC change i n  the bed heating temperature from hearths 4 
to 5. 

Fractions.3 - 11 

These fractions have a particular value as t.heir constituents are valuable 
and many of them can be characterized by gas-chromatography. F3-11 contrib- 
uted between 23 - 36% of the condensers o i l  and 40.5% of the to ta l  P.C.U. 
o i l .  The to ta l  y ie ld  of these fractions therefore can be used as quali ty 
index to compare di f ferent o i l s .  This paper contributes to a small Part Of 

these fractions and further work i s  i n  progress. 

Table 2 l i s t s  some of the compounds which have been analyzed i n  these frac- 
tions which are mainly mono phenolic types ana oxygenated heterocycllu 
compounds. A l l  the chromatograms of F3 to  10 showed well resolved peaks but 
F11 suffered from peak broadening which is more l i ke l y  due to the contamin-. 
at ion from F12. Examples of a few chromatograms are presented i n  Fig. 2 and 
are compared with a chromatogram of the total  o i l  from condenser 6 (Flg. 
2a). From Fig. 2a, we could only identi fy a few compounds and the rest  were 
coeluting and masked with the other non resolved and broad peaks. Conse- 
quently, any of the to ta l  o i l  w i l l  be incomplete and 
less accurate. Although the total  materials l i s ted  i n  Table 2. apart from 
Water, contribute to only 23% of the to ta l  dry o i l  i n  P.C.U. but they show 
an interesting distr ibut ion of the compounds i n  the dif ferent condensers 
which can be correlated with their source materials. 

Characterization of the l o w  molecular weight carboxylic acids which we have 
developed i n  our laboratory (11) enables us to observe a close agreement 
between our reSUltS and the generally accepted source,materials for two 
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formic acid and acetic acids, i.e. cellulose and hemicellulose (16). The 
former as a source for formic acid decomposes at higher temperature than the 
latter which is the source for acetic acid. This was observed in the P.D.U. 
by comparing the acid yields in the condensers. Carboxylic acid charac- 
terization was successfully achieved by analyzing the oils before any frac- 
tionation. 

Finding of acetol in relatively high abundance in Condensers 5 & 6 may 
indicate a lignin type source or decomposition of recondensed materials in 
hearths 5 & 6 .  Since a large number of five carbon atom sugars. the source 
material for furan derivatives, are associated with hemicellulose especially 
in hardwood ( 3 )  therefore their finding in Condenser 2 with maximum abund- 
ance gives more support to the selectivity of the separation in the P.D.U. 
system. Finding ot phenol with high proportion in Condensers 1 to 3 and 
some in Condenser 6 is also interesting and supports the suggestion that 
cellulose is also a source for phenol during wood pyrolvsis (3). Since no 
any significant quantity of phenol was detected in Condenser 5 but some in 
Condenser 6 ,  the decomposition of recondensed materials in the hearth 6 is 
more likely to be the source of phenol in Condenser 6 .  On the other hand n- 
propyl phenol has heen found in a relatively high percentage in Condenser 6 
which indicates a different source, i.e. lignin for the substituted phenols. 
Alt,houqh guaiacol, cathecol, euqenol and isoeugenol are spreaded in all 
condensers with an increasing trend toward Condenser 6 therefore it may be 
true that their production starts as soon as lisnin Starts to degrade, 
presumably at 250 OC or even below. Earlier these compounds have been found 
it) the tarry residue from lignin pyrolysis ( 1 7 ) .  p-Cresol which we have 
identified in Condensei- 6 has been recognized to be a degradation product of 
the lignin ( l e ) ,  more likely at high temperature around 440 OC. Finding of 
higher proportion of aromatic hydrocarbons in Condenser 6 also indicates 
that lignin is a possible source for hydrocarbons. 

Fraction 12 

Under the qas chromatoqraphic conditions used. we were unable to observe any 
well r-esolved peaks. Typically the chromatogram showed lots of unresolved 
broad peaks indicatinq its hiqher polaritv than the previous fractions. Its 
pH value was also significantly lower- than the other fractions. The proton 
FTNMR spectrum was recorded for the Fraction 12 of Condenser 1 and showed 
hydrocien distribution of: aliphatic ( 4 % ) .  cvclic methylenes or methylenes 
-to the aromatic rings (20%), hydroxylic and methoxy groups (47%) ,  olefinics 
and hydroxylics (17%), arontatics ( E % ) ,  phenolics (3%) and aldehvdics (1%). 
The total oil from Condenser 1 on the other hand showed: aliphatics (lot), 
cyclic methylenes or- methyleneswto the aromatic rings (31%). hydroxylics 
and methoxys (30%) olefinics and hydroxvlics ( 7 % ) ,  aromatics (16%), pheno- 
lics (4%)  and aldehydic5 (2%). Comparison of these two spectra shows that 
the F12 has higher hydroxyl group than the initial oil. More work is in 
progress fol- further fractionation of this fraction. 

Frac:tion 13 

This fraction contains the highest percentage of  the high polar compounds, 
oligosaccharides in particular. Two techniques of IH-FTNIIR spectroscopy and 
hydrolysls were applied to further studv of these fractions which are 
briefly discussed in this paper as follows: 

NMR spectra were recorded for the oils from the condensers and their F13’s 
and comparisons were made. Fig. 3a and 3b represent the NMR spectra of 
Condenser 6 and its F13 as an example. 80th spectra were recorded in DMSO. 
All the samples were freely soluble in DMSO. The peak assignments were made 
as: aliphatic hydrogens (12%). cyclic methylenes or methylenes to the 
aromatic rings (38.5%), methoxys and hydroxylic groups (29.5%). olefinics 
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and hydroxylics (4%). aromatics (12%). phenolics (a), and aldehydics (1%). 
and F13, contained 2, 14, 60, 15. 5.5. 2.5 and 1% respectively. 

 he hydroxyl group assigrunents were also confirmed by addition of a few 
drops of d e u t e r i u m  oxida before recording the s p e c t r u m .  Consequently we 
observed that approximately 503 of the resonance bands i n  the range of 3- 
4.2 ppm are due t o  the sugars hydroxyl groups. Similarly approximately 30% 
of the resonance bands in,the range of 4.2 - 5.5 p p m  are also due to the 
hydroxyl groups. Their spectra have some s imi lar i t ies  with the typical 
sugars NMR spectra. From the i r  NMR spectra we observed an increasing trend 
to the high hydroxyl content from Condenser 1. F13 to  Condenser 6, F13. 

The hydrolysis experiments were carried out to measure the oligosaccharide 
content of the o i l s .  Primarily analysis was made f o r  the to ta l  suQar 
content of the o i l s  following s i l y la t ion  technique. We found only 
levoglucosan with 0.3, 0.4, 0.7. 1.7. 3.4. and 4.2% i n  Condensers 1 to 6 
respectively. This finding was i n  close agreement with the previous data 
obtained on a series of the o i l s  obtained i n  batch reactor operating a t  a 
similar range of temperatures as P.D.U. Hydrolysis o f  the to ta l  o i l s  were 
carried out and the i r  sugar content were measured. a( and B Glucose and 
xylose were the most dominant sugars i n  hydrolysates. The to ta l  glucose 
content increased from Condenser 1 to 6 but xylose reached a maxirmm i n  
Condenser 5 then decreased i n  Condenser 6. Their total sugar content were 
3.14, 3.31, 6.85. 6.81, 14.23 and 14.054 f o r  Condensers 1 to 6 respectively. 
Similar expariments were carried out on F13 f o r  a l l  condensers. The results 
indicate that a ccmplete recovery of levoglucosan was achieved i n  F13 but 
the hydrolysates showed approximately 303 loss. Further investigation i s  i n  
progress t o  f ind  the reason for. th is  105s. 

Fraction 14 

This fraction comprised a small portion of the o i l s  and a steady increase i n  
their  quanties was observed f r o m  Condenser 1 to 6. They may have presumably 
polymeric structure. Their infrared spectra showed a weak and broad 
hydroxyl stretching vibration band and very weak C=O and C-0 absorption 
bands a t  1700 and 1600 wavenumbers respectively. C-H stretching and vibra- 
t ion bands were also observed a t  very low intensi t ies a t  2920 and 1520 
wavenumbers respectively. I 

w e t  chemistry w i l l  be overtaken i n  some instances by high f i e l d  1H-FMR. a 
non destructive technique. and 1Is-HS spectroscopy and spectrometric techni- 
ques for characterization of the rest of the fractions namely F12. 13 and 14 
i n  th is  investigation. ! 
Fourier transform 13C-NIR which has not been u t i l i zed  i n  th is  investigation 
i s  l i ke ly  t o  make a large, contribution also i n  the near future to study 
these fractions. 'c 
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Even though they are only present i n  re la t ive ly  l o w  concentration. the 
conwounds such as methyl cyclopentene-ol-one. 3- hydroxy - 2- methyl - 
4- pyrone, iMeugenol and acetaldehyde, fo r  exanple. can serve to characte- 
r i ze  various o i l s  and monitor the pyrolysis l iquefaction procedure. T h w  
can also be separated and extracted as f ine chemicals. 
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THE COMPOSITION OF OILS OBTAINED BY THE FAST PYROLYSIS 
OF DIFFERENT WOODS 

J. P i s k o r z  a n d  D.S. S c o t t  

D e p a r t m e n t  of C h e m i c a l  E n g i n e e r i n g  
U n i v e r s i t y  of Waterloo 

W a t e r l o o ,  O n t a r i o ,  C a n a d a  N2L 3C1 

I n t r o d u c t i o n  

D u r i n g  t h e  l a s t  s i x  years a f l u i d i z e d  b e d  f a s t  p y r o l y s i s  
p r o c e s s  f o r  b i o m a s s  h a s  b e e n  d e v e l o p e d  a t  t h e  U n i v e r s i t y  o f  
Waterloo ( T h e  W a t e r l o o  F a s t  P y r o l y s i s  P r o c e s s ) .  T h i s  p r o c e s s  
g i v e s  y i e l d s  o f  u p  t o  70% o f  o r g a n i c  l i q u i d s  f r o m  h a r d w o o d s  o r  
s o f t w o o d s ,  w h i c h  a re  t h e  h i g h e s t  y e t  r e p o r t e d  f o r  a n o n - c a t a l y t i c  
p y r o l y t i c  c o n v e r s i o n  p r o c e s s .  A f l u i d i z e d  s a n d  b e d  is u s e d  as a 
r e a c t o r  a n d  o p t i m u m  l i q u i d  y i e l d s  a re  n o r m a l l y  o b t a i n e d  i n  t h e  
r a n g e  o f  45Oo-55O0C a t  a b o u t  0.5 s e c o n d s  g a s  r e s i d e n c e  t i m e  w i t h  
p a r t i c l e s  o f  a b o u t  1.5 mm d i a m e t e r  or smaller. Two u n i t s  are i n  
u s e ,  o n e  w i t h  a t h r o u g h p u t  of  20-100 g m s / h r ,  a n d  a n o t h e r  w i t h  a 
t h r o u g h p u t  o f  1-4 k g / h r .  Details  of t h e  p r o c e s s  h a v e  been pub- 
l i s h e d  by t h e  a u t h o r s  i n  s e v e r a l  p u b l i c a t i o n s  [ l ] ,  [ 2 ] ,  131 .  

S e v e r a l  s t u d i e s  h a v e  b e e n  p u b l i s h e d  d e s c r i b i n g  r e s u l t s  f r o m  
t h e  f l a s h  p y r o l y s i s  o f  biomass. Most o f  t h e s e  s t u d i e s  were 
c a r r i e d  o u t  a t  h i g h e r  t e m p e r a t u r e s  a n d  were i n t e n d e d  t o  p r o m o t e  
b i o m a s s  g a s  p r o d u c t i o n .  H o w e v e r ,  t h e  w o r k  of Roy a n d  C h o r n e t  [ 4 ]  
r e p o r t e d  h i g h  l i q u i d  y i e l d s  f r o m  b i o m a s s  p y r o l y s i s  u n d e r  vacuum 
c o n d i t i o n s .  More r e c e n t l y ,  Roy e t  a l .  [ 5 ]  h a v e  d e s c r i b e d  a 
vacuum p y r o l y s i s  s y s t e m  f o r  t h e  p r o d u c t i o n  o f  l i q u i d s  f r o m  
b i o m a s s ,  b a s e d  o n  a m u l t i p l e  h e a r t h  t y p e  o f  r eac to r .  K n i g h t  e t  
a l .  [ 6 ]  h a v e  d e v e l o p e d  a n  u p w a r d  f l o w  e n t r a i n e d  p y r o l y z e r  for t h e  
p r o d u c t i o n  o f  l i q u i d s  f r o m  t h e  t h e r m a l  p y r o l y s i s  of b i o m a s s .  

H o w e v e r ,  f e w  d e t a i l s  o f  t h e  c h e m i c a l  n a t u r e  o f  t h e  p y r o l y t i c  
o i l s  p r o d u c e d  from wood or o t h e r  b i o m a s s  h a v e  b e e n  r e p o r t e d .  
Some r e c e n t  s t u d i e s  o f  t h e  c o m p o s i t i o n  o f  p y r o l y s i s  o i l s  o b t a i n e d  
f r o m  p o p l a r  wood were c a r r i e d  o u t  b y  w o r k e r s  o f  t h e  P a c i f i c  
N o r t h w e s t  L a b o r a t o r i e s  o f  B a t t e l l e  I n s t i t u t e  [71 a n d  t h e  
U n i v e r s i t e  d e  S h e r b r o o k e  [ S I .  M e t h o d s  of q u a n t i t a t i v e  
d e t e r m i n a t i o n  of f u n c t i o n a l  groups i n  t h e  p y r o l y t i c  o i l s  from 
wood were t e s t e d  i n  our l a b o r a t o r y  b y  N i c o l a i d e s  191. H o w e v e r ,  

/ more d e t a i l e d  c h a r a c t e r i s a t i o n  e x i s t s  i n  t h e  l i t e r a t u r e  f o r  t h e  
p r o d u c t s  o f  t h e  t h e r m a l  d e g r a d a t i o n  of c e l l u l o s e  [ 1 0 , 1 1 , 1 2 , 1 3 , 1 4 ]  

R e s u l t s  

I n  p r e v i o u s l y  r e p o r t e d  t e s t s  ( 3 ) ,  y i e l d s  h a v e  b e e n  c l a s s i -  
f i e d  as g a s e s ;  o r g a n i c  l i q u i d s ,  c h a r  a n d  p r o d u c t  water. Mass 
b a l a n c e s  g e n e r a l l y  c l o s e  t o  95% or b e t t e r .  E l e m e n t a l  a n a l y s e s  
were a l so  r e p o r t e d  fo r  many r u n s ,  b u t  i d e n t i f i c a t i o n  o f  i n d i v i -  
d u a l  c o m p o u n d s  was d o n e  o n l y  f o r  n o n - c o n d e n s a b l e  g a s e s  a n d  f o r  
some v o l a t i l e  o r g a n i c s  s u c h  as m e t h a n o l ,  a c e t a l d e h y d e ,  f u r a n ,  

6 

215 

t 



e t c .  H o w e v e r .  more d e t a i l e d  ana lyses  of l i q u i d  p r o d u c t s  h a v e  
r e c e n t l y  b e e n  c a r r i e d  o u t ,  a n d  some of t h e s e  p r e l i m i n a r y  r e s u l t s  
w h i c h  are  of p a r t i c u l a r  s i g n i f i c a n c e  a re  r e p o r t e d  h e r e .  

A l l  e x p e r i m e n t a l  r e s u l t s  g i v e n  were o b t a i n e d  a t  c o n d i t i o n s  
of c lose t o  o p t i m a l  f e e d  r a t e ,  p a r t i c l e  s i z e  a n d  r e s i d e n c e  t i m e  
f o r  maximum l i q u i d  y i e l d  a t  t h e  s t a t e d  t e m p e r a t u r e s ,  a s  d e t e r -  
m i n e d  by o v e r  200 b e n c h  s c a l e  r u n s  a n d  90 p i l o t .  s c a l e  r u n s .  

T a b l e  1 s h o w s  t h e  e x p e r i m e n t a l  y i e l d s  of p r o d u c t s  f r o m  
s e l e c t e d  runs f o r  f o u r  d i f f e r e n t  woods  w h o s e  p r o p e r t i e s  a r e  g i v e n  
i n  T a b l e  2 .  

H i g h  o r g a n i c  l i q u i d  y i e l d s  are  c h a r a c t e r i s t i c  of a l l  f o u r  
materials w h e n  u n d e r g o i n g  f a s t  p y r o l y s i s  i n  our p r o c e s s .  T h e  
t o t a l  l i q u i d  y i e l d ,  i n c l u d i n g  water of r e a c t i o n ,  v a r i e s  f r o m  70% 
t o  80% o f  t h e  d r y  b i o m a s s  f e d ,  a l l  o f  w h i c h  c a n  b e  d i r e c t l y  u s e d  
a s  a s u b s t i t u t e  f u e l  o i l  i f  d e s i r e d .  T h e  l i q u i d s  a r e  s i n g l e -  
p h a s e ,  h o m o g e n e o u s  f l u i d s ,  w h i c h  p o u r  r e a d i l y ,  a n d  w h i c h  c o n t a i n  
f r o m  15% t o  258 water d e p e n d i n g  o n  t h e  f e e d  material  a n d  i t s  
m o i s t u r e  c o n t e n t .  

T h e s e  l i q u i d s  are q u i t e  s t a b l e  a t  room t e m p e r a t u r e .  T h e  
water c o n t e n t ,  i n  a p e r i o d  o f  t w e l v e  m o n t h s ,  was f o u n d  t o  
i n c r e a s e  s l i g h t l y  p r e s u m a b l y  d u e  t o  t h e  s low p r o c e s s e s  of 
c o n d e n s a t i o n - p o l y m e r i z a t i o n  g o i n g  o n  e v e n  a t  room t e m p e r a t u r e .  
A t  h i g h e r  t e m p e r a t u r e s ,  1 2 0 ° C  a n d  a b o v e ,  t h e  o i l s  become 
i n c r e a s i n g l y  u n s t a b l e  a n d  d e c o m p o s e  w i t h  e v o l u t i o n  of g a s ,  a n d  
f i n a l l y  c h a r i f i c a t i o n  o f  a p o l y m e r i c  r e s i d u e .  A l l  t h e  p y r o l y s i s  
v a p o r s  p r o d u c e  a n  o i l  m i s t  f o l l o w i n g  r a p i d  q u e n c h i n g ,  b u t  t h e i r  
p o l a r  c h a r a c t e r  a l l ows  t h e  e a s y  u t i l i s a t i o n  o f  e l e c t r o s t a t i c  
p r e c i p i t a t i o n  i n  t h e  r e c o v e r y  s y s t e m  of a p y r o l y s i s  p r o c e s s .  

P r e l i m i n a r y  smal l  s c a l e  c o m b u s t i o n  tests c a r r i e d  o u t  w i t h  
t h e  p y r o l y s i s  o i l  as  p r o d u c e d  (20% water c o n t e n t )  showed t h a t  i t  
b u r n s  r e a d i l y  i n  a f u r n a c e  w i t h  a c o n v e n t i o n a l  p r e s s u r e  a t o m i z i n g  
b u r n e r ,  p r o v i d i n g  t h e  c o m b u s t i o n  b o x  i s  p r e h e a t e d .  I f  a n  a i r  
a t o m i z i n g  n o z z l e  i s  u s e d  w i t h  a p i l o t  f l a m e ,  n o  p r e - h e a t i n g  of 
t h e  c o m b u s t i o n  c h a m b e r  i s  n e c e s s a r y .  L a r g e r  scale tests f o r  
e x t e n d e d  p e r i o d s  h a v e  n o t  y e t  b e e n  d o n e ,  b u t  p r e l i m i n a r y  work  
s h o w s  t h a t  t h e  p y r o l y s i s  o i l  h a s  p o t e n t i a l  as a s u b s t i t u t e  f u e l  
o i l .  

Some p r o p e r t i e s  o f  " w e t "  l i q u i d s  as  p r o d u c e d  a r e  g i v e n  i n  
T a b l e  3 .  T h e  e l e m e n t a l  a n a l y s e s  of  t h e  p y r o l y t i c  l i q u i d s  as 
g i v e n  i n  T a b l e  3 are  v e r y  similar t o  t h o s e  o f  t h e  s t a r t i n g  
mater ia ls  - wood.  One c o u l d  p r o b a b l y  f a i r l y  a c c u r a t e l y  d e s c r i b e  
t h e s e  l i q u i d s ,  t h e r e f o r e ,  b y  t h e  term " l i q u i d  wood".  Two major 
c h a r a c t e r i s t i c s  o f  t h e s e  l i q u i d s  a r e  h i g h  o x y g e n  c o n t e n t  a n d  h i g h  
d e n s i t y  (much h i g h e r  t h a n  w o o d ) .  A n o t h e r  s p e c i f i c  p r o p e r t y  i s  a 
l i m i t e d  water s o l u b i l i t y .  I n  t h e  c a s e  o f  p y r o l y t i c  s i r u p s  
p r o d u c e d  by t h e  Waterloo p r o c e s s ,  water i s  d i s s o l v e d  i n  t h e  
O r g a n i c  p h a s e .  T h e  a d d i t i o n  o f  more water t o  t h e  l e v e l  o f  a b o u t  
60% by w e i g h t  c a u s e s  a p h a s e  s e p a r a t i o n  a n d  t h i s  b e h a v i o u r  h a s  
b e e n  u t i l i z e d  i n  our work f o r  a n a l y t i c a l  p u r p o s e s ,  i n  t h a t  b o t h  
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tractions were analyzed separately after dilution of the original 
oil product. 

The details ot the HPLC technique developed f o r  analysis of 
the water soluble traction are given below: 

Column Aminexe' HPX-87H, high performance 
cation exchange resin in hydrogen form 
300 x 7.8 mm from Biorad 

Eluant : H,PO, 0.007 N 

Flow Rate : 0.80 ml/min, isocatic 

Temperature : 65°C 

Detector : Waters R 401 Differential Refractometer 

Internal Standard : n-propanol 

The quantitative data obtained by the HPLC technique are 
presented in Table 4 .  A typical HPLC-chromatogram is shown in 
Figure 1. 

To obtain relative response factors and retention times, the 
pure compounds were fed and then eluted, although some of them, 
such as cellobiosan and 1.6 anhydro-B-D-glucofuranose, had to be 
synthesized in-house [ 131. Confirmation of compound 
identification was obtained by GC-MS [Hewlett-Packard 5970 Mass 
Selective Detector coupled to 5890A Gas Chromatograph]. For GC- 
MS analysis, sugars and anhydrosugars were first 
trimethylsilylated to the corresponding ethers. Small amounts of 
simple phenols and of furanoid compounds were also detected by 
GC-MS in the water soluble fraction. These components were not 
quantified by HPLC. 

The yields of the water insoluble fraction are given also in 
Table 4.  This fraction separated as a dark brown viscous liquid 
which solidified during drying into a hard, black, easily 
powdered material. 

The carbon-13 NMR spectrum of this pyrolytic product is 
shown in Figure 2 together with similar spectra published by 
Marchessault et al. [15] for milled wood lignin (MW) and steam 
exploded lignin (EXW). The similarity of the spectra of the 
steam exploded lignin and our pyrolytic lignin is quite striking. 
It appears that the oils produced by the Waterloo Fast Pyrolysis 
process contain a significant fraction which is apparently de- 
rived from the natural wood lignin. This "pyrolytic lignin" 
represents nearly 80% of the original content of wood lignin. 
Evidence for this conclusion was first reported from the work of 
H. Menard [16] using thermogravimetric and infrared analysis. 

I 
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T h e  Waterloo NMR s p e c t r u m  was r e c o r d e d  u s i n g  a 9% S u l U t i O n  
i n  DMSO-d6 a t  62.9 MHz a n d  5 0 ° C  w i t h  b r o a d - b a n d  p r o t o n  
d e c o u p l i n g .  D e l a y  t i m e  b e t w e e n  p u l s e s  was 10 s e c o n d s .  

C o n c l u s i o n s  

Four d i f f e r e n t  woods u n d e r  c o n d i t i o n s  of f a s t  p y r o l y s i s  
y i e l d e d  v e r y  s i m i l a r  l i q u i d  p r o d u c t s .  A n a l y s e s  show t h a t  t h i s  
p r o d u c t  is a c o m p l e x  m i x t u r e  o f  c h e m i c a l s .  

T h e  p y r o l y t i c  " w e t "  t a r - s i r u p  c a n  b e  r e a d i l y  s e p a r a t e d  i n t o  
two p r i n c i p a l  f r a c t i o n s  by water e x t r a c t i o n .  T h e  w a t e r - i n s o l u b l e  
f r a c t i o n  i s  d e r i v e d  f r o m  l i g n i n  w h i l e  t h e  w a t e r - s o l u b l e  f r a c t i o n  
i s  c a r b o h y d r a t e  i n  o r i g i n .  A n a l y t i c a l  r e s u l t s  i n d i c a t e  l a r g e  
a m o u n t s  o f  l o w  m o l e c u l a r  w e i g h t  ( < l o o )  l a c t o n e s  a n d  a l d e h y d e s ,  
a n d  a s i g n i f i c a n t  f r a c t i o n  o f  t h e s e  a re  m u l t i f u n c t i o n a l  i n  
n a t u r e .  Four mador c l a s s e s  o f  c h e m i c a l s  c a n  b e  d i f f e r e n t i a t e d ,  

1. s u g a r s  a n d  a n h y d r o s u g a r s  
2 .  c a r b o n y l  a n d  h y d r o x y c a r b o n y l  c o m p o u n d s  
3 .  a c i d s  - f o r m i c ,  a c e t i c  
4 .  'I p y  r o  1 y t i c " 1 i g n i n . 

R e s u l t s  i n  T a b l e  4 show t h a t  81-92% o f  t h e  c o n t e n t  o f  t h e  
p y r o l y s i s  o i l s  p r o d u c e d  i n  t h i s  work  f r o m  wood h a s  b e e n  
q u a n t i t a t i v e l y  i d e n t i f i e d .  

D e t a i l e d  a n a l y s i s  of p y r o l y t i c  o i l s  i s  n e e d e d  i n  o r d e r  t o  
al low p o s s i b l e  m e c h a n i s t i c  o r  k i n e t i c  m o d e l s  t o  b e  f o r m u l a t e d  
w h i c h  c a n  e x p l a i n  t h e  v a r i o u s  o b s e r v e d  a s p e c t s  o f  f a s t  b i o m a s s  
t h e r m a l  d e g r a d a t i o n .  A k n o w l e d g e  o f  c h e m i c a l  c o m p o s i t i o n  o f  
t h e s e  o i l s  may a lso ass i s t  i n  t h e  e v e n t u a l  f u t u r e  u t i l i z a t i o n ,  
u p g r a d i n g  o r  s e p a r a t i o n  o f  t h e s e  c o m p o u n d s  as h i g h e r  v a l u e  
p r o d u c t s .  

A c k n o w l e d g e m e n t  

T h e  f i n a n c i a l  s u p p o r t  f o r  t h i s  w o r k  o f  t h e  N a t i o n a l  R e s e a r c h  
C o u n c i l  o f  C a n a d a  a n d  o f  t h e  N a t u r a l  S c i e n c e s  a n d  E n g i n e e r i n g  
R e s e a r c h  C o u n c i l  o f  C a n a d a  are  g r a t e f u l l y  a c k n o w l e d g e d  by t h e  
a u t h o r s .  T h e  a s s i s t a n c e  of P. M a j e r s k i  a n d  A .  G r i n s h p u n  w i t h  
e x p e r i m e n t a l  m e a s u r e m e n t s  is a l s o  a c k n o w l e d g e d  w i t h  p l e a s u r e .  

1 D.S. S c o t t  a n d  J .  P i s k o r z ,  Can .  J .  Chem. E n g . ,  60 ( 1 9 8 2 )  666 

2 D.S. S c o t t  a n d  J .  P i s k o r z ,  C a n .  J .  Chem. E n g . ,  6 2  ( 1 9 8 4 )  404  

3 D.S. S c o t t ,  J .  P i s k o r z  a n d  D. R a d l e i n ,  I n d .  Eng.  Chem. 
P r o c e s s  Res. D e v e l . ,  24 ( 1 9 8 5 )  581 
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Table I 

P y o l v r i r  I l r l d s  f r m  Oiflcrcnt Yocds 

8 r o c k r l l l e  Poplar 

51 58 50 
491 504 555 

u n i t e  Spruce 

42 43 4 5  
485 500 520 . 1.0 * . IO00 . 
0.10 0.65 0.62 
2.01 1.91 1.58 

Red maple 

I4  63 81 
532 508 515 

3.8 5.9 9.5 
590 590 1000 

0.69 0.47 0.44 
2.16 1.9M 1.32 

I E A  Poplar 

2. 
I 

3.3  
590 

0.46 
0.05 

65.1 

12.2 
1.1 

5.34 
4.18 
0.41 
0.19 

0.09 
3.10 

_- 

_- 

10.8 

96.4 

21 59 
500 504 

6.2 4.6 
590 1000 

0.55 0.48 
2.24 1.85 

mu" 
l e w e r a t u r e .  'C 

MoI1t"re  L""t@"t ,  rti  
Y d r t i c l e  Top Size, "rn 

Awdrent Yesidence T i n e ,  sec 
teed Rate. kyinr 

'11.1dS. W t l  O f  m.1. "004 
Oryanic i )quid 

uater 
Cnar 
h r :  

:6 
CH: 

2% 
CO 

C A  

C. 

Total  Gas 

Overal l  recovery 
* t i .  ~ f .  

bench Scale Unit  

. 5.2 . . 1000 f 

0.64 0.47 0.51 
2.24 2.10 4.12 

62.9 62.9 59.0 

10.3 9.1 10.2 
14.4 16.5 lU.6 

0.02 0.02 0.01 
4.95 4.11 8.40 
6.14 5.89 1.U6 

63.1 66.5 66.1 61.3 61.9 65.0 65.8 66.2 

10.1 11.6 11.1 
16.3 12.2 12.3 

1.4 9.8 10.0 
9.0 13.1 12.1 

9.3 10.1 
12.1 11.8 

0.04 0.02 0.01 
4.16 3.82 4.01 
3.38 3.31 2.69 

0.M 0.01 0.02 
6.96 4.12 4.83 
4.02 4.89 5.36 

0.02 0.01 
5.32 4.44 
6.30 5.15 
0.48 0.31 
0.20 0.13 
0.04 0.05 

]o.os % 

0.45 0.44 0.91 0.34 0.38 0.43 0.15 0.36 0.51 
0.16 0.21 0.22 0.1Y 0.40 0.16 0.11 0.16 

0.06 0.05 0.11 0.02 0.03 0.05 
0.06 0.01 0.10 - u.10 
0.1) 0.16 0.28 1 0 . 0 3  0.04 0.06 

8.1 1.8 1.4 

97.8 91.1 96.1 

12.0 11.5 11.4 

99.7 1U0.5 91.2 

17.1 9.8 11.6 

95.1 101.2 98.1 

12.4 11.0 

09.7 99.0 

Table 2 

Properties of Feed M a t e r i a l s  

- 

I E A  
Poplar Uood unole Tree Poplar 

B r o c k v i l  le Plantat ion.  
Ynole l r e e  Eicept Leaves 
and Roots  Ontario MNR 
Clone C-147 

.- 

- 

Red R p l e  Y h i t r  Spruce 

Eastern Canada 
Clean Uood 

S a m l l l  SaIldUst 
and nil1 Scrap 

1.0 

0.50 

Source Clean bod only 
Ontarto MNR 
Clone 0-38 

- 
3.8 - 25.2 

0.40 

4.6 

0.4G 

Hulrture.  w t l  5.2 

ASIL a mf 1.19 

Elemental Analysis. I 

C 49.06 

H 6.23 

0 43.6 

4 P ' m  

6.36 

43.1 

48.5 

6.1 

-- 

49.45 

6.05 

44.4 

0.01 N 1.08 0.2 _- 

I 

'i 
( 
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Table 3 

Propertier o f  Pyrolitlc Llpuids  

- 

Brortillle Poplar  

nun I 51 5n 50 

YIe14s. w t l  of 14.1 13.1 10.5 
rood as fed 

Yhlte Spruce Us4 kple 

42 43 45 63 

15.2 19.2 711.5 11.9 

Ydter content. w t l  19.0 18.7 21.1 21.9 22.4 21.1) 18.0 
PH 2.6 2.4 2.0 2.1 2.1 2.3 2.4 

Oenrlty. glcc 1.19 1.20 1.18 1.22 1.22 1.22 1.19 

hlnnntal analysis. 
uta. m.f. 

Carbon 54.1 54.1 55.6 
Hydroyen 1.1 6.9 6.9 

Run I 
Ternperatwe 

53.5 S4.0 56.6 54.7 
6.6 6.8 b.9 6.4 

~ieiar. I t a  of  feed. m.f. 

organic liquid 

I .  01 igora~charides 
2. cellobioran 
3. glucose 
4. fructose 
5. glyoral 
6. mcthylglyoxal 
1. levoglucosan 
8. 1.6 anky4rogl~~of~ranore 
9. hydroryacetaldehyde 
IO. formic acid 
11. fonnaldehyte 
12. acetic acid  
13. ethylene glycol 
14. acetol 
15. acetaldehyae 
16. methanol 

Uater-rolubler-total above 

Pyrolytic lignin 

h o m t  not accounted for 
(lorser. wafer 50luble 
phenols. furans etc.) 

Table 4 

Analysis of  Liquid P P O ~ U C C S  

Brockville Yhitc 

- 

Poplar Spruce 

504 500 

62.9 61.5 

1.11 2.49 
0.55 0.99 
1.34 2.21 
1.42 2.41 

12.52 3.96 _ _  _ _  
6.11 7.61 
5.40 1.15 

6.30 3.n6 
0.81 0.89 
1.10 1.24 

-_ _- 

-_ -- 
27.1 33.0 

24.8 20.6 

10.5 1.9 

Rea 
naple 
63 
508 

61.9 

1.62 
0.64 
1.51 
1.15 

2.84 

7.55 
6.35 

5.81 
0.63 
1.1s 

_ _  
-- 

_ _  
29.9 

ZU.Y 

11.1 

I E A  
Poplar 
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AN OVERVIEW OF BIOMASS THERMOCHEMICAL LIQUEFACTION RESEARCH SPONSORED BY 
THE U.S. DEPARTMENT OF ENERGY 

Don J .  Stevens 

Pac i f ic  Northwest Laboratory* 
P. 0.  Box 999 

Richland, Washington 99352 

BACKGROUND 

Biomass represents  an important energy resource i n  the  United S t a t e s  both a t  
present  and a s  a potent ia l  energy contr ibutor  f o r  the f u t u r e .  
i t  i s  estimatedl t h a t  biomass contr ibuted about 3.5% of the na t ions '  energy supply, 
approximately equivalent  with nuclear energy which contr ibuted 3.6% i n  t h a t  year .  
With proper resource management and the  development o f  e f f i c i e n t  conversion processes ,  
the Off ice  of Technology Assessment has estimated* the  potent ia l  contr ibut ion of 
biomass to  the  United S t a t e s  energy supply could range as  high as  17 quadr i l l ion  B t u  
per year--almost 20% of cur ren t  United S ta tes  energ consumption. 

supply the nation with about 10 quadr i l l ion  B t u  by the  year 2000. 

grasses ,  agr icu l tura l  crops and t h e i r  res idues,  and animrl wastes can be used as  
energy feedstocks.  
help the United S t a t e s  reduce i t s  dependence on imported o i l  and natural gas. Liquid 
f u e l s  derived from biomass are expected t o  cont r ibu te  s i g n i f i c a n t l y  t o  the  energy 
potent ia l  from t h i s  resource. 

Liquid f u e l s  from biomass o f f e r  several advantages over the  biomass resource 
i t s e l f .  Perhaps most important, l iqu id  fue ls  have a higher energy densi ty .  The 
energy content of wood, f o r  instance,  i s  about 8500 Btu/lb, roughly half  t h a t  of 
l iqu id  hydrocarbon f u e l s .  
volumetric bas i s  i s  even lower i f  the void space between the  s o l i d s  i s  considered. A 
cubic foot of dry wood chips  f o r  instance,  has an energy content of about 90,000 B t u .  
This i s  l e s s  than one-tenth the  energy densi ty  of gasol ine which contains  about 
926,000 Btu / f t3 .  The higher energy densi ty  of l iqu id  f u e l s  from biomass allows the  
products t o  be t ransported more economically and t o  be more e a s i l y  s tored .  Liquid 
f u e l s  a lso match ex is t ing  end-use pa t te rns ,  p a r t i c u l a r l y  in the  t ranspor ta t ion  
sec tor .  Biomass i s  the only renewable energy technology capable of addressing t h i s  
need f o r  t ransportat ion fue ls .4  

Thermochemical conversion processes o f f e r  promising methods f o r  converting 
biomass to  gasol ine-compatible 1 iquid fue ls .  Thermochemical conversion processes 
employ elevated temperatures t o  convert the biomass feedstock. Thermal conversion 
processes a r e  well su i ted  t o  conversion of wood and crop residues which account f o r  
about 96% of the  biomass resources i n  the United S ta tes .2  
convert 85 t o  95% o f  the organic material i n  such feedstocks with l i t t l e  s e n s i t i v i t y  
t o  var ia t ions  i n  the  feed mater ia l .  

i n i t i a l  products, usual ly  a t  moderate temperatures (250 t o  600°C). 
c a t a l y t i c  l iquefact ion processes which produce biocrude o i l s  a r e  examples. The 
biocrude o i l s  would be s u i t a b l e  f o r  some uses as  produced o r  f o r  upgrading i n t o  
gasoline-compatible f u e l s .  As wi l l  be described in grea te r  d e t a i l  l a t e r .  the 
biocrude o i l s  a r e  qui te  d i f f e r e n t  chemically than petroleum crude o i l s ,  and d i f f e r e n t  
ref ining and upgrading procedures a re  necessary. 

*Operated f o r  the  U.S. Department of Energy by B a t t e l l e  
Memorial I n s t i t u t e  under Contract DE-AC06-76RLO 1630 

I n  1981, f o r  example, 

Similar ly ,  the 
Energy Research Advisory Board ( E R A B )  has estimated J t h a t  biomass could poten t ia l ly  

A wide var ie ty  of biomass resources such as  wood and f o r e s t  product res idues,  

As an abundant, renewable, domestic energy resource,  biomass can 

The e f f e c t i v e  bulk energy dens i ty  of biomass so l ids  on a 

1 

/ 
These processes can 

I 
Biomass d i r e c t  l iquefac t ion  process a r e  those which produce l iqu ids  as primary 

Pyrolyt ic  and 
/ 

I 

Indi rec t  l iquefac t ion  processes, 
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by comparison, first convert the biomass to simple gaseous components including H, 
and CO and then synthesize these into liquid products. 
example. Mechanical extraction of natural products from various biomass species 
followed by limited thermal or physical treatment can also supply liquid fuels. 
Various seed oils, for instance, have been used as extenders for diesel fuels. 

being sponsored by the U.S. Department of Energy's Biomass Thermochemical Conversion 
Program. Pacific Northwest Laboratory provides field management for this program as 
shown in Figure 1. 

BIOMASS DIRECT LIQUEFACTION RESEARCH 

Methanol production is an 

In this paper we present an overview of biomass direct liquefaction research 

Liquid fuels research sponsored by the Thermochemical Conversion Program 
focuses on biomass direct 1 iquefaction processes capable of producing true hydro- 
carbon fuels. 
biocrude product using various liquefaction processes. 
these processes are subsequently upgraded into true hydrocarbon products. 
ability to generate true hydrocarbon fuels is very important to ensure compatibility 
with existing gasoline based fuels and fuel distribution systems. 
conversion processes are necessary for producing true hydrocarbons from biomass. 

This is achieved by first converting the biomass feedstcck to a 

The 
The crude oils produced in 

Thermochemical 
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Fig. 1 - Organization of the Biomass Thermochemical 
Conversion Program 

Projects being funded by the Biomass Thermochemical Conversion Program are 
shown in Figure 3 .  
biocrude liquids dnd at upgrading them into high value hydrocarbon fuels. 

PROCUCTION OF BIOCRUDE LIQUIDS 

production of an intermediate biocrude liquid. 
several different approaches. 

PYROLYTIC LIQUEFACTION - Pyrolysis refers to the heating of biomass in the 
absence of air. Traditionally. pyrolysis has been used to produce charcoal. 
Conventional pyrolysis typically produces about one-third each gases, pyrolysis 
oils, and char. The process is inefficiept because large quantities of low-value 
liquids and gases are formed in addition to desired solid products. Batchwise, 
often primi tive, conversion units have also added to the inefficieficy of conventional 
pyrolysis processes. 

224  

The research is directed at exploring of methods for generating 

The initial step in the conversion of biomass to hydrocarbon fuels is the 
This step can be accomplished using 

These are discussed below. 



I I 

In recent  years ,  the  concept of rapid pyrolysis  h a s  emerged a s  a promising 
a l t e r n a t i v e  f o r  producing l iqu id  fue ls .  
r a t e  and the temperature, the y ie lds  o f  l iqu id  biocrude products can be increased t o  
over 65% by weight on a moisture, ash-free bas i s .5  Under some condi t ions,  up t o  
about 20% high value o l e f i n i c  products can be produced.6 

Georgia Tech Research Corporation, Atlanta ,  Georgia, i s  conducting research on 
rapid pyrolysis  of biomass with the goal of producing low cos t  l iqu id  products. The 
research makes use of an entrained flow pyrolyzer where biomass is  converted primar- 
i l y  t o  l iqu id  products under condi t ions of moderate heat ing r a t e s  and teapera tures .  
The system, a s  shown schematically in Figure 3 ,  cons is t s  of an en t ra ined ,  upflow 
reactor  and an o i l  recovery system t h a t  allows p a r t i a l  on-stream f rac t iona t ion  of 
the product. Georgia Tech Research Corporation has es tab l i shed  the  interdependence 
of the  react ion temperature and residence time on pyrclysis  o i l  y i e l d .  Test ing over 
temperatures from 400 t o  550°C gave mass y ie lds  of moisture-free o i l  ranging from 31 
t o  53%. 

By c a r e f u l l y  cont ro l l ing  both t h e  heat ing 

Additional t e s t i n g  should complete parameter optimization s tudies .  
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Fig. 2 - Liquid Fuels Projects  Fig. 3 - Schematic Diagram of 
Sponsored by the  Thermo- 
chemical Conversion Program Reactor a t  Georgia Tech Research 

Entrained-Flow Pyrolysis  

Corporation 

CATALYTIC LIQUEFACTION - Cata ly t ic  d i r e c t  l iquefac t ion  research,  a t  t h i s  time, 
i s  based on a concept f i r s t  proposed by the Pi t tsburgh Energy Research Center. 
this concept, biomass is  mixed w i t h  recycled wood o i l  and sodium carbonate c a t a l y s t  
along with a H*/CO reducing g a s .  The mixture i s  injected in to  a high-pressure 
vessel (3000 p s i )  and heated t o  about 350°C. The product stream i s  cooled and 
f lashed in to  a pressure let-down vessel .  
p a r t  of i t  i s  recycled f o r  use as  s l u r r y  medium. 

In 1980 and 1981, t h i s  process and an aqueous s l u r r y  vers ion,  proposed by 
Lawrence Berkeley Laboratory, were tes ted  i n  a DOE research f a c i l i t y  located a t  
Albany, Oregon. 
derived l iqu ids  by both the  o i l  s lur ry  and aqueous s l u r r y  process var ia t ions .  
one t e s t  run during 1981, over 11,000 l b s  of d i r e c t  l iquefac t ion  o i l s  were produced 
during operation in the o i l  s l u r r y  mode. The t e s t s ,  however, a l s o  showed the  need 
t o  reduce the la rge  o i l  recycle  requirement i n  order  t o  improve process economics. 
The Thermochemical Conversion Program i s  attempt.ing t o  improve the  competitiveness 
of d i r e c t  l iquefact ion through the  use of increased feedstock s l u r r y  concentrat ions.  

advanced concept f o r  d i r e c t  1 iquefact ion t h a t  would use very concentrated biomass 
s l u r r i e s .  The goal of this work has been t o  use a polymer extruder  a s  a s l u r r y  
feeding/pumping device. 
s l u r r i e s  as concentrated as  60% wood s o l i d s  in  biomass o i l .  Conventional systems, 
by comparison, typ ica l ly  cannot handle s l u r r i e s  containing over about 20% wood. 
University of Arizona had designed and constructed and integrated e x t r u d e r / s t a t i c  
mixer l iquefact ion system as  shown in Figure 4. 
allow adequate mixing and a g i t a t i o n  of the  viscous s l u r r i e s .  

In 

The o i l  phase product i s  withdrawn and 

This research showed the technical  f e a s i b i l i t y  of producing biomass 
In 

The University of Arizona, Tucson, Arizona, i s  conducting research on an 

The modified extruder/feeder  system i s  capable of handling 

The 

The s t a t i c  mixer is  expected t o  
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Fig.  4 - Schematic Diagram o f  C a t a l y t i c  L ique fac t i cn  
U n i t  a t  the u n i v e r s i t y  o f  Arizona 

The U n i v e r s i t y  o f  Arizona has completed cons t ruc t i on  o f  the research u n i t  and 

The biocrude 
has began experimental operation. Results t o  date show t h a t  the u n i t  can be operated 
cons is ten t l y  and r e l i a b l y  over a v a r i e t y  o f  experimental condi t ions.  
product produced i s  low i n  oxygen content and has a h igh  heat ing value. 
o f  the o i l  are summarized i n  Table 1. 

Proper t ies 

Table 1 - Proper t ies o f  Crude O i l  f rom the Wood 
the U n i v e r s i t y  o f  Arizona Produced b 

(Dry Basisf 

Elemental Analys is :  

C 
H 
0 

83.4% 
7.9% 
8.5% 

Heat ing Value (HHV) 16,000 B tu / l b  

During 1987, the U n i v e r s i t y  o f  Arizona w i l l  operate the experimental u n i t  t o  
determine the  e f f e c t  o f  lower ing o r  e l i m i n a t i n g  both the  carbonate c a t a l y s t  arid the 
reducing gas. P re l im ina ry  r e s u l t s  shov t h a t  the r e a c t o r  can operate when those two 
add i t i ves  a re  e l iminated,  b u t  the e f f e c t  on product q u a l i t y  has not  y e t  been 
determined. 

PRODUCT CHARACTERIZATION AND UPGRADING 

I n  a d d i t i o n  t o  research on 1 i que fac t i on  concepts, the Thermochemical Conversion 
Program i s  a l s o  spcnsoring research on the cha rac te r i za t i on  o f  the biocrude products 
and t h e i r  subsequent upgrading i n t o  gasol ine compatible hydrocarbon f u e l s .  This 
research i s  descr ibed below. 

Pac i f i c  Northwest Laboratory, Richland, Washington, i s  conducting research on 
the cha rac te r i za t i on  and upgrading o f  both p y r o l y t i c  and c a t a l y t i c  l i q u e f a c t i o n  
o i l s .  Charac te r i za t i on  s tud ies i n d i c a t e  t h a t  there are s i g n i f i c a n t  d i f f e rences  
between the p y r o l y t i c  arid the c a t a l y t i c  l i q u e f a c t i o n  o i l s .  As shown i n  Table 2, 
p y r o l y s i s  o i l s  con ta in  more oxygen and are l ess  viscous than the c a t a l y t i c  l iquefac-  
t i o n  products. The c a t a l y t i c  l i q u e f a c t i o n  products conta in  l a r g e  q u a n t i t i e s  o f  
phenolic compounds w h i l e  the py ro l ys i s  o i l s  have l a r g e  concentrat ions of organic 
ac ids.  These d i f f e rences  d i r e c t l y  impact t he  methods f o r  upgrading these products. 
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Table 2 - Bicmass L ique fac t i on  Products Comparative 
Ana ly t i ca l  Data 

Elemental Analysis (MAF) 
Carbon 
Hydrogen 
Oxygen 
Ni t rogen 
Su l fu r  

C a t a l y t i c  
L ique fac t i on  
O i l  (PERC- 
Albany TR12) 

81.0% 
10.2% 
8.8% 
0.1% 
1.5% 

Py ro l ys i s  
O i l  (Georgia 
Tech #11! 

59.2% 
7.0% 

33.8% 
0.1% 
1.4% 

Moisture and Heating Value 
% H  7.3 19.7 
raw2!HV 14,200 B tu / l b  7,950 B t u / l b  
MAF HHV 15,300 B tu / l b  9,800 B t u / l b  

Other Proper t ies 
v i s c o s i t y  cps @ 40'C 
densi ty  g/ml @ 23°C 
pourpoint 

400,000 62 
1.14 1.24 
27°C -15°C 

Research a t  PNL has concentrated on upgrading the biocrude l i q u i d s  t o  gasol ine- 
l i k e  motor fue ls .  Th is  research uses nickellmolybdenum and cobaltlmolybdenum 
ca ta l ys ts  i n  a cont inuously  fed, bench-scale reac to r  t o  hyd ro t rea t  t he  l i q u e f a c t i o n  
crude o i l s .  I n i t i a l  research has focused on the c a t a l y t i c  l i q u e f a c t i o n  o i l s  due to  
t h e i r  lower i n i t i a l  oxygen content and h igher  s t a b i l i t y .  Hydrot reat ing under 
condi t ior ls  o f  350 t o  400°C a t  pressures o f  2000 p s i  s e l e c t i v e l y  e l im ina tes  oxygen 
and y i e l d s  p r i m a r i l y  hydrocarbon ma te r ia l s .  Comparisons o f  key cons t i t uen ts  and of 
r e l a t i v e  proper t ies o f  the crude and upgraded products are shown i n  Tables 3 and 4. 
Research ind icates t h a t  the octane number f o r  the hydrocarbon product i s  about the 
same as s t r a i g h t  r u n  gasol ine from petroleum sources. 

Table 3 - Comparison o f  Typica l  Consti tuents o f  
Biomass C a t a l y t i c  L ique fac t i on  Biocrude 
O i l  and Fydrot reated Product (Albany TR-7 
O i l )  

Biomass Crude Product Refined Biomass O i l  
Cyc l ic  Keytones Cyclohexane 
Unsaturated Cyc l i c  Keytones 
A1 ky l  -Phenols Benzene 
Methoxy-Phenol s Toluene 
O i  -Phenols Xylene 
Napthol s 

Alkyl-Cyclohexanes ( t o  C-10) 

Other A1 ky l  -Benzenes 

Table 4 - Comparison o f  Proper t ies o f  Biocrude O i l s  
and Hydrotreated Product (Albany TR-7 O i l )  

Hydrogen t o  Carbon Rat io  
Oxygen Content ( 9 ,  KAF 
Basi s )  
Density (g/cm ) 
V i scos i t y  (cPs @35"C) 
Heating Value (HHV, 
MAF Basis) 

3 

B i  ocrude 
O i l  

1.21 

11 
1.19 

100,000 

15,800 
227 

Refined 
Biomass O i l  

1.61 

0.3 
0.83 
1.1 

18,900 
I 



Paci f ic  Northwest Laboratory a l s o  i n i t i a t e d  research on the upgrading of the 
pyrolyt ic  l iquefac t ion  o i l s .  
t o  produce but more d i f f i c u l t  t o  upgrade due t o  t h e i r  higher oxygen content  and 
lower s t a b i l i t y .  
and reactor  plugging when the pyrolysis  o i l s  a re  hydrotreated under condi t ions 
s imi la r  t o  the c a t a l y t i c  l iquefac t ion  products. 
t h a t  a two-step process may be f e a s i b l e  f o r  upgrading the pyrolysis  o i l s .  The 
i n i t i a l  s t e p  would use a mild treatment with a nickel catalyst .  a t  r e l a t i v e l y  low 
temperature (260 t o  280°C) followed by a second hydrotreat ing s t e p  s i m i l a r  t o  tha t  
use w i t h  the c a t a l y t i c  1 iquefact ion products. Additional research on this concept 
w i l l  be conducted i n  FY86. 

research on the uparading of biomass pyro ly t ic  l iquefac t ion  o i l s .  
explored uses z e o l i t e  c a t a l y s t s  t o  convert the  pyrolysis  o i l s  to hydrocarbon fue ls .  
The pyrolysis  o i l  vapcrs would be reacted on the c a t a l y s t  d i r e c t l y  downstream from 
t h e  pyrolysis  r e a c t o r ,  e l iminat ing the need f o r  intermediate  condensation of the 
pyrolyt ic  products. 
i n  the  upgrading process .  
hydrocarbons from a v a r i e t y  of oxygenated feedstocks such as  methanol. 

Preliminary s t u d i e s  a t  SERI u s i n g  mass spectroscopic  techniques showed t h a t  
z e o l i t e  c a t a l y s t s  a r e  r e a c t i v e  w i t h  respect  t o  the biomass t a r s  and wi l l  produce 
hydrocarbon products. During 1986, SERI completed modification of t h e i r  ab la t ive  
pyrolysis reactor  t o  include a s l ipstream reac tor  so the  pyro ly t ic  vapors could be 
d i r e c t l y  upgraded. Using a z e o l i t e  c a t a l y s t  dopated by Mobil Corporation, SERI has 
now shown t h a t  the c a t a l y s t  can e f f e c t i v e l y  deoxygenate biomass vapors t o  produce 
hydrocarbons. In 1987, research i s  continuing t o  determine c a t a l y s t  l i f e t i m e s ,  the 
extend of carbon depos i t ion ,  and re la ted  f a c t o r s  i n  order t o  optimize react ion 
condi t ions.  

ADDITIONAL INFORMATION 

The pyro ly t ic  o i l s  a r e  expected to  be less expensive 

The lower s t a b i l i t y  o f  the o i l  results i n  extensive char  formation 

Preliminary research has indicated 

Solar  Energy Research I n s t i t u t e  (SEN) ,  Golden, Colorado, i s  a l s o  conducting 
The concept being 

The z e o l i t e  c a t a l y s t s  could a l s o  el iminate  the need f o r  hydrogen 
The z e c l i t e  c a t a l y s t s  a r e  known to  produce gasol ine- l ike 

Detailed descr ip t ions  of a l l  the  research and development pro jec ts  funded by 
the Biomass Thermochemical Conversion Program are  given in the Proceedings of the 
1985 Biomass Thermochemical Conversion Contractors '  Meeting. October 1985. This 
document, PNL-SA-13571/ CONF-8510167 . is ava i lab le  from the National Technical 
Information Service,  United S ta tes  Department of Comerce, 5285 Por t  Royal Road, 
Spr ingf ie ld ,  Virginia  22161. 
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ABSTRACT ___^. 

Over a period of several years [ l ] ,  the Department of Forest Science at Texas A&M 
University has been conducting studies in the hydroprocessing (catalytic high pressure 
hydrotreating or hydrodeoxygenation accompanied by hydrocracking) of pyrolytic tars 
produced in biomass pyrolysis and gasification. 
results in good yields of volatile hydrocarbon and phenolic products. 
compares the performance of twenty different catalysts selected for hydroprocessing of a 
pine pyrolysis oil, describes the use of noble metal catalysts with tars produced from 
nine different biomass feedstocks (oil from pine pyrolysis and the tars from pine wood 
chip, pine plywood trim, pecan shell, peanut shell, sugarcane bagasse, corncob, rice 
hull, and cottonseed hull gasification), and compares the use of several catalysts in a 
trickle bed reactor for kinetic studies of the hydroprocessing reaction. 

Upgrading through hydroprocessing 
This paper 

METHODOLNY 

Feedstock and Materials. Pine pyrolytic oil produced by Tech-Air Corporation form 
sawdust and bark in the Cordele GA demonstration plant was used as the base oil in this 
study. A barrel of this oil was generously provided by American Can Company. 
tars from agricultural residues were produced in a modified gRsification-pyrolysis 
reactor (100 kg capacity updraft gasifier run under conditions to promote tar 
production). 

Strem, Harshaw, or donated by UOP (Table 1). For the trickle bed reactor studies, the 5% 
Pt/Alz03 powder catalyst was mixed with Ludox AS-40 binder in proportions that the final 
catalysts contained 30% Si&. 
paste was taken up into a syringe with a 1/16 inch plunger. The catalysts was extruded, 
dried and calcined in air at 756'K (483'C) for four hours. In order to obtain an active 

reduction was done by passing HZ through the catalytic bed at 673'K, 8270kPa at a flow 
rate of 200 cmJ/min (21.1eC, 1 atm) for one hour. 
For Harshaw's catalysts, the sulfided form was used. Presulfiding of the catalysts 

was done in s i t u  prior to the experiments. A mixture of 90% H2 and 10% H2S by volume 
was passed through the catalyst bed at a flow rate of 40 cuP/min (measured at 21.2'C, 1 
atm) at 673'K and atmospheric pressure until the outlet gas showed no further sign of 
HZS consumption. 

methyl cyclohexane produced by hydrogenation of toluene were used as hydrogen-donor 
solvents in the hydroprocessing reactions. 

Batch Reactor Studies. Some twenty catalysts (Table I) were used in preliminary 
screening studies [2,31. 
catalysts at differing reaction conditions in attempts towards optimization for each 
catalyst, but the results obtained could not be tabulated to effect some ranking order. 
Standard conditions chosen were those found to be effective for the 5% Pd and 5% Pt 
catalysts in the preliminary study - 60g stripped pine pyrolytic tar (water removed 
through azeotropic distillation with toluene), lOOg solvent (decalin or methyl 
cyclohexane), 20g catalyst, 1000 psi (@ ambient temp.) hydrogen feed and 400'C for 60 

Other 

Catalysts used for the batch reactor studies were used in the form purchased from 
I 

A paste was made when the binder was added, and this 

I catalyst, the Pt/Alz03 pellet was reduced in situ prior to the experiments. The 

1 

Decahydronaphthalene (decalin) purchased in purified grade from Fisher Scientific and I 

A number of experiments were conducted using the various 
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minutes in a rocking reactor (Aminco 4 3/8 inch 0.d. series, 1500 ml capacity, rated at 
5500 psi). After the reactions, the following were calculated (Tables I1 and 111): 
hydrocadon conversion %(total liquid product corrected for solvent and water 
concentrations), water y i e l d %  (water produced as % of pyrolytic tar feed - a measure of 
hydrotreating or hydrodeoxygenation activity), gases and losses X (balance of products 
by difference as % of pyrolytic tar feed - a measure of excess hydrocracking activity in 
the production of gaseous hydrocarbons). 
activity, a fourth component of the reaction product was calculated: t a r  residue X. Tar 
residue is the heavy tar deposited on catalysts and insoluble in the reaction solvent 
selected (determined by weighing dirtied catalyst after reaction, subtracting weight of 
catalyst used, and expressing as % of pyrolytic tar feed). 

Trickle-bed Reactor Studies. 
Figure 1 [4,5]. The reactor proper consists of a 32-inch long 316 SS tube, 3/4 inch 
O.D., 0.065 inch thick. The bottom 12 inches contained an inert support, Pyrox 3 mm 
dia. glass beads, with the top 20 inches packed with catalyst. The reaction temperature 
was non-isothermal, v i z .  22 inches of the reactor was immersed in a salt bath (Hotec 
heat transfer salt, a mixture of 53% potassium nitrate, 40% sodium nitrite, 7% sodium 
nitrate; air bubbled through bath to ensure uniform temperature profile), so that the 
salt around the bottom half of the catalyst bed (10 in) was at temperature, while the 
temperature of non-immersed top half decreased linearly from near reaction temperature 
at the top of the salt bath to 19O'C at the top of the reactor. 
conditions, the temperature inside the reactor increased gradually along the reactor 
length, preventing the volatiles in the pine pyrolysis oil from flashing into the gas 
phase suddenly. With the catalyst packed at the top of the reactor, the pyrolysis oil 
was hydrotreated before the oxygen-containing compounds could polymerize at high 
temperature. 
in hydrotreating: oxygen-containing components in the oil polymerized in the reactor. 

of pine pyrolysis oil input: liquid feed was used at a ratio of 2 grams decalin per gram 
of pine pyrolysis oil; weight hourly space velocity (g oil input per hr / g catalyst in 
the reactor) was 0.5 to 3.0 hr-1; salt bath temperature was 673 to 673'K; I& pressure 
was 5272 to 10443 kPa (750 to 1500 psig); and, catalyst bed was 60 g. for each load. 
After the reaction, the catalyst was regenerated by burning in air to remove coke 
deposited on the catalyst during the reaction, then reactivated for the next run. 

Sample and Product Chemical Analyses. Analytical techniques used to determine the 
chemical composition of raw oils and hydroprocessed products are given elsewhere in this 
volume [6]. 

For a few catalysts with limited catalytic 

A schematic for the trickle-bed reactor system is shown in 

By using non-isothermal 

The NiW catalyst is a strong cracking catalyst and was thus not effective 

Under typical operating conditions, Hz feed was 100 cc/min (at 60'C, 1 atm) per gram 

RESULTS AND DISCUSSION 

Batch Reactor Studies. 
using decalin as hydrogen-donor solvent are given in Table 11; those for the methyl 
cyclohexane solvent system in Table 111. 
systems generally gave superior results in hydrocarbon conversion and water yield. Note 
that hydrocarbon conversion efficiencies may appear low because these are expressed on a 
mass and not energy basis. With 27% oxygen content in the raw pyrolytic tar feed, 
maximum hydrocarbon conversion is 73% plus hydrogen uptake; maximum water yield is 30% 
(27 X 18/16). 

Trickle-bed Reactor Studies - Oxygen Removal. 
pressure and space velocity on oxygen removal (hydrotreating, hydrodeoxygenation) are 
shown in Figures 2 through 4. 
the solid lines were evaluated by using an oxygen removal model. 
observed for the effect of reaction temperature and pressure, while changes in space 
velocities did not affect oxygen removal. 
activity for oxygen removal for pine pyrolysis oil among the four catalysts tested. 
NiW catalyst was not effective in oxygen removal, and was dropped from further 
consideration. 

Results for the 20 catalysts using the batch rocking reactor 

The 5% noble metal catalysts in both solvent 

These data will be discussed in the oral presentation. 

The effect of reaction temperature, 

The points in the figures are the experimental data and 
A clear trend is 

The Pt/Alz03 catalyst exhibits the best 
The 
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Trickle-bed Reactor Studies - Kinetic Modelins. 
hydroprocessing pyrolyiiz bil-co%Zsts X f  the-Kiketic- scheme as shown in Figure 5. 
Terms used in this and subsequent figures are defined as follows (see other paper in 
this volume [6] for examples of the GPC chromatograms): 

The proposed kinetic model for 

heavy nonvolatiles 
l ight  nonvolatiles 
phenols 
aromatics 
alkanes 
coke + CtO + 

l iquid y ie ld  
outlet gases 

- nonvolatiles in GPC fractions 1 and 2. 
- nonvolatiles in CPC fractions 3 and 4 
- volatiles in CPC fraction 3 detectable by GC 
- volatiles in CPC fractions 4 and 5, excluding solvents 
- volatiles in GPC fraction 2 
- 1 minus liquid yield 

- (wt. of fractions by GPC) - (solvents in hydroprocessed-oil) 
pine pyrolysis oil input 

An elaboration of the kinetic model is outside the scope of this preprint. The 
outcome, expressed as experimental and predicted values of the lumped species in the 
kinetic model at various reaction conditions (temperature, pressure and space velocity 
effects) is presented in Figures 6 through 14. 

Effect of Reaction Temperature (Figures 6 to 8). Temperatures selected for study were 
623, 648 and 673'K. All reactions were run at 8720 kPa and W H S V  2 hr-l. 

Effect of Reaction Pressure (Figures 9 to 11). The effect of reaction pressure was 
evaluated at 5272, 6996, 8720 and 10443 kPa at 673'K and WHSV 2 hr-1. 

Effect of Space Velocity (Figures 12 to 14). WHSV was evaluated at 0.5, 1.0, 2.0 and 
3.0 hr-l. Pressure used wes 8721 kPa; temperature, 673'K. 

Results are essentially self-evident in these figures, but will be discussed in detail 
in the oral version and final manuscript of this communication. 
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5% Pd/alumina 2% Pt/alumina 0.5% Pd/alumina 
5% Pd/carbon 5% Pt/alumina 0.5% Pt/alumina 

5% Pt/carbon 0.5% Re/alumina 
5% Re/alumina 
5% Rh/alumina Harshaw CoMo-0603 silicated gamma alumina 
5% Ru/alumina Harshaw HT-400 NiO-WOJ /silica alumina 

Harshaw Ni-4301 

Z r O 2  on alumina UOP Unibon 
UOP Lomilx 

BPR : 
c :  
F :  
G I  
L :  
HF i 
P i  
R :  
TC : 
TI I 
w :  

Back Pressure Regulator 
Cooling 
Filter 
Gas Sample collector 
Liquid sample Collector 
Mass Flow Meter 
Pressure Guage 
Regulator 
Temperature Controller 
Temperature Indicator 
wet  Test Heter 

Figure 1. Schematic process of trickle-bed reactor system 
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H drocarbon 
d n v e r s J o n 2  x 

Water  
Y i  e l  dZ  x 

Tar 
Residue2 

x 

5 5 . 7  
3 5 . 7  
4 4 . 5  
3 3 . 1  
3 9 . 3  
2 5 . 8  
4 4 . 3  
4 3 . 5  
3 3 . 3  
4 0 . 1  
5 1 . 4  
1 8 . 4  
2 5 . 7  

11.9 
4 . 2  
3 . 4  

2 5 . 1  
3 . 3  

1 1 . 4  

- 

2 5 . 3  
2 1 . 7  
2 4 . 5  
1 7 . 7  
15.8 
2 0 . 0  
1 8 . 2  
8.3 
6 . 6  

19.6 
5 .0  
9 .8  

1 0 . 8  
1 0 . 1  
8 .3  
6 . 0  
7 . 5  
7 . 4  

1 3 . 2  
6 . 7  

- 
- 
- 
- 

7 5 . 4  
4 0 . 3  
4 1 . 2  
5 7 . 9  
3 5 . 9  
6 9 . 9  
4 5 . 3  

19.0 
4 2 . 5  
31.0 
4 9 . 2  
4 4 . 8  
5 4 . 2  
3 7 . 5  
4 8 . 2  
6 0 . 1  
4 0 . 3  
4 3 . 6  
71.2 
63.5 
39.5 
4 8 . 6  
31.2 
31.6 
1 3 . 6  
36.6 

a l u m i n a  - 

I !  

' TABLE 111. HYDROPROCESSING OF TECH-AIR PINR PYROLYSIS O I L  IN !! METHYL C Y C L O H E X A N E  SOLVENT' 

/ ,  C a t a l y s t  Type 
I ,  

*"*, "ma 

5% P d / a l u m i n a  
5% P d / c a r b o n  
5% P t / a l u m i n a  
5% P t ; / c a r b o n  
5% R h / a l u m i n a  
5% Ru/a lumina  
5% R e / a l u m i n a  
UOP Lomax 
UOP Unibon 
Rane N i  
2% PT a l u m i n a  
0.5% 6 d / a l u m i n a  
0.5% P t / a l u m i n a  
0.5% Re4alumina3  
Ni-4301 
CoMo-060S3 
HT-4!O3 
Z r O z  
s i l i c a  a l u m i n a 3  
s i l i c a t e d  gamma 

a l u m i n a 3  

! Hydrocarbon Water  Tar Gases & 
Conversion' Y i e l d 2  Residue2 Losses2 I 

x x Ij 
~ -I *" *_"* " ~ "." x x -., , I -. Y m .  

5 4 . 5  
3 7 . 4  
4 4 . 2  
19.1 
38.9 
2 4 . 9  
3 7 . 1  
3 8 . 0  
3 5 . 6  
4 0 . 1  
2 1 . 3  
53.9 
4 6 . 5  - 
- 
- 
- 
- 
- - 

8.9 
8 . 2  
5 .0  
6 . 7  

16.6 
1 2 . 4  
2 0 . 0  

5 .0  
7 . 5  

1 9 . 1  
2 . 4  
8 .9  

1 0 . 1  
5 . 0  

1 0 . 0  
4 . 8  
8 . 3  
5 . 0  

1 2 . 4  
1 . 7  

6 9 . 3  
5 0 . 2  
4 6 . 6  
6 0 . 6  
6 3 . 4  
7 4 . 0  
6 1 . 7  

3 6 . 6  
5 4 . 5  
5 0 . 8  
7 6 . 5  
4 4 . 5  
6 2 . 8  

5 7 . 0  
5 6 . 9  
4 0 . 1  
7 6 . 3  
3 7 . 2  
4 3 . 3  

4 2 . 8  

- 

/ '  2 d e f i n e d  i n  t e x t  
/ I  3 h y d r o c a r b o n  c o n v e r s i o n  v e r y  s m a l l ;  g a s e s  a n d  l o s s e s  % c o u l d  n o t  
1 1  b e  r n l r u l n t ~ d  
~~-.. . . , ._ . , .. . .......... ._ .- 
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Manufac turer  

s i z e  

Compos1 tion 

S u r f n c e  Aren 

Pore  Volume, 
Pore  S i z e ,  d 

K5 

Harshaw Hnrshaw Harshclw Strem 
78-166 HT-400 HT-500 N1-4301 

powder 1 / 1 6 "  E . 2  1 / 1 6 "  E . '  1 /16"  E . =  

5% Pt  3% coo 3 5% N i 0  6% N i ,  
i 

15% MOO; 15:5% MOO; 19% W 
I 

mZ/g 1003 
c c / g  0 . 5 2 "  0 . 4 5  0 . 4 6  0 . 3 7  

100 

i o n s  a s  d e s c r i b e d  i n  t e x t  

Heavy Nonvolatiles 

Light Nonvolatiles 

FIGURE 5 .  
Lumped K i n e t i c  Scheme 
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C H E M I C A L  A N D  S T O C H A S T I C  M O D E L I N G  O F  
L I G N I N  HYDRODEOXYGENATION 

P e t e r  M. Train a n d  Michael T. Klein 

Center  for Catalyt ic  Science a n d  Technology 
and 

D e p a r t m e n t  of Chemical Engineering 
University of Delaware 

Newark, DE 19716 

Abstract  

An a priori Monte Carlo simulation of the product spectrum resulting from the thermal and 
catalytic depolymerization of lignin has been developed. The simulation combines model com- 
pound reaction pathways and kinetics, deactivation parameters, and stochastic models of poly- 
mer diffusion into a Markov-chain based simulation of the reaction of lignin polymers. Predicted 
product class ratios of single-ring phenolics were in reasonable agreement with experimental data 
pertaining to  lignin liquefaction, especially as regards neat pyrolysis. The advantage of catalytic 
liquefaction was suggested by the increase in single-ring product yields, especially those of phenols 
and hydrocarbons, relative to pyrolysis. 

Introduct ion 

The intensity of research in the U. S. and abroad into the liquefaction of coal has largely been 
directed toward reduction of the demands on petroleum feedstocks. Both traditional fossil fuel 
feedstocks and alternative feeds are rich in sulfur and nitrogen, and removal of these heteroatoms 
has therefore been studied in detail. Oxygen removal is less well studied although large quantities 
of oxygen are found in  biomass and coals. Herein we focus attention on the former feed. 

( 

Wood comprises cellulose, hemicellulose and lignin portions, with proportions of the latter 
typically one-third by weight. The potential for upgrading lignin to useful chemicals or fuel 
additives has been demonstrated [ 5 ] .  Moreover, the structural elements of lignin are well enough 

i 
opportunity for generalization about the reactions of lignites and low-rank coals that share similar ! 
structural features. 1 

1 
understood to make i t  an attractive substrate for study. The study of lignin thus provides an 

Lignin pyrolysis is to rather low yields of useful single-ring phenolics (10-15%), and as maly 
as 33 different phenolics form, each in low yield, rather than any one in a usefully high yield 
[1,3,7,8,9,10]. Much of the original lignin weight is lost to a high molecular weight char, sug- 
gested by model compound experiments to form via a polymerization of ortho oxygen-containing 
guaiacyi moieties characteristic of lignin ill], Petrocelli 1161 has suggested that the catalytic 
hydrodeoxygenation (HDO) of lignin should reduce char formation by removing some of the gua- 
iacyl oxygen as water and thus circumventing the polymerization to char; the single-ring phenolic 
fraction is also substantially simplified as a result. 

This motivated t h e  development of a model compound based and thus predictive computer 
simulation of lignin liquefaction. This would allow scrutiny of the feasibility of various lignin 
upgrading schemes by testing various processing strategies in a quantitative link of the com- 
peting factors of reaction, diffusion, catalyst deactivation, substituent effects and multiple bond 
identities. 
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A stochastic model of depolymerization has several advantages over deterministic models. 
First, substrate heterogeneities, including substituent effects, multiple linkage types, and an un- 
usual molecular weight distribution are easily addressed in a stochastic model. Second, a Monte 
Carlo model can account for the molecular weight of each reactive moiety separately, which 
facilitates proper modeling of the diffusion and reaction in a porous catalyst. Thus, the classic 
approximation of equal reactivity need not be invoked. Finally. the processes involved in chemical 
kinetics may well be stochastic, so it seems reasonable to model them as such. 

Background and Mode l  Development 

Stochast ic  Kinetics 

The stochastic approach to chemical kinetics is well known 1141 and has been applied by 
McDermott 1131 and Squire [ 191 to model the decomposition of a simplified lignin polymer and 
coal, respectively. In one approach, the stochastic simulation of the polymer decomposition begins 
by dividing the total reaction time into small time steps of equal duration, after the passage 
of which the reactions of the polymer bonds are tested by comparing a characterisiic reaction 
probability to a random number. Reaction occurs when this transition probability is greater than 
the drawn random number. In this manner, each bond along the polymer chain is tested for 
reaction, and the procedure is repeated through time in increments of At until the desired final 
time is reached. This process is equivalent to mapping out a first-order Markov chain through 
time, as illustrated in Figure 1, where the new physical state of the system depends solely on 
the previous state of the polymer. The Monte Carlo simulation is the average result of a large 
number of Markov chains. 

The transition probabilityfor the first-order reaction of A to B follows the Poisson distribution 
and has the general form shown in Equation 1: 

(1) par, = 1 - e - - k ~ w A t  

Thus both the size of the time step and the overall rate constant dictate the likelihood of reaction. 
For the present model of the catalytic liquefaction of lignin, the appropriate k A B  for a given moiety 
included factors for diffusion limitations and catalyst age. Thus, the transition probability for 
each reactive moiety in lignin had a catalytic and thermal component, as in Equation 2: 

where rl = catalytic effectiveness factor; 8 = catalyst activity; k, = intrinsic catalytic reaction 
rate constant, I/g,q wc = catalyst bed loading, gc/l; At = reaction time step, s; ki = intrinsic 
thermal reaction rate constant, s- ' .  

Lignin S t ruc tu re  

The lignin reactant was assembled randomly. This was accomplished by transferring the 
detailed information contained in chemical models for lignin structure 14,181 into probabilities of 
substituent and bond types present on each position of an average aromatic ring as illustrated 
in Figure 2. Four ring positions were required to define a lignin ring, and two of these identified 
as P1 and P2 contained primarily oxygen-bearing substituents and linkages, whereas the other 
two identified as H1 and H2 contained hydrocarbon substituents. Coupling this substituent 
distribution information with the details of the initial distribution of lignin molecular weights 
allowed random generation of linear lignin polymers of appropriate lengths. 
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In practice, a drawn random number was placed onto the integral probability distribution of 
substituent and linkage types at each of the four ring positions. This assembly determined each 
substituent and linkage type along a lignin polymer chain whose length was determined by placing 
a drawn random number on the integral molecular weight probability distribution. Repetition 
according to the Monte Carlo technique allowed generation of an appropriate starting lignin. 

Lignin React ions 

The reaction pathways and intrinsic kinetics parameters were deduced from related model 
compound experiments reported elsewhere [6,8,11,12,13,15,16,20]. The operative reaction path- 
ways and kinetics parameters elucidated are summarized in Table 1. 

Cata lys t  Deact ivat ion 

Model compound reactions in a flow microreactor allowed observation of the decay of catalyst 
activity with time on stream. This is illustrated in Figure 3 for the reaction of 2-hydroxydiphenyl- 
methane at  2250 psig Hz, 250°C and WHSV=0.49 hr-' ;20!. Best fit models relating the observed 
activity losses to the quantity of oxygen-containing species lost (C,) to char were of the form 

(3) = ,-ac. 

and 
I a=- 

1 + Crc, (4) 

and associated deactivation parameters (a) are listed in Table 1 

Cata lys t  Effectiveness 

The parallel events of diffusion and reaction of lignin oligomers in catalyst pores were modeled 
in terms of a cata:j;si efectivenesa factor, which w z  a fiinction of oligomer mo!ecu!ai weight and 
degree of polymerization (DP) as follows: 

1 3qkoth3b - 1 

b 36 
q = -  ( 5 )  

For relatively short lignin polymers (DP <: ZOO),  Rouse's model for coiling polymers in dilute 
solutions 1171 dictated that the Thiele modulus q5 be proportional to the square-root of DP. The 
diffusion of longer polymer chains (DP > 200) was modeled using de Gennes reptation theory, 
in which diffusion is inversely proportional to the square of molecular weight 121. Under these 
conditions, and the Thiele modulus was proportional to DP. 

Integrat ion .. 

\ 

Equations 3 , 4  and 5 and the intrinsic model compound kinetics of Table 1 were integrated into 
a stochastic model of lignin depolymerization in terms of the transition probabilities of Equation 
2. The resulting simulation was capable of predicting the product spectrum resulting from the 
thermal or catalytic depolymerization of kraft and milled-wood lignin. 
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Results a n d  Discussion 

Simulations of kraft lignin pyrolysis and catalytic liquefaction were at  380 and 400°C. The 
predicted product yields from catalytic liquefaction of kraft lignin at  380"C, 2250 psig and 2.47 
gitgn,,,,'gC in a batch rractor (case 1) illustrated in Figure 4 increase with time to 0.23 and 0.17 
for single-ring products and char, respectively after 30 min. 

Figure 4 also illustrates the effects of catalyst deactivation and internal transport. Simulations 
run in which both were either included or neglected provided limiting cases. Intrinsic kinetics 
resulted in the highest yields of single-ring products and the lowest yield of char, whereas allowing 
for catalyst deactivation and diffusional limitations resulted in the lowest single-ring product yield 
and highest char yield. 

The effects of polymer diffusion and catalyst deactivation were also considered separately. 
The remaining curves of Figure 4 illustrate. The diffusional limitation was largest initially, where 
polymer molecular weight was high, as both single-ring products and char evolved at  lower rates 
initially than in the limiting case of no internal transport limitations. Moreover, inspection of 
the yields of these products after 30 min shows that transport had little effect on the ultimate 
evolution of single-ring products and char. Finally, the remaining curve in Figure 4 illustrates 
that the effect of catalyst deactivation was largest at  longer reaction times, and lower ultimate 
yields of single-ring products were accompanied by greater quantities of char. 

The more rapid catalytic liquefaction relative to thermal depolymerization is illustrated in 
Figure 5 as a plot of the number molecular weight distribution parametric in reaction time. For 
catalytic depolymerization, a 15% yield of single-ring products was realized after only 10 min at  
which time the thermal yield of single- ring products was only 4%. 

The temporal variation of monomer and char yield for pyrolysis and catalysis are illustrated 
in Figure 6 along with a measure of the selectivity to char over single-ring products. The yields 
of single-ring products were greatly increased upon reaction over a catalyst compared to thermal 
treatment alone, and char formation was decreased by roughly half. This agrees with the ex- 
perimental findings of Petrocelli 1161 and Train 1201 that single-ring product yields were roughly 
doubled compared with pyrolysis. IVoreover, the selectivity to char decreased rapidly to roughly 
0.5 with catalytic treatment compared with the steady increase predicted with pyrolysis. 

The identities of the major products in the single-ring product fraction are shown in Figure 7 as 
a plot of product yield versus reaction time. Whereas products containing two oxygen substituents 
(guaiacols and catechols) accounted for nearly half of the monomeric products evolved from 
pyrolysis, yields of these products were only 5% of the single-ring products formed by catalytic 
liquefaction. As a result, yields of both phenols and hydrocarbons increased substantially with 
catalytic treatment. 

Finally, the simulation predictions are compared with experimental kraft lignin pyrolysis [8,9] 
and catalytic liquefaction 1201 results in terms of the products of the monomer fraction in Figure 
8. The agreement between simulated and experimental kraft lignin pyrolysis at  400°C is quite 
favorable. The agreement between simulated and experimental catalytic liquefaction at  380°C is 
still qualitatively good but quantitatively poorer. 
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Conclusions 

The Monte Carlo simulation is a convenient and flexible tool for predicting the depolymer- 
ization of macromolecular substrates. Not only intrinsic kinetics but also catalyst deactivation 
and diffusional limitations can be addressed. The simulation predictions herein were in good 
qualitative agreement with experimental results, and agreement between predicted and experi- 
mental proportions of hydrocarbons, phenols, guaiacols and catechols in the monomer fraction was 
excellent. The practical significance is the prediction that removal of at least one of the oxygen- 
containing substituents from phenolic rings by catalytic HDO should reduce char formation and 
simplify the resulting phenolic product spectrum. 
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C a t a l y t i c  Bydrodeoxygenatlon and Dealkyla t ion  
of a Lignin k d e l  Compound 
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Chemical Conversion Research Branch 
Solar  Energy Research I n s t i t u t e  
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ABSTRACT 

A comparison Is presented  of  t h e  hydro t rea tment  of  4-propylguaiacol  (4PG) e x p l o r i n g  
two c a t a l y s t s :  on y-alumina and t h e  d u a l  f u n c t i o n a l i t y  MoS2/NIS on phosphated 
y-alumina a t  25Oo-4%O0C and 500 p s i g  of hydrogen. The c a t a l y s t  w i t h  a c i d i c  suppor t  
was found t o  promote s u b s t a n t i a l  d e a l k y l a t i o n  of 4PG i n t o  a number of a l k y l a t e d  
phenols  such a s  methyl- (predominant ly  meta- and para-), e thyl - ,  and methylpropyl-  
phenols. The main r e a c t i o n  p r o d u c t o n  t h e  less a c i d i c  c a t a l y s t  was 4- 
propylphenol. At 35OoC. mild deoxygenat ion t o  phenols  can be maximized, whereas 
higher temperatures  favor  t h e  formation of hydrocarbons,  a romat ic  and s a t u r a t e d .  
Higher space  v e l o c i t i e s  a l s o  f a v o r  mild deoxygenat ion t o  phenols .  These s t u d i e s  a r e  
re levant  t o  t h e  conversion of l i g n i n s  i n t o  phenol ic  compounds. Transformation o f  
phenols  i n t o  methyl a r y l  e t h e r s  produces a s u i t a b l e  g a s o l i n e  oc tane  enhancer  and 
extender .  

INTRODOCTION 

In t h e  product ion  of l i q u i d  f u e l s  from l i g n o c e l l u l o s i c  m a t e r i a l s ,  t h e  carbohydra te  
components can be conver ted  i n t o  e t h a n o l  f u e l s  i n  f e r m e n t a t i o n  processes .  However, 
t h e  l i g n i n  f r a c t i o n .  composed of phenylpropane u n i t s ,  i s  n o t  amenable t o  such a 
conversion,  bu t  can be t ransformed i n t o  phenol ic  compounds and hydrocarbons.  The 
phenol ic  f r a c t i o n ,  when conver ted  i n t o  methyl a r y l  e t h e r s ,  can be blended wi th  
gaso l ine .  toge ther  wi th  t h e  hydrocarbon ( p r i m a r i l y  t h e  a romat ics )  f r a c t i o n .  
Singerman (1) demonstrated t h a t  methyl a r y l  e t h e r s  produced from c o a l  l i q u i d s  are 
f u l l y  compatible w i t h  g a s o l i n e  t o  r e p l a c e  or supplement t h e  a romat ic  components 
(e.g.. benzene. to luene .  xy lenes) .  "be most d e s i r a b l e  phenols  f o r  convers ion  i n t o  
methyl a r y l  e t h e r s  a r e  phenol ,  c r e s o l s ,  and xylenols  because t h e  r e s u l t a n t  e t h e r s  
have high oc tane  nunbers  and t h e i r  b o i l i n g  p o i n t s  f a l l  w i t h i n  t h e  range  of 
gaso l ine .  We a r e  i n v e s t i g a t i n g  t h e  convers ion  of l i g n i n s  i n t o  phenols  and 
hydrocarbons (2)  by m i l d  hydrodeoxygenat ion (HDO) r o u t e s .  

The approach taken i s  based on c o a l  and petroleum h y d r o t r e a t i n g  p r o c e s s e s  a s  w e l l  as 
e a r l y  work i n  t h e  f i e l d  of hydrodeoxygenat ion (HDO) o f  l i g n i n s  ( r e f s .  3-7). t h a t  h a s  
r e c e n t l y  been reviewed (8). MoS2 on y-alumina c a t a l y s t  was cons idered  t h e  b e s t  f o r  
t h e  hydrocracking s t a g e  of t h e  Hydrocarbon Research  I n s t i t u t e ' s  L ignol  Process  (9) ,  
i n  which h y d r o t r e a t i n g  was  fol lowed by thermal  d e a l k y l a t i o n  f o r  t h e  product ion  of 
phenol and benzene. An o p t i m a l  c a t a l y s t  f o r  t h e  convers ion  of l i g n i n s  i n t o  phenols  
would possess  the  fo l lowing  c h a r a c t e r i s t i c s :  high convers ion  a t  modest tempera tures  
t o  minimize char  format ion  from l i g n i n ,  h i g h  s e l e c t i v i t y  t o  phenols  t o  prevent  
higher hydrogen consumption t h a t  accompanies hydrocarbon formation.  d e a l k y l a t i o n  
c a p a b i l i t y  f o r  s i d e  cha in  removal or rearrangement ,  t o l e r a n c e  t o  water  format ion ,  
d u r a b i l i t y ,  and reasonable  c o s t .  

In order  t o  s e l e c t  t h e  b e s t  c a t a l y s t s ,  wel l -def ined l i g n i n  model compounds (e.g., 
4-propylguaiacol, or 2-methoxy,4-propylphenol) c o n t a i n i n g  r e p r e s e n t a t i v e  f u n c t i o n -  
a l i t i e s  have been employed. The aim i s  two-fold: mi ld  deoxygenat ion i n t o  4- 
propylphenol and p a r t i a l  d e a l k y l a t i o n  i n t o  methyl-, and e thyl -phenols .  A commercial 
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c a t a l y s t  and a cus tom-synthes ized  he terogeneous  c a t a l y s t  (10) have been screened f o r  
t h e i r  HM) and d e a l k y l a t i o n  a c t i v i t i e s .  The r e s u l t s  r epor t ed  he re  a r e  p re l imina ry  
bu t  i l l u s t r a t e  t he  u t i l i t y  of b i - f u n c t i o n a l  HDO c a t a l y s t s  i n  l ignin-model compound 
hyd rodeoxygenation. 

EXPERMENTAL 

Equipment. A t r i ck le -bed  r e a c t o r  was cons t ruc t ed  from 1/2-in.  OD 316 s t a i n l e s s  
steel  (SS) tub ing  wi th  a 0.035-in. wa l l  t h i c k n e s s  and Swagelok tube  f i t t i n g s .  The 
c a t a l y s t  bed was suppor t ed  by a 90 micron SS f r i t  which i n  turn was suppor ted  by a 
1/16-in. K type  thermocouple.  The thermocouple e n t e r e d  t h e  r e a c t o r  from t h e  bottom 
through a Tee f i t t i n g  ( s e e  Fig.  1). The r e a c t o r  was suspended v e r t i c a l l y  i n  a 
Lindberg oven (Model 55035). The o u t l e t  l i n e s  were hea t  taped and nominally 
main ta ined  a t  16OoC between t h e  r e a c t o r  and t h e  high-pressure condenser.  The 
condenser was cons t ruc t ed  from a Whitey 150 mL SS sample cy l inde r  to which copper 
tub ing  w a s  s i l v e r  so ldered .  During ope ra t ion ,  t h e  condenser was maintained a t  
-5OC. The p res su re  letdown va lve  was a Whitey SS-22RS-4. A second condenser made 
from a 3-02 F i she r -Por t e r  b o t t l e  was i n s t a l l e d  downstream of t h e  letdown va lve  and 
was immersed i n  a Dewar f i l l e d  wi th  i sop ropano l /d ry  ice. Ihe  rest of  the  g a s  
hand l ing  t r a i n  c o n s i s t e d  of a gas  sampling p o r t ,  Matheson ro t ame te r s  f o r  flow 
measurement, and a heavy wal led  f l a s k  con ta in ing  s a t u r a t e d  KOH f o r  sc rubbing  H2S 
be fo re  ven t ing  to t h e  exhaus t  system. The p a r a l l e l  g a s  t r a i n  which s p l i t s  a t  the  
three-way b a l l  v a l v e ,  upstream of t h e  letdown v a l v e ,  allowed cont inuous  ope ra t ion  
du r ing  l i q u i d  sampl ing  f r o m  t h e  condenser  (Fig. 1). The feed mixture  was in j ec t ed  
i n t o  t h e  r e a c t o r  by a c a l i b r a t e d  I sco  model LC-5000 high-pressure  sy r inge  pump. 
Hydrogen w a s  s u p p l i e d  from a h igh -p res su re  c y l i n d e r  w i t h  a r egu la to r .  

The t r ick le-bed  r e a c t o r  c u r r e n t l y  i n  use  has  been modi f ied  t o  improve mass ba lance  
and ensured adequa te  c a t a l y s t  p a r t i c l e  we t t ing  and minimized l i q u i d  channeling. 
Thicker wa l l  t ub ing  has been employed in t h e  r e a c t o r ,  and VCR g lands  were welded t o  
b o t h  ends ,  adapted t o  a p ipe  threaded  Conax f i t t i n g  a t  the  , t o p  and a 1 /2  in.  t o  
1 /4  i n .  Swagelok r educe r  a t  t h e  bottom. M r e c t l y  below the  r e a c t o r  i s  a high- 
p r e s s u r e  condenser cons t ruc t ed  from a Whitey SS sample cy l inde r  of 150 mL volume. 
During o p e r a t i o n  t h e  condenser i s  main ta ined  a t  -5OC. 

Mate r i a l s .  The c a t a l y s t s  used inc lude  El0O3/y-Al2O3 supp l i ed  by Strem Chemicals 
(142-1500). The M o o j  con ten t  was 10%-12%. and t h e  s u r f a c e  a r e a  was 64 d / g  in t h e  
form of 3/16 in. x 1/8  in. p e l l e t s .  'he p e l l e t s  were ground w i t h  a mor ta r  and 
p e s t l e  and s ieved  to 20-14 mesh be fo re  loading  i n t o  t h e  r e a c t o r .  NIO/MoO3 on 
phosphor ic  a c i d  co -p rec ip i t a t ed  y-alumina was supp l i ed  by M. Maholland and S. Cowley 
a t  the Colorado School of Mines. lheir  d e t a i l e d  p repa ra t ion  and p r o p e r t i e s  a r e  
desc r ibed  e l sewhere  (10). The N i  and Mo c o n t e n t s  of  t h e  c a t a l y s t  were 3f and 11.7%. 
r e s p e c t i v e l y .  The P:Al a tomic  r a t i o  was 0.5. s u r f a c e  a r e a  w a s  8.2 m /g. and t h e  
average  pore  d i ame te r  was 210 A .  The c a t a l y s t s  were p resu l f ided  i n - s i t u  by 
i n j e c t i n g  a s o l u t i o n  of 5 v o l  % methy ld i su l f ide  i n  hexane i n  t h e  presence  of 
hydrogen a t  100 ps ig .  The l i q u i d  and g a s  flow r a t e s  were c a l i b r a t e d  to maintain 
approximate ly  10 v o l  % H2S i n  hydrogen. The p r e s u l f i d i n g  was performed a t  200°C f o r  
two hours then  4OO0C f o r  and a d d i t i o n a l  two hours.  

Research grade hydrogen (99.999%) was used a s  supp l i ed .  4PG was used without 
f u r t h e r  p u r i f i c a t i o n  a s  s u p p l i e d  by F r i n t o n  Labora to r i e s  (111035). h e  feed  mixture 
was 75  Vol % 4PG in r e s e a r c h  g rade  hexanes wi th  0.25 v o l  X methy ld i su l f ide  (Aldr ich  
115,031-2) t o  ma in ta in  c a t a l y s t  s u l f i d a t i o n .  Burdick and Jackson  UI1-grade 
a c e t o n i t r i l e  w a s  used a s  supp l i ed  to d i l u t e  t h e  l i q u i d  samples p r i o r  to a n a l y s i s .  
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Analysis .  l h e  l i q u i d  samples ( g e n e r a l l y  0.75-1 g) were d i l u t e d  to 100 mL i n  
a c e t o n i t r i l e .  

Water Determinat ion:  
The d i l u t e d  samples were mixed 1:l w i t h  a n  i n t e r n a l  s tandard  s o l u t i o n  of a b s o l u t e  
methanol i n  a c e t o n i t r i l e .  The s e p a r a t i o n  and q u a n t i t a t i o n  of water  was performed 
on a Var ian  3700 g a s  chromatograph equipped w i t h  an  autosampler .  i n t e g r a t o r ,  and a 
g l a s s  column 6 f t  x 0.2 w I D  packed wi th  Porapak QS. The c a r r i e r  gas  was high- 
p u r i t y  he l iun .  

Hydrocarbons and Phenol ics  Determinat ion:  
The i n d i v i d u a l  r e a c t i o n  products  were i d e n t i f i e d  on a Hewlet t  Packard Model 5985 
GCIMS. Each i d e n t i f i c a t i o n  was checked by s e a r c h  and comparison w i t h  computer 
l i b r a r y  s p e c t r a  and by comparison w i t h  mass s p e c t r a  genera ted  from known s t a n d a r d s  
f o r  most of t h e  compounds. The components were a l s o  i d e n t i f i e d  by t h e i r  r e t e n t i o n  
t imes and were q u a n t i f i e d  on t h e  Varian 3700 us ing  a Supelco SPB5 wide bore 
c a p i l l a r y  column, 30 rn x 0.75 m I D ,  1-!J f i l m .  "he column tempera ture  w a s  
programmed s t a r t i n g  a t  4OoC, held  f o r  tm minutes  t h e n  i n c r e a s e d  a t  a r a t e  of 
3 degreeslminute  t o  280°C. l h e  i n j e c t o r  and f lame i o n i z a t i o n  d e t e c t o r  
tempera tures  were 22OoC and 28OoC. r e s p e c t i v e l y .  k l i m  c a r r i e r  gas  v a s  used a t  
12 mL/min. 

Gas Analysis:  
Gas samples were analyzed on a C a r l e  Model l l l H  gas  chromatograph equipped with 
two thermal  c o n d u c t i v i t y  d e t e c t o r s ,  one f o r  H2 and t h e  o t h e r  f o r  l i g h t  
hydrocarbons. A f t e r  sample i n j e c t i o n ,  hydrogen was s e p a r a t e d  by a Pd d i f f u s i o n  
tube a t  6OO0C and then  a 5 f t  x 1 /8  in .  Porapak Q (801100) column us ing  N2 a s  t h e  
c a r r i e r  gas.  Tne remaining gases  were s e p a r a t e d  on a s e r i e s  of t h r e e  columns: 
(1) 6 ft x l / 8  i n .  Molecular Sieves,  (2) 2.5 f t  x 1/8 in .  Squalane,  and 
(3) 12 ft x 1/8 in.  n-octane P o r a c i l  C u s i n g  He as t h e  c a r r i e r  gas .  Tne columns 
were accessed s e q u e n t i a l l y  by au tomat ic  v a l v e s  which a r e  c o n t r o l l e d  by a Hewlet t  
Packard 3388A i n t e g r a t o r .  

Operat ing Procedure.  Tne r e a c t o r  was opera ted  i n  t h e  i n t e g r a l  mode f o r  c a t a l y s t  
screening.  The r e a c t o r  was loaded w i t h  1-1.5 g of c a t a l y s t  which was p r e s u l f i d e d  as 
descr ibed  above. A t y p i c a l  experiment  was performed as fo l lows .  The c h i l l e d  water  
c i r c u l a t o r ,  oven, and h e a t i n g  t a p e  were switched 'on and s e t  t o  t h e  d e s i r e d  
temperatures .  ' h e  hydrogen p r e s s u r e  r e g u l a t o r  was used to p r e s s u r i z e  t h e  system to 
500 psig.  The s y r i n g e  pump was loaded w i t h  t h e  f e e d  mixture  and c a l i b r a t e d  to t h e  
d e s i r e d  f low r a t e .  Once a l l  t h e  tempera tures  had s t a b i l i z e d ,  t h e  s y r i n g e  pump was 
switched t o  i n j e c t  t h e  feed  into t h e  r e a c t o r  and t h e  hydrogen f low r a t e  a d j u s t e d  
w i t h  t h e  letdown v a l v e  to g i v e  t h e  d e s i r e d  ra te  of 900 mL H /mL 4PG ( e q u i v a l e n t  to a 
t y p i c a l  petroleum h y d r o t r e a t i n g  r a t e  of 5000 SCF/bbl). b e  system was allowed to 
e q u i l i b r a t e  f o r  one hour b e f o r e  sampling began. Liquid  samples were obta ined  by 
switching t o  t h e  p a r a l l e l  g a s  t r a i n ,  thereby  i s o l a t i n g  t h e  condenser  which w a s  then 
depressur ized .  Samples were removed wi th  a s y r i n g e  through a septlnn a t  t h e  bottom 
of the  condenser. One gas  sample was obta ined  toward t h e  end of each run by 
swi tch ing  to t h e  p a r a l l e l  g a s  t r a i n ,  a t t a c h i n g  an evacuated SS sample c y l i n d e r  to 
the  sampling port ,  and opening t h e  letdown v a l v e  s l i g h t l y  t o  f i l l  t h e  c y l i n d e r .  

&sults and Discussion 

4 - ~ r o p y l g u a i a c o l  h a s  been h y d r o t r e a t e d  under  a v a r i e t y  of c o n d i t i o n s  using b S 2 /  
y-fiZO3 and NiS-MoS2/P:y-A1203 c a t a l y s t s  i n  t h e  tempera ture  range of 250-45Ooc, a t  
tw molar hourly space  v e l o c i t i e s  (MHSV 0.007 and 0.017 moles 4 p G / ~  cat.*h which 
correspond to WHSV = 1.17 and 2.82 g 4PG/g cat.*h, r e s p e c t i v e l y ) .  Based on e a r l y  
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exper iments  t o  de te rmine  t h e  e f f e c t  of hydrogen p r e s s u r e  on t h e  r e a c t i o n .  we found 
t h a t  d e c r e a s i n g  the p r e s s u r e  from 1000 p s i g  t o  500 p s i g  i n c r e a s e d  t h e  s e l e c t i v i t y  of 
propylphenol  format ion  89% w i t h  no s i g n i f i c a n t  e f f e c t  on t h e  o v e r a l l  conversion 
us ing  the  Nos2 c a t a l y s t .  Therefore ,  a l l  exper iments  r e p o r t e d  h e r e  were performed a t  
500 ps ig .  

The major p h e n o l i c  product  from t h e  MoS2/y-A1203 c a t a l y s t  was 4-propylphenol having 
a maximm s e l e c t i v i t y  of 47% a t  35OoC and MHSV = 0.007 (see Table 1). A t  h i g h e r  
tempera tures ,  hsdrocarbon products  such  as propylbenzene,  methylpropylbenzenes and 
propylcyclohexane a r e  predominant. No r e a c t i o n  c o n d i t i o n s  s t u d i e d  so f a r  w i t h  t h i s  
c a t a l y s t  have  g i v e n  s i g n i f i c a n t  y i e l d s  of d e a l k y l a t e d  products .  lhis r e s u l t  is not  
s u r p r i s i n g  g iven  t h a t  y-A1203 is not  a v e r y  a c i d i c  suppor t .  

T a b l e  1. S e l e c t i v i t i e s  of Icajor Products an IbSz/y-Alz03 

Temp. Conversion Propylphenols  Propylbenzenes Propylcyclohexane 
(OC) ( 4 ; )  (%) ( %) ( %) 

2 50 38 7.3 
3 00 36 35.7 
3 50 82 48.5 
4 00 95 11.1 
4 50 99 5.9 

2.9 
8.7 
8.5 

14.6 
25.5 

0 
0 
1.3 
4.0 
5.5 

All r e a c t i o n s  run a t  500 p s i g ,  MHSV = 0.007 moles 4PG/g cat.*h. Conversion = (moles 
4PGin - moles 4PGOut)lmoles 4PGin * 100. S e l e c t i v i t y  = moles product lmoles  4PG 
conver ted  * 100. 

The product  s la te  o b t a i n e d  from 4PG on t h e  MS-MoS2/P:y-Al2O3 c a t a l y s t  is notably  
d i f f e r e n t  from t h a t  of t h e  MoS2/y-A1203 c a t a l y s t .  4-Propylphenol remained t h e  major 
product  up t o  35OoC; however, s i g n i f i c a n t  d e a l k y l a t i o n  t o  phenol, c r e s o l s ,  and 
echylphenois  occur red  ( s e e  Table 2). F igures  2 and 3 compare t h e  s e i e c t i v i t i e s  of 
d e a l k y l a t e d  p h e n o l i c s  from t h e  twu c a t a l y s t s  used. l h e  more a c i d i c  c a t a l y s t  suppor t  
gave h igher  y i e l d s  of d e a l k y l a t e d  phenols  a t  3OO0C t h a n  t h e  n e u t r a l  suppor t  d i d  a t  
45OoC (6% VS. 3.5%. compare exper iments  11 and 16 in Figures  3 and 2, 
r e s p e c t i v e l y ) .  This s e l e c t i v i t y  toward d e a l k y l a t e d  phenols  increased  by a f a c t o r  of 
5 a t  35OoC (compare exper iments  15 and 16).  I n t e r e s t i n g l y ,  GC/MS d a t a  sugges ts  t h a t  
t h e  major c r e s o l s  formed are meta- and p a r a - c r e s o l  having a s e l e c t i v i t y  as h i g h  a s  
15.5% a t  T = 400'-450°C and MHSV = 0.017 moles 4PGlg cat.*h. Again. a t  h igher  
tempera tures  t h e  y i e l d s  of phenols  d e c r e a s e  a t  t h e  expense of hydrocarbon 
product ion.  'his product  s h i f t  c a n  be o f f s e t  by i n c r e a s i n g  t h e  s p a c e  v e l o c i t y  as 
demonstrated i n  F i g u r e  4. At 45OoC and MHSV = 0.017, t h e  s e l e c t i v i t y  t o  phenols  is 
about  4 t i m e s  the s e l e c t i v i t y  a t  MHSV = 0.007 (compare experiments  19 and 20 in 
Figure  4). 

The g a s  a n a l y s e s  from t h e  NS/MoS2 on phosphated y-alumina ca ta lyzed  r e a c t i o n s  
suppor t  t h e  ev idence  from t h e  l i q u i d  a n a l y s e s  t h a t  t h e  more a c i d i c  c a t a l y s t  
i n c r e a s e s  s i d e  c h a i n  c racking .  At 4OO0C only  0.2 mole % of propane was d e t e c t e d  in 
t h e  gas from the Mo/y-A1203 c a t a l y s t ,  whereas using t h e  more a c i d i c  c a t a l y s t  
s u p p o r t ,  0.5 mole % of propane was formed p lus  from 0.1 t o  0.5 mole % propene 
depending on t h e  r e a c t i o n  tempera ture  and s p a c e  v e l o c i t y .  Water format ion  increased  
w i t h  i n c r e a s i n g  r e a c t i o n  tempera ture  and fol lowed t h e  d e c r e a s e  i n  phenols 
s e l e c t i v i t y  above 35OoC because  of hydrocarbon formation.  
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Table 2. S e l e c t i v i t i e s  of Major Products on HIS+oS2/P:y-Al2O3 

Temp. Conversion Propylphenols  E t  hylphenols  C r e s o l s  Phenol  
(OC) ( X )  (XI ( X )  ( X )  (XI 

3 00 53 32.2 1.8 4 .O 0 
3 50 63 48.1 9.8 16.2 4.4 
4 00 96 4.4 5.6 13.3 7 .O 
450 100 0.7 1.7 4.4 4 . 4  

A l l  r e a c t i o n s  run a t  500 ps ig .  MHSV = 0.007,moles 4PG/g cat.*h. Conversion and 
s e l e c t i v i t y  as d e f i n e d  in Table 1 .  

The r e s u l t s  r e p o r t e d  here ,  whi le  pre l iminary ,  demonstrate  t h e  d i r e c t i o n  o f  our 
r e s e a r c h  e f f o r t s  t o  t e s t  s y s t e m a t i c a l l y .  w e l l  c h a r a c t e r i z e d  c a t a l y s t s  and develop ,  
w i t h  r e s e a r c h e r s  a t  t h e  Colorado School  of Mines, b i - f u n c t i o n a l  c a t a l y s t s  f o r  l i g n i n  
hydro t rea t ing .  The d a t a  show t h a t  i n c r e a s i n g  t h e  a c i d i t y  o f  t h e  c a t a l y s t  s u p p o r t  
s i g n i f i c a n t l y  i n c r e a s e s  che s e l e c t i v i t y  co d e a l k y l a t e d  products .  A d d i t i o n a l  
c a t a l y s t s  with c o n t r o l l e d  a c i d i t y  a r e  under i n v e s t i g a t i o n  t o  confirm t h e  product  
t r e n d s  d e s c r i b e d  above. Complementing t h e  model compound s t u d y ,  l i g n i n  
i n v e s t i g a t i o n s  us ing  a 300 mL s t i r r e d  Autoclave Engineers  h igh-pressure  r e a c t i o n  
v e s s e l ,  opera ted  in t h e  semicont inuous mode a r e  underway (11 ) .  

A C K N C U L E ~ N T S  - This work I s  supported by t h e  Biofue ls  and Municipal Waste 
Technology Divis ion  of t h e  U.S. &paranent  of Fnergy under  t h e  Biochemical 
Conversion1 Alcohol. Fuels program (FTP 61 6). The a u t h o r s  acknowledge prof  i t a b l e  
d i s c u s s i o n s  w i t h  P r o f e s s o r  S. Cowley and Mr. M. Maholland, as w e l l  as the  
p r e p a r a t i o n  and c h a r a c t e r i z a t i o n  of t h e  d u a l  f u n c t i o n a l i t y  c a t a l y s t  employed in t h i s  
work. 
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CATALYTIC HYDROTREATING OF BIOMASS-DERIVED OILS 

Eddie G. Baker and Douglas C. E l l i o t t  

P a c i f i c  Northwest Laboratory(a) 
Richland, WA 99352 

INTRODUCTION 

P a c i f i c  Northwest Laboratory (PNL) I s  i n v e s t i g a t i n g  the  c a t a l y t i c  upgrading o f  
biomass-derived o i l s  t o  l i q u i d  hydrocarbon fue l s .  Tests have been conducted i n  a 1- 
l i t e r ,  continuous feed, f ixed-bed c a t a l y t i c  reac to r  a t  250-450°C and 2,000 psig.  
This i s  envisioned as the second stage i n  a two-stage process t o  produce hydrocarbon 
fue l s  from biomass. Given t h a t  biomass can be converted t o  a l i q u i d  product, wide ly  
repor ted as phenol ic  (1-4), then oxygen removal and molecular weight reduc t i on  are 
necessary t o  produce usable hydrocarbon fue ls .  
d i f f e r s  from processing petroleum f r a c t i o n s  o r  coal l i q u i d s  because o f  t he  impor- 
tance o f  deoxygenation. 
1 i t e r a t u r e  (5-9). 

Upgrading biomass de r i ved  o i l s  

This t o p i c  has received on ly  l i m i t e d  a t t e n t i o n  i n  the  

HYDROTREATING BIOMASS-DERIVED OILS 

Two types o f  biomass-derived o i l s  have been s tud ied  a t  PNL. The f i r s t  t y p e  o f  
o i l  i s  produced by h igh  pressure l i q u e f a c t i o n  a t  r e l a t i v e l y  long residence t imes. 
O i l s  i d e n t i f i e d  as TR7 and TR12 i n  Table 1 were produced by t h i s  type o f  process a t  
the A1 bany, Oregon Biomass L ique fac t i on  Experimental F a c i l i t y .  These h i g h l y  viscous 
o i l s  cons i s t  p r i m a r i l y  o f  subs t i t u ted  phenols and naphthols. The o t h e r  type o f  o i l  
i s  produced by low pressure f l a s h  p y r o l y s i s  a t  somewhat h igher  temperature and very 
shor t  residence times. These o i l s  are h i g h l y  oxygenated and conta in  a l a r g e  f r a c -  
t i o n  o f  d isso lved water. Because o f  t he  so lub le  water these have a much lower 
v i scos i t y .  The f l a s h  p y r o l y s i s  o i l  produced a t  Georgia Tech i s  t y p i c a l  o f  t h i s  type 
of o i l .  The f o u r t h  o i l  shown i n  Table 1 was made a t  ?NL by p r e t r e a t i n g  t h e  Georgia 
Tech p y r o l y s i s  o i l  t o  produce an o i l  more s i m i l a r  t o  the  h igh pressure o i l s .  
of t he  p re t rea t i ng  s tep are g iven by E l l i o t t  and Baker (10). 

produce l i q u i d  hydrocarbon f u e l s  from biomass-derived o i l s .  The three compounds, 2- 
methyl -2-cyclopentene-one, 4-methyl guaiacol, and naphthol are t y p i c a l  components o f  
biomass-derived o i l s .  The s i n g l e  r i n g  compounds are upgraded p r i m a r i l y  by deoxyge- 
nat ion.  Hydrogenation o f  the aromatic s t r u c t u r e  i s  n o t  des i rab le  i f  h igh  octane 
gasol ine i s  the intended product, b u t  It may be necessary as p a r t  o f  t he  pathway t o  
crack ing m u l t i p l e  r i n g  compounds. 
t i c u l a r  s u l f i d e d  CoMo t o  be the most e f f e c t i v e  c a t a l y s t s  f o r  t h i s  combination o f  
react ions (6). 
t e r i z e d  and the reac t i on  mechanism f o r  upgrading i s  unknown. 
support (such as a z e o l i t e )  compared t o  alumina may be b e n e f i c i a l  f o r  upgrading the 
h igh molecular weight f rac t i on .  

De ta i l s  

I 

Figure 1 shows some model reac t i ons  t h a t  are t y p i c a l  o f  what i s  requ i red  t o  

Previous s tud ies showed CoMo, NiMo and i n  par-  

The heavy f r a c t i o n  o f  biomass-derived o i l s  i s  no t  as w e l l  charac- 
Use o f  an a c i d i c  

(a) Operated f o r  the U.S. Department o f  Energy by B a t t e l l e  Memorial I n s t i t u t e  
under Contract DE-AC06-76RLO 1830. 
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TABLE 1. Feedstock O i l s  f o r  Hydrotreating Tes ts  

Treated 
Georgia Tech Georgia Tech 

TR7 TR12 Pyro1y;is Oil Pyro l i s i s  Oil 
As Fed Dry As Fed Dry As Fe Dry As Fe Dry 

Elemental Analysis, w t  % 

Carbon 74.8 77.5 72.6 76.5 39.5 55.8 61.6 71.6 
Hydrogen 8.0 7.9 8.0 7.8 7.5 6.1 7.6 7.1 
Oxygen 16.6 14.1 16.3 12.5 52.6 37.9 30.8 21.1 

Ash 0.5 0.5 3.0 3.0 0.2 0.3 0.0 0.0 
Moisture 3.5 0.0 5.1 0.0 29.0 0.0 14.1 0.0 

Nitrogen < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 

Density, g/ml @ 55OC 1.10 -- 1.09 -- 1.23 -- 1. 14(a) 
Viscosi ty ,  cps, @ 6OoC 3,000 -- 17,000 -- &) -- 14,200 
Carbon Residue, wt%(b) 13.5 13.9 26.9 28.3 -- 27-31(') _ _  
a )  a t  2o0c 
b) TGA simulated Conradson carbon, see reference 12 
c) Viscosi ty  and carbon residue were measured f o r  o ther  s i m i l a r  pyrolysis  o i l s  

EXPERIMENTAL 

The reac tor  system used f o r  this study i s  a nominal 1 - l i t e r ,  continuous feed, 
fixed-bed r e a c t o r  operated i n  an upflow mode. 
viously ( 1 0 , l l ) .  
i i n e  of the r e a c t o r  w i t h  coke-like mater ia l  and tests i n  t h i s  mode were discontinued. 
The o i l  feedstock,  preheated t o  4O-8O0C, i s  pumped by a high-pressure metering pump. 
Hydrogen from a high-pressure cy l inder  is  metered through a high-pressure rotameter 
i n t o  the o i l  feed l ine p r i o r  t o  enter ing the reac tor  vessel .  The reac tor  i s  7.5 cm 
I.D. by 25 cm and holds approximately 900 ml of c a t a l y s t .  

A two phase flow pa t te rn  exists i n  t h e  reactor .  Gas and v o l a t i l e  products move 
through the r e a c t o r  q u i t e  rapidly.  Unconverted, non-volat i le  mater ia l  does not leave 
the reac tor  u n t i l  i t  reaches the top of t h e  l i q u i d  level  and overflows i n t o  the pro- 
duct l ine .  Pressure i n  the system is maintained by a Grove back-pressure regulator .  
Liquid product is recovered i n  a condenser/separator and the of fgas  is metered and 
analyzed before  i t  is  vented. 

Catalysts  used i n  t h e  most recent hydrotreat ing tests a r e  shown i n  Table 2. 
Harshaw c a t a l y s t s  a r e  conventional extruded CoMo and NiMo hydrotreat ing ca ta lys t s .  
The Haldor Topsoe c a t a l y s t s  a r e  a composite system using low a c t i v i t y  r ings i n  t h e  
bottom of t h e  bed t o  prevent plugging from carbon and metals, and high a c t i v i t y  
extrudates  i n  the t o p  of the  bed. 
incorporat ing a z e o l i t e  i n  the  base t o  provide more a c i d i t y  and promote cracking 
react ions.  

I t  has been described i n  d e t a i l  pre- 
Operation i n  t h e  downflow mode ( t r ickle-bed)  plugged the  o u t l e t  

The 

The l a s t  two c a t a l y s t s  a r e  spec ia l ty  c a t a l y s t s  
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TABLE 2. Cata lysts  Used for Hydrot reat ing Tests 

PNL/ 
Suppl ier  Harshaw Harshaw Haldor Topsoe(b) Union Carbide Amoco 
Cata lyst  I D  HT-400 HT-500 TK-710 TK-750 TK-770 CoMo/Y NiMo/Y 

Ac t i ve  3% COO 3.5% NiO 2% COO 2.3% COO 3.4% COO 3.5% COO 3.5% N i O  
metals, 15% Moo3 15.5% Moo3 6% Moo3 10% Moo3 14% Moo3 13.9% Moo3 18% MOO 
w t %  2.5% P&j 

Support A1203 A1203 A1203 A1203 A1203 Y-zeol i te /  Y-zeol i te /  
2'3 2'3 

Form(a) 1 /8 - i n  E 1 /8- in  E 3/16-in R 3/16-in R 1/16-in E 1 /16- in  E 1/16-in E 

a) E - Extrudate, R- Rings, s i z e  given i s  O.D. 
b) A l l  t h ree  c a t a l y s t s  used i n  a layered bed 

RESULTS AND DISCUSSION 

The f o l l o w i n g  d iscuss ion deals  p r i m a r i l y  w i t h  recent t e s t s  w i t h  TR12 o i l  and CoMo 
Results o f  previous t e s t s  w i t h  o the r  o i l s  and c a t a l y s t s  w i l l  be summarized ca ta l ys ts .  

as they r e l a t e  t o  the most recent e f f o r t s .  

Tests w i t h  Cobalt-Moly Cata lysts  

f i d e d  CoMo cata lysts .  Table 3 shows r e s u l t s  obtained w i t h  the TR12 o i l  and the  Haldor 
Topsoe composite c a t a l y s t  system a t  about 4OOoC, 2,000 p s i g  and th ree  d i f f e r e n t  space 
v e l o c i t i e s .  Typ ica l l y ,  t he  l i q u i d  product y i e l d  from the TR12 o i l  i s  about 0.9 1/1 o f  
o i l  fed. 
one - th i rd  h igh  q u a l i t y  aromatic gasol ine (C A t  even lower  space v e l o c i t i e s  
(-0.05) a l i q u i d  product con ta in ing  about 68%-gasoline and almost no oxygen can be 
produced. A t  h igher  space v e l o c i t i e s  (up t o  0.44) deoxygenation i s  s t i l l  good, near ly  

Most o f  t he  t e s t  work has been done w i t h  the  TR12 and TR7 o i l s  and var ious s u l -  

A t  t h e  low space v e l o c i t y  (0.11) the o i l  i s  96% deoxygenated and i s  about 
225'C). 

TABLE 3. Results o f  Hydrot reat ing TR12 O i l  w i t h  Haldor Topsoe Composite Cata lyst  

Run No. 

Temperature, 'C 
Pressure, p s i g  
Space Veloc i ty ,  LHSV, hr-' 

HT-34 HT-34 HT-34 

397 395 403 
2,020 2,015 2,030 
.ll .30 .44 

Hydrogen Consumption, 1/1 o i l  f ed  548 296 212 
Product Y ie ld ,  1/1 o i l  f e d  .92 .08 .94 
Deoxygenati on, W t %  96 07 79 

Product Inspect ions 

Oxygen, w t %  
H/C r a t i o ,  mole/mole 
Density, kg / l  
Y ie ld  C5 - 225'C, LV% 

0.8 2.5 3.8 
1.5 1.3 1.3 
0.91 1.0 1.03 
37 24 11 
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8096, b u t  hydrogen consumption decreases 50% o r  more r e s u l t i n g  i n  a lower H/C r a t i o ,  
h igher  densi ty,  and lower gaso l ine  y ie ld .  The theo re t i ca l  hydrogen requirement t o  
deoxygenate TR12 i s  about 200 1/1 o f  o i l .  This i nd i ca tes  t h a t  a t  t he  low space 
v e l o c i t y  350 1 H /1 o i l  i s  be ing  used f o r  hydrogenation, hydrocracking and o ther  
react ions.  A t  t 2 e  h ighes t  space v e l o c i t y  on l y  about 50 1 H2/1 o i l  i s  being used by 
these o the r  reac t ions .  

Table 4 shows r e s u l t s  from hydro t rea t ing  TR7 w i t h  Harshaw CoMo/Al 0 ca ta lys t .  
Tests w i t h  the  Harshaw c a t a l y s t  and TR12 o i l  were s i m i l a r  t o  those w i t {  $he Haldor 
Topsoe composite c a t a l y s t  i n d i c a t i n g  the  d i f fe rences  between Tables 3 and 4 are due 
p r i m a r i l y  t o  t h e  o i l .  A t  s i m i l a r  processing condi t ions,  t he  products from TR7 are 
h igher  q u a l i t y  than those obtained from TR12. Analysis o f  TR7 and TR12 o i l s  ind ica tes  
TR7 i s pr imar i  l y  s ing le  r i n g  phenol i c s  which when deoxygenated become gaso l ine  bo i  1 i ng 
range aromatics. 
add i t i ona l  c rack ing  and hydrogenation t o  produce l i g h t  d i s t i l l a t e s .  

a t  cond i t ions  s i m i l a r  t o  those used w i t h  TR7 and TR12 t h e  runs had t o  be terminated 
due t o  severe cok ing  i n  the  bed. 
prevent coking. 
shown i n  Table 1 under the  heading o f  t rea ted  Georgia Tech p y r o l y s i s  o i l .  This o i l  
was f u r t h e r  hydro t rea ted  a t  350'C and 2,000 p s i g  w i t h  a s u l f i d e d  CoMo c a t a l y s t  and the  
r e s u l t s  were s i m i l a r  t o  those obtained w i t h  TR7 and TR12. This i s  t he  bas i s  f o r  a 
proposed two stage upgrading process f o r  biomass p y r o l y s i s  o i l s  (10). 

biomass-derived o i l s .  
product q u a l i t y  improves somewhat compared t o  400'C bu t  the  y i e l d  i s  reduced due t o  
increased gas produc t ion .  

The TR12 o i l  i s  p r i m a r i l y  double r i n g  phenol ics which requ i re  

When the  Georgia Tech py ro l ys i s  o i l  was hydrotreated w i t h  a s u l f i d e d  CoMo ca ta l ys t  

The temperature had t o  be reduced t o  250'-270°C t o  
The p roper t i es  o f  the o i l  produced a t  these low temperatures are 

Resul ts t o  d a t e  i n d i c a t e  400'C i s  about the  optimum temperature f o r  hydro t rea t ing  
A t  35OoC a much poorer q u a l i t y  o i l  i s  produced. A t  45OoC the  

TABLE 4. Resul ts o f  Hydro t rea t ing  TR7 O i l  w i t h  Harshaw CoMo/A1203* 

Fun. No. HT-I5 HT-14 HT-14 

Temperature, O C  398 394 389 
Pressure, p s i g  2,003 2,021 2,026 
Space Ve loc i ty ,  HSV, hr-' 0.10 0.30 0.55 

Hydrogen Consumr i on ,  1/1 o i l  f ed  616 435 202 
Product Yield,  1 1 o i l  fed  0.99 1.0 0.88 
Deoxygenation, w t %  -100 94 88 

Product Inspec t ions  

Oxygen 
H/C r a t i o ,  mole/mole 
Density, kg / l  
Y i e l d  C5-225'C, LV% 

0.0 1.1 2.6 
1.65 1.41 1.32 
0.84 0.91 0.96 
>87 60 28 

* adapted from re fe rence 11 
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Other Cata lysts  

I n  e a r l y  t e s t s  w i t h  the  TR7 o i l  where gasol ine b o i l i n g  range mate r ia l  was the 
primary product, t he  CoMo ca ta l ys ts  were p re fe r red  over NiMo because they re ta ined  the 
aromatic character and antiknock p roper t i es  o f  t he  product. 
more a c t i v e  f o r  hydrogenation and produced p r i m a r i l y  saturated c y c l i c  compounds (naph- 
thenics) w i t h  a lower octane ra t i ng .  With the TR12 o i l  a more a c t i v e  hydrogenation 
c a t a l y s t  such as NiMo may be b e n e f i c i a l .  
t o  the c a t a l y s t  may a l so  be advantageous w i t h  the TR12 o i l .  
NiMoP/y-zeolite/A1203 c a t a l y s t  obtained from Amoco are promising i n  t h i s  regard. 

The NiMo c a t a l y s t s  were 

Adding a crack ing component such as y - z e o l i t e  
Pre l iminary t e s t s  w i t h  a 

Cata lyst  Deact ivat ion 

A 48-hour t e s t  run was recen t l y  completed w i t h  TR12 o i l  and the Haldor Topsoe 
Figure 2 shows the t rend  o f  deoxygenation 
Hydrogen consumption and the  H/C mole 

c a t a l y s t  t o  evaluate c a t a l y s t  deact ivat ion.  
and hydrogen consumption a t  an LHSV o f  0.1. 
r a t i o  (not  shown) f e l l  r a p i d l y  i n  the  e a r l y  stages o f  the t e s t  and then leve led  o f f .  
Deoxygenation f e l l  throughout the  tes t .  

l i k e l y  due t o  coking o f  t h e  c a t a l y s t  which we have shown i n  e a r l i e r  t e s t s  occurs 
p r i m a r i l y  i n  t h e  f i r s t  t e n  hours (11). 
t o  bu i ldup o f  metals, p r i m a r i l y  sodium, from the o i l .  The TR12 o i l  conta ins about 3% 
ash, mostly res idua l  sodium c a t a l y s t  from the l i q u e f a c t i o n  process. 

Two causes o f  deac t i va t i on  have been postulated. The i n i t i a l  deac t i va t i on  i s  

The longer term deac t i va t i on  i s  probably due 

CONCLUSIONS 

A v a r i e t y  o f  biomass-derived o i l s  have been upgraded by c a t a l y t i c  hyd ro t rea t i ng  
i n  a 1 - l i t e r  reac to r  system. Spec i f i c  conclusions from ou r  s tud ies are as fo l lows:  

High y i e l d s  o f  h igh  q u a l i t y  gasol ine (C 
be produced from biomass-derived o i l s ,  Zowever, low space ve loc i -  
t i e s  ( long residence t imes) are required. 
a low oxygen, h i g h l y  aromatic crude o i l  i s  produced. 

Cracking and hydrogenation o f  t he  h igher  molecular weight compo- 
nents are the  r a t e  l i m i t i n g  steps i n  upgrading biomass-derived 
o i l s .  Ca ta l ys t  development should be d i r e c t e d  a t  these react ions.  

The TR7 o i l  i s  super ior  t o  TR12 and both are much super io r  t o  
p y r o l y s i s  o i l s  as feedstocks f o r  c a t a l y t i c  hyd ro t rea t i ng  t o  produce 
hydrocarbon fue ls .  

Py ro l ys i s  o i l s  can be upgraded by c a t a l y t i c  hydrot reat ing,  however, 
a c a t a l y t i c  pretreatment step i s  required. 

products t o  prevent r a p i d  c a t a l y s t  f ou l i ng .  

225OC b o i l i n g  range) can 

A t  h igh  space v e l o c i t i e s  

Residual sodium c a t a l y s t  needs t o  be removed from l i q u e f a c t i o n  
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FIGURE 2. Effect of Catalyst Age on Deoxygenatlon and Hydrogenation, 
4OO0C, 2,000 psig, LHSV = 0.1 
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Abe tract 

The effective hydrogen index (EHI) is a calculated indicator 
of the 'net" hydrogen/carbon ratio of a pure or mixed 
heteroatom-containing feed, after debiting the feed's hydrogen 
content for complete conversion of heteroatoms to NH3, HzS, and 
H2O. 
premium products over ZSM-5 catalyst due to rapid catalyst aging 
in continuous fixed bed processing. However, high conversions of 
such feeds (acetic acid, methyl acetate, and wood pyrolysis 
liquids) can be maintained in a fluidized bed system operating 
under methanol-to-gasoline conditions and employing frequent 
catalyst regeneration. 
blends of low and high EHI model compounds also exist for a wood 
pyrolysis liquid. Thus, when coprocessed with sufficient 
methanol, the conversion and hydrocarbon yield from wood 
pyrolysis liquid increased by 19 and 6456, respectively, while 
coke yield decreased by 40%. A possible processing scheme is 
described in which the char penalty associated with wood 
pyrolysis is diminished by gasifying the carbonaceous residue and 
producing methanol as a cofeed for the synergistic upgrading of 
the pyrolysis liquids over ZSM-5. 

Compounds with EHI's <'1 are difficult to upgrade to 

Synergisms observed when coprocessing 
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Introduction 

Zeolite ZSY-S im particulorly effective for the conversion 
of methsnol to gasoline range hydrocarbons (1). In addition to 
methsnol, other oxygenata feeds, including complex mixturer, can 
be converted as well (see, for example, reference8 2-7). 

The effective hydrogen index is defined as: 

where H, C, 0, N, and S are atoms per unit weight of sample of 
hydrogen, carbon, oxygen, nitrogen and sulfur, respectively. 
Model oxygenate compounds having Em’s <1 produce a poor product 
slate and cause rapid zeolite catalyst aging in continuoua fixed 
bed MTG processing (3,s) using ZSM-5. Thus, after 2 hours on 
stream, acetic acid conversion declines from estimated high 
initial values to <30%. Hydrocarbons account for <10 w t . %  of the 
products from the aged catalyst and, of‘the hydrocarbon portion, 
>70% is C4- (overwhelmingly butenes) and <25% C5+ gasoline. 

Cellulosic biomass is a potential source of liquid 
hydrocarbon fuels. Wood pyrolysis yields carbon-containing 
liquid products but suffers from two disadvantages. First, a 
large percentage of the original wood carbon is lost to a low 
value char by-product. Second, like the model oxygenates 
described above, the EHI of the liquid products is substantially 
less than 1.0. 

The present study was undertaken to examine the potential of 
short contact time regenerative fluid bed processing to obviate 
the, problems associated in extended non-regenerative fixed bed 
operation with such low EHI feeds. 

In addition, Chang, Lang, and Silvestri (8) disclosed that 
reductions in zeolite catalyst aging rate and synergistic yield 
benefits could be realized in fixed bed operation if the low EHI 
(<1) feed were co-processed with a sufficient amount of high EHI 
(>1) constituent. In fixed bed studies, Chantal et a1 (9) 
coprocessed up to 10% methanol with an oil derived from 
supercritical extraction of wood chips. Although some benefits 
from methanol were evident, the amounts of methanol used were 
less than those recommended by Chang et a1 ( 8 ) ,  and run durations 
did not exceed one hour. Consequently, it was not clear if the 
amount of methanol was sufficient to maximize product yield 
benefits and to maintain the catalyst’s performance in extended 
ContinUOU8 processing. It was of interest to us, therefore, to 
further examine the potential benefits of methanol co-processing 
for both model compound feeds and wood pyrolysis liquids in short 
contact time regenerative fluid bed processing. 
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Experimental 

a) Catalyst 

The catalyst used was HZSM-5 in a SiO2/A12O3 binder. 

b) Production of Wood Pyrolysis Liquids 

at atmospheric pressure and '520.C in flowing He. 
charge had the following elemental analysis (dry basis): 

C - 48.201, H - 6.80%, 0 - 43.40%, ash - 0.60%. 

Sawdust (primarily pine and fir) pyrolysis was carried out 
The wood 

c) Reactor and Run Procedures 

All model compound and wood pyrolysis liquid upgrading runs 
were performed in a computer controlled fluidized bed apparatus 
(10) (Figure 1) operating cyclically to effect successive and 
repeated reaction/regeneration intervals. 
catalyst was charged to the vycor reactor along with 15 cc'of 
meshed vycor. He fluidizing gas enters through a frit at the 
base of the tapered section of the reactor bottom. A small flow 
of He also sweeps through the feed oil sidearm inlet line. The 
total He flow (850 cc/min.) plus the vapor phase reactant and 
products maintain the bed in vigorous motion which, in turn, 
insures good temperature control. Runs were carried out at 1 
WHSV based on the low EHI feed component, 410'C and atmospheric 
pressure. The catalyst was automatically oxidatively regenerated 
after each 10-20 min. reaction interval. 

Approximately 35 cc of 

The product water phase was separated and gc analyzed for 
oxygenates from which conversion could be calculated. The 
hydrocarbon product layer contained only a very small amount of 
oxygen (<l%) . Liquid hydrocarbon product was also subjected to 
gc anelgais as were gaseoiis products, the latter being checked 
f o r  their hydrocarbon and COX contents. Coke was calculated by 
the computer from on line CO and C02 IR data collected during 
each catalyst regeneration. Elemental and total material 
balances were generally >95%. Results presented were normalized 
to a no loss basis. 

Results and Discussion 

A) Model Compound Conversions 

Experimental data are presented in Table 1. Two conversions 
are presented for each run. "Total conversion" represents the 
conversion to all products, while "conversion to non-oxygenates" 
represents conversion to all hydrocarbon, COX and H 0 products. 
The overall yields from the methanol experiment (EH? = 2.0) are 
in reasonable agreement with data obtained in the fluid bed MTG 
process (11). The hydrocarbon gas products, however, are higher 
in propene and lower in isobutane, probably due to the lower 
reaction pressure used in this study. 
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A-1) Conversion of Acetic Acid and Methylacetate 

The data obtained for acetic acid illustrate several 
interesting points which can be contrasted with the fixed bed 
operation cited above. First, total conversions >90% may be 
maintained indefinitely provided periodic catalyst regeneration 
is employed. In spite of its having an EHI of 0, which assumes 
that oxygen is rejected as water, our experimental data show that 
decarboxylation takes place to a large extent. As a result, by 
rejecting oxygen as CO substantial production of hydrocarbons 
is possible. 
than that obtained at 2 hours processing time in the 
non-regenerative fixed bed operation (16.3% vs <lo%) and -65% of 
the hydrocarbon product is C5+ gasoline with a predominantly 
aromatic character. 
formation is consistent with the low effective hydrogen content 
of the "hydrocarbon" fraction of acetic acid. 

hydrocarbon as methanol. 
decarboxylation, and to a small extent, to coke and CO 
production. 

Hydrocarg& liquid product yield is -60% larger 

This high selectivity toward aromatics 

On a weight basis, acetic acid yields only 40% as much 
The lower yield is primarily due to 

Methyl acetate has an EHI of 0.67 and thus, ordinarily, 
would also be considered difficult to process. 
content, however, is substantially higher than acetic acid's. 
Because of it.s higher carbon content (48.6% C) and despite 
decarboxylation and coking reactions, the observed hydrocarbon 
yield remains comparable to that of methanol. Moreover, 
hydrocarbon selectivity for direct conversion to C5+ gasoline is 
higher than acetic acid or methanol (79.5%). Thus, the direct 
yield of Cg+ gasoline is 32.1% on charge vs 23.3% for methanol. 

methyl acetate reject less H20 and more CO than methanol, with 
resultant C + liquids having effective H/CTs of -1.3 vs '1.7-2 
for methanof processing. 

A-2) Conversion of Mixtures of Acetic Acid and Methanol 

Processing a 1.9/1 or a 3.8/1 molar mixture of CH3OH and 

Its net hydrogen 

From a hydrogen balance standpoint, both acetic acid and 

acetic acid provided observations similar to those already 
disclosed by Chang, Lang and Silvestri ( 7 ) ,  viz, an enhancement 
in Cg+ liquid yield at the expense of C4- vs what might be 
expected if the mixture behaved as the average of its two 
components, the calculated values for which are shown in 
parentheses in Table 1. 
products amplify the observed synergism with respect to C5+ 
liquids. Furthermore, there is an enhancement in total 
hydrocarbon yield vs linear combination e x p e c t a t i o r  

Figure 2, which shows the effect of increasing mole percent 
methanol in the MeOH/acetic acid charge and attendant decrease in 

The selectivities of the hydrocarbon 

The means by which this is accomplished is illustrated in 
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oxygen rejection as CO? and increase in oxygen removal as H 0. 
Thus, more carbon remazns available to form hydrocarbon proaucts, 
much of it becoming C5+ liquids. 

The above findings demonstrate that short contact time fluid 
bed reactor operating in a cyclic mode can be used to process low 
EHI compounds to yield substantial amounts of C5+ liquid 
hydrocarbon products. 

By co-processing a low EHI material with a high EHI compound 
such as methanol, a shift in oxygen rejection from 
decarboxylation to dehydration takes place. The shift results in 
an increased yield of hydrocarbons. 

The reaction of acetic acid may have potential application 
in converting fermentation products to hydrocarbons. Acetic acid 
is a major by-product in bacterial fermentation of biomass to 
ethanol (12).  Mixtures of acetic acid and ethanol may also be 
processed to hydrocarbons (13). 

B) Wood Pyrolysis Liquid Upgrading 

The products from sawdust pyrolysis at 520'C in flowing He 
at atmospheric pressure produced the yields shown in Table 2. 
Because the object of these experiments was to track the amount 
of wood carbon which could be converted to hydrocarbons by 
pyrolysis/ZSM-5 upgrading schemes, the amount of water produced 
by pyrolysis was not measured, and water in the pyrolysis liquids 
was fed along with the oxygenate products in subsequent ZSM-5 
processing. Elemental analyses and the apparent Em's (including 
any water) are presented in Table 3. Inspection of these data 
indicate that the liquid products contain about 31% of the 
original wood carbon. 
wt% of the original wood carbon and is available for indirect 
liquefaction by methanol synthesis. Tie remaining 20% of the 
wood carbon becomes CO, CO? and methane, about half of which (as 
CH4 and CO) is also potentially available for conversion to 
methanol. 

The char product accounts for another 49 

The two pyrolysis liquid layers were homogenized (EHI of the 
blend was 0.34) by high speed mixing en route to the fluid bed 
catalytic reactor. The oxygenate conversion obtained at 410'C 
and 1 LHSV was 67.91 with the product selectivity distribution 
shown in Table 4A. 

Next, the two pyrolysis liquid layers were dissolved in 
methanol at a 1 : l  weight ratio. 
of 
(8). The solution was fed to the reactor at 2 WHSV so that the 
WHSVbased on the pyrolysis liquid feed would be identical to 
that employed when processing was performed without methanol. 
this case, the overall conversion, including methanol, was 90.3 
wt%. 
and Produces '56 wt% H20 and 44 wt% hydrocarbon products (11) .  

The solution had an apparent EHI 
1.3 which meets the recommendations set forth by Chang et a1 

In 

Under theme conditions, methanol alone converts completely 
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Conversion of the pyrolysis liquids (after subtracting the 
products from methanol) therefore was 80.8 wt%. The selectivity 
distribution of the net converted products from the pyrolysis 
liquid is shown in Table 4B. 

The results from methanol co-processing are summarized in 
Table 5. They show diminished decarboxylation, greatly enhanced 
hydrocarbon yields, greatly reduced coke yields, and improved 
overall conversion. Thus, with low EHI wood pyrolysis liquids, 
methanol co-processing has effects similar to those observed for 
model compounds. In comparison, in fixed bed processing at low 
methanol concentrations, Chantal (9) also observed conversion 
enhancements and diminished decarboxylation. Although it was 
suggested that the presence of methanol may lead to reduced coke 
yields, the data were variable with increased coke accompanying 
increased methanol in the feed in several instances. This was 
likely due to inadequate amounts of methanol co-feed as discussed 
above. Also, coke yields were fairly high suggesting that the 
amount of methanol employed would have been insufficient to 
sustain catalyst performance over extended operating times. 

C) Potential Processing Scheme 

The advantages of co-processing methanol and pyrolysis 
liquids are further illustrated by a comparison of two potential 
process arrangements shown in Figures 3 and 4. A major feature 
common to both is the use of the pyrolysis char as a cheap source 
of methanol. 

Figure 3 shows the products obtained in a scheme in which 
direct upgrading of the wood pyrolysis liquids over ZSM-5 occurs 
in parallel with upgrading of methanol obtained from synthesis 
gas derived form gasification of the pyrolysis char. In Figure 
4, the methanol is mixed with the pyrolysis liquids prior to 
co-processing over ZSM-S. Approximately 40 lbs. of methanol is 
potentially available from the char and pyrolysis gas products. 
This amount would provide a weight ratio of methanol/pyrolysis 
liquids of 0.73. Since the EHI for this mixture (-1.2) exceeds 1 
and is quite similar to that of the 1/1 mixture described above, 
comparable product distributions should result. 

In the parallel processing scheme, a total of 20.6 lbs. of 
hydrocarbon (‘85% C + gasoline, including alkylate) per 100 
lbs. of total feed ?pyrolysis liquid and methanol) is obtained. 
In the co-processing mode, ‘3 lbs. of additional hydrocarbon 
result concomitant with reduced oxygenates and coke. 

Stated differently, without char gasification recycle of 
pyrolysis liquid oxygenates to extinction over ZSM-5 yields <IO% 
of the original wood carbon as hydrocarbon products. Parallel 
upgrading of methanol derived from char gasification can increase 
this value to “36%, while methanol co-processing boosts the 
percent of wood carbon transformed into hydrocarbon products to 
‘42%. 
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TABLE 1 

410*C, 1 atm., 1.0-1.1 WliSV. 20 min. reaction intervals  
R2SM-S in Si0,/A1203 

Me t h a n o  1 
CA30H 

ERI of Charge  2.0 
T o t a l  Convors ion  98.6 
C o n v e r s i o n  t o  98.6 

Non-Oxygenates 

P r o d u c t s  ( W t .  t 
of Charge )  
co 
CO2 
A20 
o x y g e n a t e s  
C Hydro- 
c a r b o n  g a s  
C L i q u i d  
Hadroca rbon  

T o t a l  Hydro- 
c a r b o n s  
Coka 

Wt.8'S of 
Hydroca rbon  

c1 + c 2  
c 3  * 
C3' 

ci 

iC4 * 
nC4* 

T o t a l  C.- 

0.0 
0 . 2  

55.8 
1 . 4  

19.0 

23 .3  

42.3 

0 . 3  

5.4 
1 .6  

25.9 
5 . 5  

0 .4  
5 .8  

44.6 
c ~ +  ( g a s o l i n e )  54 .7  
Coke 0 . 7  

H/C ( e f f e c t i v e ) .  1 . 7  
of c5 

Acetic Methy l  1 . 9 / 1  (molarl 
Acid Acetate MeOR/ 
CH.COOA CR3C02CH3 Acetic A c i d  

J 

0.0 
91.2 
79.8 

3.7 
31.4 
28.4 
20.2 

3.8 

10.6 

1 4 . 4  

1 .9  

1 . 5  
0 . 1  
5 .2  
0 . 5  

0 . 3  
15 .7  
23.3 
65 .0  
11 .7  
1.3 

0.67 
89.4 
86.1 

6.2 
17.6 
21.5 
13 .9  

6 . 0  

32.1 

38 .1  

2.7 

5.6 
0 .7  
6.7 
0 .3  
0 .0  
1 . 4  

14 .7  
78.7 

6 . 6  

1.3 

1.0  (1.0) 
> 9 1  (94 .9 )  

90.4 (89.1)  

2.1 (1 .8 )  
9 .4  (19 .8 )  

4 5 . 3  (42 .1 )  
9 . 6  ( 1 0 . 8 )  
7 . 9  ( 1 1 . 4 )  

24.9 ( 1 7 . 0 )  

32.8 (28 .4 )  

0 . 8  (1.1) 

7.2 
0 . 4  

1 3 . 8  
0.4 
0 . 1  
1.6 

23.5 (34 .0 )  
7 4 . 1  ( 5 9 . 8 )  

2.4 ( 6 . 2 )  
%1 .4  

*Small  amounts of oxygen  w e r e  o b s e r v e d  i n  the C + l i q u i d .  
of the e f f e c t i v e  h y d r o g e n  i n d e x  c o r r e c t s  for t h s .  

3.8/1 Imlar) 
MeOH/ 
Acetic Acid 

1 . 3  
95 
-- 

1.1 (1.2)  
5.2 (10.6) 

48.8 ( 4 6 . 7 )  
5.2 (7 .7 )  
9 .9  (13 .9 )  

28.7 (19.11 

38.6 (33.0) 

1.1 ( 0 . 8 )  

7.6 
0 .6  

14 .2  
0 . 5  

0 . 1  
1 . 9  

24 .9  (37 .5 )  
72 .3  (58 .1 )  

2 .8  ( 4 . 4 )  
- 1 . 4  

The u s e  
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Table 2 

Wood P y r o l y s i s  at 620.0 m d  1 atm. 

W t  .I Product  - 
cH4 1 . 4  
co 7.1 
coa 8.5 

Liquid  Oxyganatas 66.0 
Char 28.0 

Table 3 

Elamantal A n a l y s i s ,  rt% 

Liquid  L iqu id  
Sawdust Lryar 1 (51%) Layer 2 (4%) 

C 49.2 a5.9 

H 0 . 8  8.8 

0 43.4 05.3 

Ash 0 . 0  - 

55.0 87.3 

7.5 3 .9  

37.6 8 . 0  

- N o  Data 

EHI 0 . 3  0 . 3  0 .0  
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Table IA 

Product Distribution from Conversion 
of Wood Pyrolysis Liquids 

wt.% 

co 0.7 

CO2 10.5 

Water 70.7 

c1-c4 2.5 

C5+ Hydrocarbons 8 . 0  

Coke 9.8 

Table 48 

Product Distribution from Conversion of Pyrolysis 
Liquid When Processed in Conjunction with Methanol 

Wt.% 

co 
CO2 - 

Water 82.1 

c1-c4 2.7 

Cg+ Hydrocarbons 11.2 

Coke 4 .0  

Table 5 

M v m t r g e m  Resulting from Methanol Co-Processing 

Pyrolysis Pyrolysis Liquids 
Liquids + Methanol (1:l rt/rt) % Change 

Net Conversion, rt.% 87.9 

Hydrocarbons, we.% 8.5 

Coke, rt .% 9.8  

80.8 +18.7 

13.9 4 3 . 5  

4.0 -41.7 
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OXYGEN REJECTION VS. raLE PERCENT I N  
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CONVERSION OF VACUUM PYROLYTIC OILS FROM 
POPULUS DELTOIDES OVER H-ZSM-5 

M. Renaud, J.L. Grandmaison, Ch. Roy and S. Kaliaguine 
Department of Chemical Engineering 
Universitt? Laval, SteFoy. QuC., CANADA 

INTRODUCTION 

As biomaterials are structurally and chemically complex, biomass thermochemical 
conversion processes(l*z) produce complex fractions including a liquid fraction 
which, depending on the process, can be obtained in large (liquefaction, pyrolysis) 
or small yields (gasification). These liquids have found little utility because of 
their large contents in oxygen which implies low heat values, instability and 
corrosive properties. Two routes have been tested(3.4) in order to produce hydrocar- 
bons from these liquids. The first one involves hydrotreatment with either Hz or Hz 
+ CO over classical hydrotreatment catalysts. The second route is the simultaneous 
dehydration and decarboxylation over HZSM-5 zeolite catalyst in the absence of any 
reducing gas. 

Soltes and Lids) achieved significant deoxygenation of various biomass tars from 
gasification/pyrolysis processes, in the presence of hydrogen-donor solvents (cyclo- 
hexane, tetralin. decalin) and various silica-alumina supported metals catalysts. 
Elliot and Bakerce) performed hydrodeoxygenation of the products of a process of 
liquefaction in the presence of CO at high pressure, using NiS, COS and MoSz 
catalysts. Hydrodeoxygenation of a biomass tar can be achieved when phenolic com- 
pounds are in high concentrations. In wood pyrolysis however, the liquid products 
contain large amounts of low molecular weight organic acids, ketones, aldehydes and 
furans as well as phenolic compounds in the methoxy- or dimethoxy(e-8) substituted 
forms. These mixtures are thermally instable in typical hydrotreating conditions. 

The second route however seems more appropriate for the conversion of pyrolytic oils. 
It was indeed shown that a large variety of oxygenated compounds can be converted 
into hydrocarbons over H-ZSM-s5(s-20:. In all cases hydrocarbons in the gasoline 
range are obtained due to the shape selective properties of this zeolite 
catalystcZ1). Moreover a remarkable resistance to coking is observed due to the 
sterically restricted transition state selectivity effects, and these properties are 
also of considerable interest in the context of pyrolytic oils upgrading. Works 
along this line have been performed by Chantal et al.(z2>25) working with oils deri- 
ved from Aspen Poplar by dense gas extraction, Frankiewicz(23) who used a dual pro- 
cess combining pyrolysis of solid wastes with a catalytic converter and Mathews et 
al(24) who treated amall fractions of the oils produced from wood by their thermoche- 
mical process, 

In the preseet paper we report a study of the conversion over H-ZSM-5 catalysts, of 
the fractionated oil produced by vacuum pyrolysis of Populus Deltoides wood in a pro- 
cess demonstration unit(Ze). 

EXPERIMENTAL 

Pyrolytic oil 

The oil under study was produced by the vacuum pyrolysis process, currently under 
development at LAVAL University and C R I Q ( Z * ) .  The PDU is a six-hearth furnace, 2m 
high and 0.7 m in diameter. In this unit, the organic vapours and gaseous products 
are rapidly removed from the reactor through a series of outlet manifolds. 
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vapours are condensed in a primary cooling unit, and recovered as a liquid fraction 
for each hearth. As shown in Figure 1 four additional liquid fractions are collected 
in the secondary cooling unit. In this work only the fractions from the primary 
cooling unit have been studied and designated as oils tl to #6 corresponding to the 
six hearthes from top to bottom. 

In standard pyrolysis experiments using Populus Deltoides chips, the pressure in the 
reactor was lower than 80 Torr and the hearth temperatures were 215, 275, 325, 370, 
415 and 465OC from top to bottom respectively. Table 1 gives some analytical results 
for these six oils. The low water contents are due to the separation effect of the 
primary cooling unit. Formic and acetic acids are considered the most abundant sin- 
gle organic compounds in these oils. 

Conversion Reactor 

The experimental set-up is a slightly modified version of a reactor described previ- 
ou~ly('~). As heating the pyrolytic oils to the reaction temperature is believed to 
induce thermal polymerisation/condensation reactions, a device was designed in order 
to preheat the vaporized feed and condense at an appropriate temperature the heavier 
products. This device is described in Figure 2. Using a syringe pump (SAGE 220) the 
liquid oil is injected in a controlled flow of helium ( =  6.0 SCC/min) and first fed 
to an empty pyrex tube maintained at the same temperature than the tubular reactor. 
At the outlet of this tube the gas passes through a hot trap (15OOC) where a heavy 
fraction is condensed. The gas flow then enters the microcatalytic pyrex tubular 
reactor and it is led to the heated (200oC) automatic sampling valve of a Gas Chroma- 
tograph (Perkin Elmer, Sigma 115) through a heated line (160OC). After the valve the 
products are collected as three fractions in three,successive traps maintained at 4, 
-76 and -196OC respectively. 

After a test the tubular reactors can be transported to another set-up where they can 
be regenerated in a controlled flow of dry air at 500oC. The CQ and HZO produced 
are adsorbed over ascarite and drierite respectively and weighed. The sum of the 
masses of carbon in CO2 and hydrogen in HzO was determined and compared to the measu- 
red mass of the coke deposited in each of the two pyrex tubes. 

Each experiment was performed using 1.0 * 0.2 g of one of the three catalysts 
designated as H-22, H120 and H-450 undiluted. These are the H forms of ZSM-5 samples 
prepared by the procedure described as method E' by GABELICA et a1(28). They have 
Si/A1 ratios of 22, 119 and 452, and sodium contents less than 220 ppm as determined 
by PIXGE(29). 

The GC on line with the reactor was equipped with TC and FID detectors and a Porapak- 
Q column (6 ft, 1/8" OD, 80-100 mesh). In intances were peak identification was in 
doubt, the fraction in the 40C trap was further analyzed using another GC (Perkin 
Elmer Signa 3) equipped with a FID detector and a capillary column DB-1 
(30 m). 

In typical 
started at 2 000 s for all experiments. 

runs, oil was injected for about 3 000 s but chromatographic analysis was 

Experimental desim 

A statistical experimental design was employed to study the effect of the process 
parameters, namely, temperature (350-4500C), space velocity CLHSV = 0.5-2.5 h-1) and 
oil fraction, on various response variables. In order to reduce the number of expe- 
riments, a Box-Behnken experimental design(30) was selected. This design is 
visualized as a cube in Figure 3. Since 6 oil fractions were studied two Box-Behnken 
cubes were used in order to minimize the number of experiments by studying three oils 
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at a time. Eventhough a discrete variable is employed to represent the oil, in 
reality the hearth number (1 to 6) follows the reaction temperature on the hearth 
which is continuous. The experiments were performed in a random manner. 

RESULTS AND DISCUSSION 

Table 2 shows the experimental results and conditions for the catalytic upgrading 
tests of the six pyrolytic oils. It gives the weight percents of the various 
fractions of products collected. Coke Cy1 corresponds for example to the total weight 
of the material deposited on the wall of the empty pyrex tube whereas coke C2 is the 
one left in the tubular reactor (on the catalyst) at the end of a test. The tar col- 
lected in the hot trap is designated as the residuum, whereas the cumulative mass 
recovered in all three cold traps is indicated as "traps". 

The composition of the "traps" fraction is the one of the stream leaving the reactor. 
It is given in Table 2 in a condensed manner as weight percents of various components 
including CS-CLO hydrocarbons, Cia+ hydrocarbons and oxygenates. These oxygenates 
are mostly comprising phenolic and furanic compounds. Figure 4 shows some of the 
characteristics of the six pyrolytic oils. The average molecular weight varies in a 
continuous manner with the hearth number, showing a maximum value for the oil produ- 
ced on the 3rd hearth and a minimum value for the one from hearth No 6. 

It must be noted that the sum of weight fractions of acetic and formic acids is fol- 
lowing a similar pattern except for the oil No 5 which contains much formic acid and 
is therefore much more acidic. The low content in formic acid of oil No 6 is a clear 
indication that the solid residue leaving hearth No 5 is very different in nature 
from the one from hearth No 4 bearing much less intact or slightly degraded cellulose 
(the main Figure 5 shows 
for each oil the average values of the weight percents of coke Cl. residuum and the 
yield in Cs-Cio hydrocarbons. It is interesting to note that at least for the first 
four oils these values are obviously correlated with both oil average molecular 
weight and acidity (Figure 4). As expected, coke #1 is higher when the oil is heavi- 
er, but the residuum is much smaller. This last result can only be understood if the 
residuum is seen as an intermediate product of gas phase depolymerization which would 
be faster for the most acidic mixtures. Indeed for example the low residuum value 
obtained with oil No 5 would then be the result of this oil being much more acidic 
than the others. 

The Cs-Cio yield is also correlated with this correlation is 
the result of a more intricate interaction of various factors. CS-CIO yield does not 
depend only on molecular size or acidity of the oil but also on its chemical nature. 
Oil No 3 which contains more lignin fragments in liable to yield small phenolics 
which are volatile enough to reach the catalyts but which are not converted to hydro- 
carbons. Similarily oil No 6 which is believed to contain less polysaccharides pyro- 
lysis products shows a very low CS-ClO yield. 

The effect of the various parameters on the "traps" weight percent is reported in 
Figure 6. This term represents roughly the fraction of the oil reaching the catalyst 
and must therefore be considered as a yield for the preliminary thermal processing. 
The curves are drawn not taking into account the results for oil No 5. Comparing the 
curves obtained at 350 and 450OC (both at 1.2 LHSV) shows that increasing the temper- 
ature increases the depolymerisation of the oils components. The two curves at 4OOOC 
and 0.5 and 2.5 LHSV show that increasing the residence the empty tube and 
the hot trap increases also the depolymerisation yield. 

These results show the interest of the experimental procedure adopted in this work as 
this gas phase thermal depolymerisation which happens at the same temperature than 

source of formic acid) and much more recondensed material. 

(up to oil No 5) but 

time in 
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the catalytic process can be studied separately. This is not the case when the vapo- 
rized oil is directly injected onto the catalyst and both processes happen simul- 
taneous ly . 
Figure 7 gives the yield in C54lO obtained for the various oils as a function of 
temperature and IILSV. Comparing the curves at 350 and 450012 shows that a rise in 
temperature increases this yield in proportions roughly similar to the increase of 
the "traps" fraction (see Figure 6). This suggests that the most important effect of 
temperature is to increase the yield of thermal depolymerization. This is confirmed 
by the fact that the oil No 5 which is the most acidic and is more thorougly depoly- 
merized (yielding a higher "traps" fraction) is also sharing the highest C54lO 
yield. Similar observations can be made for the effect of contact time at 4OO0C. 

It is interesting to note that for several oils (No 1, 2, 4 and 5) yields close to 
30% have been reached. This is to be compared with the results of Chantal et al(22) 
who obtained maximum yields of 15-17% from SCE oils converted on ZSM-5 in a one step 
process. Figure 8 shows the variations of the percents of oxygenates in the traps. 
In line with previous discussion, maximum oxygenates are obtained from oils No 3 and 
6 which contain respectively more lignin fragments and more product of high tempe 
rature decomposition of recondensed material and which therefore both contain more 
phenolic compounds. 

Time on stream data 

Figure 9 reports the results of a set of experiments (not shown in Table 2) designed 
to assess the deactivation behaviour of the catalyst. In these experiments the feed 
was a mixture of the six oils. It was injected for a fixed time in the reactor 
assembly maintained at 4OO0C. Then the gases leaving the reactor were analyzed and 
the injection of oil was stopped until the chromatographic analysis was completed, at 
which time the injection was restarted for another fixed time and this operation was 
repeated three times. 

Figure 9 shows that the composition of the product changes with time on stream, with 
deactivation appearing after 250-500 8 .  The decrease in deoxygenation activity is 
seen from the decrease in HzO, CO, COZ and the increase in oxygenates. The ap- 
pearance of Cio+ aromatics in the products is of special interest. Since such large 
compounds cannot be generated within the pores of the ZSM-5 zeolite(21), they can 
only be generated either on the external acid sites or from the coke deposit as pos- 
tulated recently(13). This would also explain the evolution of the CE-CIO aromatics 
distribution with time on stream. sharing a relative increase in Cio as well as Clo+. 

The time scale for catalyst deactivation is sharing the great resistance of the ZSM-5 
catalyst to coking. At similar temperatures for example a pellet of H-Y cracking 
catalyst is deactivated within 2-3 seconds in the FCC process. 

CONCLUSIONS 

The experimental in this work allowed to decouple the gas phase thermal 
conversion of the pyrolytic oils from the catalytic upgrading. These two sets of 
reactions happen in the same temperature range and are therefore simultaneous when 
the oil is directly fed to the catalyst. Preliminary thermel conversions include 
some coking and an important thermal depolymerization. Both reactions are ac- 
celerated in the presence of volatile acids in the gas phase. Moreover performing 
both reactions in a preheater is beneficial to the catalytic conversion first because 
the deactivation of the catalyst is less important and secondly because depolymerized 
fragments yield higher conversions to hydrocarbons. C5-Cio hydrocarbon yields as 
high 30 ut% have been consistently obtained for reaction times of 2000 8 .  
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TABLE 1 S w  Characteristics Of the Pyrolytic 011s - 
-** 

OIL I I WER* FORMlC ACETIC n* Wan-mleculir 
ACID YI I A C l O  YI I Height 

1 7.8 2.64 3.63 342 

2 5.4 2.34 4.13 528 

3 4.4 3.73 5.18 572 

4 3.9 4.40 3.26 393 

5 7.0 7.25 3.16 233 

6 3.8 2.60 2.26 123 

detemined by ar l -Fisher 
** detcmined by GPC I 

Experimental Conditions and Results Of Catalytic Upgrading O f  Pyrolytic Oils, 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2 

3 

3 

3 

1 

150 

4w 

400 

450 

350 

350 

400 

100 

4w 

450 

450 

350 

400 

400 

450 

1.2 

0.5 

2.5 

1.2 

0.5 

2.5 

1.2 

1.2 

1.2 

0.5 

2.5 

1.2 

0.5 

2.5 

1.2 

15.2 

21.7 

17.4 

18.7 

10.0 

30.5 

20.6 

22.9 

21.1 

30.9 

36.6 

33.1 

25.4 

19.2 

22.1 

2.1 

6.5 

2.8 

2.1 

4.3 

3.9 

5.9 

5.1 

5.6 

1.6 

2.8 

4.3 

1.4 

3.1 

5.9 

s0.8 

10.9 

54.6 

40.9 

62.9 

31.2 

26.5 

28.8 

24.0 

9.1 

22.5 

%. 7 

25.4 

46.9 

29.4 

31.6 1.2 1.7 5.6 1.2 61.9 26.0 23.5 3.1 19.3 

60.9 0 . 7 0 . 8  3.7 2.2 18.7 25.7 21.1 1 8 . 4 2 9 . 7  
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1 

Fig. 1 - Scheme o f  the vacuum pyrolysis 
process development un i t .  

OIL rniccIIoI 
EXPERIYENTAIL TEST 

@ n m 1 o i c  OT WE ccwu POINT 

Fig. 3 - Box Behnken Experimental Design 

I 

Fig. 2 - Scheme o f ’ t h e  o i l  
pretreatment device 
and reactor.  
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IblecularUeam, Xass-SpeetroPtrie  Studies of Wood Vapor 
and -del Compounds over BzSM-5 Catalyst 

Robert J. Evans and Thomas A. Milne 

Chemical Conversion Research Branch 
So la r  Energy Research I n s t i t u t e  

1617 Cole Blvd., Golden. Colorado 80401 

INTRODWXION 

Following r e sea rch  and development successes  in t h e  g a s i f i c a t i o n  of biomass (1) , t h e  
biomass component of DOE'S Biofuels  and Municipal Waste Technology M v i s i o n  program 
is emphasizing d i r e c t  l i q u e f a c t i o n  p rocesses  t o  premium hydrocarbon f u e l s  ( 2 ) .  The 
approach being explored a t  SERI i nvo lves  an i n t e g r a t e d ,  ambient-pressure process  i n  
which primary wood p y r o l y s i s  vapor is formed by f a s t  py ro lys i s  and immediately 
passed over a shape-select ive c a t a l y s t  t o  remove oxyRen as H20, CO. and COq. A 
l ead ing  vapor production method and t h e  eng inee r ing  a spec t s  of t h i s  process  are 
discussed by Diebold i n  two companion papers  i n  t h i s  symposium ( 3 ,  4) .  

We repor t  h e r e  prel iminary sc reen ing  r e s u l t s  on t h e  behavior of wood p y r o l y s i s  vapor 
and model compounds when passed,  a t  h i g h  d i l u t i o n ,  ove r  a sample of HZSM-5 supp l i ed  
by t h e  Mobil Corporat ion ( 5 ) .  

WPERIIIBNTAL 

The screening is c a r r i e d  o u t  u s ing  a simple.  qua r t z .  two-stage r e a c t o r  coupled t o  a 
f r e e - j e t ,  molecular-beam, mass-spectrometer sampling system. Ihis system and 
t y p i c a l  r e s u l t s  f o r  primary and secondary vapors from wood and i t s  c o n s t i t u e n t s  are 
descr ibed i n  a recent  p u b l i c a t i o n  (6). C a r r i e r  gas  (He f o r  t h e  r e s u l t s  shown below) 
is preheated i n  a 30 cm lower s e c t i o n  of 2 cm ID quartz .  A s i d e  ann al lows 
in t roduc t ion  of s o l i d  samples t o  t h e  hot  gas  OK i n j e c t i o n  of l i q u i d s  OK gases  
through syr inges.  'Ihe upper 30 cm long  s e c t i o n  con ta ins  t h e  c a t a l y s t ,  p laced a t  t h e  
c e n t e r  of t h e  upper s e c t i o n  f o r  temperature  uniformity.  

The c a t a l y s t s  used i n  t h i s  work are:  (1) medium pore s i zed  H-ZSM5 provided by Mobil 
(MCSG-2. ex t ruda te  wi th  an unspec i f i ed  amount of alumina b inde r ) ;  (2) medium pore  
s i z e d  S i l i c a l i t e  provided by Union Carbide (S-115, ex t ruda te  with 20% alumina);  
(3) l a r g e  pore s i zed  type Y Flolecular Sieve provided by Ulion Carbide (SK-500. 
ex t ruda te )  and ( 4 )  s i l i c a / a l u m i n a  obtained from Davidson (980-13, ex t ruda te )  . 
Gases and vapors emerging from t h e  qua r t z  r e a c t o r  a r e  immediately e x t r a c t e d  by a 
s o n i c  o r i f i c e  and converted by a second o r i f i c e  t o  a molecular  beam. Expansion t o  
molecular f low ensu res  r ap id  quenching and p r e s e n t s  a sample t o  t h e  ion source  of 
t h e  mass spectrometer  t h a t  has  not  s u f f e r e d  wa l l  c o l l i s i o n s .  In t h i s  way, highly 
condensible  spec ie s  can be sampled i n  r e a l  time. Ihe d a t a  shown below a r e  p o s i t i v e  
ion  mass spec t r a  us ing  low energy (22 .5  eV) e l e c t r o n s  t o  minimize fragmentation. 

I This system has t h e  advantage of a l lowing obse rva t ion  of t h e  a c t u a l  vapor s p e c i e s  

i 

t h a t  e n t e r  t he  c a t a l y s t  space and t h e  easy  obse rva t ion  of t he  breakthrough of 
r e a c t a n t  species .  A l l  product s p e c i e s  but  H2 can be followed, but  f ragmentat ion 
occass iona l ly  i n t e r f e r e s  and isomers cannot be s e p a r a t e l y  detected.  A t  t h e  moment, 
t h e  technique is s e m i - q u a n t i t a t i v e  and is viewed as a supplement t o  bench-scale 
systems with product c o l l e c t i o n  f o r  GC a n a l y s i s ,  mass balances.  and coke 
determinat ions ( 4 ) .  

287 



BBSLKTS AND DISCUSSION 

The goa l s  of t h i s  c a t a l y s t  s c reen ing  p r o j e c t  a r e  t o  ga in  i n s i g h t  i n t o  t h e  conversion 
of biomass p y r o l y s i s  products  with a v a r i e t y  of c a t a l y s t s  and under a range o f  
condi t ions.  The sc reen ing  r e s u l t s  a l low an assessment o f  s e v e r a l  important  aspects 
of the conversion p rocess :  t h e  i d e n t i f i c a t i o n  of promising c a t a l y s t s ;  t h e  
determinat ion of t h e  c r i t i c a l  v a r i a b l e s  in y i e l d  opt imizat ion;  t h e  e f f e c t  of 
c a t a l y s t  composition, s t r u c t u r a l  p r o p e r t i e s ,  and phys ica l  form on product formation;  
t h e  behavior of model compounds t h a t  r ep resen t  t he  range of f u n c t i o n a l i t y  and 
s t r u c t u r e  found in biomass py ro lys i s  vapors;  t h e  determinat ion of r e l a t t v e  coking 
r a t e s  f o r  va r ious  c a t a l y s t s  and feedstocks;  and t h e  r e g e n e r a b i l i t y  of c a t a l y s t s .  
This experimental  system w a s  designed t o  s t u d y  biomass p y r o l y s i s  vapors and has  been 
used t o  s tudy t h e  fundamentals of biomass py ro lys i s ,  both the  i n i t i a l  condensed 
phase py ro lys i s  and t h e  subsequent vapor phase p y r o l y s i s  (6). 

This sc reen ing  approach is not  a stand-alone technique,  however, and hench s c a l e  
experimentat ion is needed t o  provide d a t a  f o r  parameters which t h e  sc reen ing  
approach does not adequately address:  confirmed product i d e n t i f i c a t i o n ,  product 
mass balance,  long-term s t u d i e s  in a s s e s s i n g  c a t a l y s t  l i f e ,  and t h e  v a r i a t i o n  o f  
c e r t a i n  r e a c t o r  o p e r a t i n g  cond i t ions  which have l i m i t e d  ranges a t  t h i s  s c a l e ,  such 
as feed p a r t i a l  p r e s s u r e  o r  c a r r i e r  gas  f low r a t e .  I n i t i a l  r e s u l t s  a r e  r epor t ed  
h e r e  f o r  t he  e f f e c t  of t h e  type of c a t a l y s t ,  t h e  e f f e c t  of weight hourly space 
v e l o c i t y  (WHSV) and temperature ,  t h e  e s t i m a t i o n  of product  y i e l d s ,  and t h e  e f f e c t  o f  
cofeeding methanol f o r  wood vapor conversion to o rgan ic  products.  The r e l a t i v e  
performance of s e v e r a l  model compounds over  H-ZSM has  a l s o  been examined and 
prel iminary r e s u l t s  a r e  presented. 

The r e l a t i v e  a c t i v i t i e s  and behavior of f o u r  c a t a l y s t s  a r e  shown in Figure  1 which 
compares the  mass s p e c t r a  of t h e  products .  The low-olecular-weight products  (m/z's 
18-44) a r e  under-represented in t h e  s p e c t r a  due t o  d i sc r imina t ion  of t h e  d e t e c t i o n  
system a g a i n s t  low masses in t h e s e  p a r t i c u l a r  experiments.  Nevertheless ,  t h e  
uncorrected s p e c t r a  are s u f f i c i e n t  f o r  comparing d i f f e r e n t  c a t a l y s t s .  The H-ZSM5 
z e o l i t e  was t h e  c a t a l y s t  used f o r  most of t h e  work in t h i s  paper.  The S i l i c a l i t e  is 
a l s o  a shape s e l e c t i v e  c a t a l y s t  w i th  t h e  ZSM-5 a t r u c t u r e ,  but w i th  nea r ly  ze ro  
alvmintm in t h e  crystal l a t t i c e .  Ihe S i l i c a l i t e  Rave t h e  same type  of products  as 
H-ZSMS, but w i th  d i f f e r e n c e s  in t h e  proport ions.  The formation of l i g h t  aromatics  
[benzene (m/z 78). t o luene  (m/z 9 2 ) ,  xylene (m/z 106)l .  fu rans  [ fu ran  (m/z 68) and 
methyl furan (m/z 82)1, a lkenes  [propylene (m/z 42) and butene (m/z 56)1, and 
naphthalenes [naphthalene ( m / z  128) and methylnaphthalene (m/z 142) 1 a r e  t h e  major 
classes of products  from wood pyro lys i s  product conversion over  z e o l i t e  c a t a l y s t s .  
The fu rans  are in t e rmed ia t e s  t h a t  can be subsequent ly  converted t o  o t h e r  products  
w i th  higher  r e a c t i o n  s e v e r i t y  ( i .e . ,  lower WHSV o r  h ighe r  temperatures) .  The 
naphthalenes are formed under h ighe r  r e a c t i o n  s e v e r i t y  and a r e  most l i k e l y  
undes i r ab le  p roduc t s  f o r  most app l i ca t ions .  The shape-select ive n a t u r e  of these two 
c a t a l y s t s  is apparent .  There i s  no s e l e c t i v i t y  observed i n  t h e  d e s t r u c t i o n  of t h e  
wood p y r o l y s i s  vapors ,  as a l l  p y r o l y s i s  products  a r e  destroyed. However, the higher  
molecuiar weight primary products  may be converted t o  coke on t h e  macroaurface of 
t h e  c a t a l y s t ,  as w i l l  be discussed below. The Silicalite appears  t o  be less 
r e a c t i v e  than the  H-ZSM5 s i n c e  fewer a romat i c s  are formed r e l a t i v e  t o  C 0 2  (m/z 44) 
f o r  t he  S i l i c a l i t e ,  more fu ran  is formed r e l a t i v e  t o  the aromatics ,  more high- 
molecular-weight m a t e r i a l  su rv ives  ( t h a t  is probably a s soc ia t ed  wi th  the  wood 
Primary Pyro lys i s  p roduc t s ) ,  and l e s s  of t h e  heav ie r  a lkylnaphthalenes a r e  formed 
r e l a t i v e  t o  t h e  l i g h t  aromatics .  

The t h i r d  c a t a l y s t  shown in Figure  1 is a c r y s t a l l i n e  a l u m i n o s i l i c a t e  der ived from a 
wide bore,  type Y molecular  s i e v e  t h a t  shows s i g n i f i c a n t l y  l e s s  a c t i v i t y  than t h e  
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H-ZSM5 and s i l i c a l i t e .  The in t e rmed ia t e  fu rans  are comparable t o  t h e  l i g h t  
aromatics  and unreacted wood p y r o l y s i s  products  (mlz's  60. 98. 124, 150 and 164) a r e  
present  i n  the  spectrum. O l e f i n  y i e l d s  appear higher  than f o r  t h e  f i r s t  two 
c a t a l y s t s ,  however. 

The fou r th  c a t a l y s t  i n  Figure 1 i s  a s i l i c a / a l u m i n a  c a t a l y s t  which a l s o  shows t h e  
in t e rmed ia t e  conversion s la te  (1.e.. fu rans  and unreacted p y r o l y s i s  products) .  
i n d i c a t i n g  low a c t i v i t y .  The peaks a t  m/z's 134, 148. and 162 have higher  r e l a t i v e  
abundance than i n  t h e  s p e c t r a  from t h e  o t h e r  t h r e e  c a t a l y s t s  and a r e  l i k e l y  due t o  
t e t r a - ,  penta-, and hexamethylbenzene which form i n  higher  amounts than toluene,  
xylene. and t r imethylbenzene because of t h e  l a c k  of shape s e l e c t i v i t y .  which l i m i t s  
t h e  product s i z e  wi th  t h e  z e o l i t e  c a t a l y s t s .  

The proport ions of o rgan ic  products  t h a t  form from wood vapor over  H-ZSM5 vary  
sys t ema t i ca l ly  with WHSV and temperature.  I h e  e f f e c t s  of t hese  two parameters on 
t h e  r e l a t i v e  abundance of s e l e c t e d  products  from t h e  conversion of p ine  p y r o l y s i s  
products  over  H-ZSM5 are shown i n  F i g u r i  2. 'Ihe temperature  was va r i ed  from 300' t o  
55OoC and t h e  WHSV from 0.7 t o  2.0 hr- . l h e s e  are composi t ional  p l o t s  and do not  
d i r e c t l y  show t h e  y i e l d  of t hese  components s i n c e  coke w i l l  vary with these  
parameters and is not  r e f l e c t e d  i n  t h e  product d i s t r i b u t i o n .  The p l o t s  o f  
tr imethylbenzene, toluene,  and benzene show a t r e n d  f o r  dea lky la t ion  wi th  increased 
temperature.  h ime thy lbenzene  decreases  wi th  temperature ,  while  t o luene  i n c r e a s e s  
t o  a maximum a t  5OO0C and then decreases  a t  higher  temperatures.  A poss ib l e  
explanat ion is t h a t  t h e  dea lky la t ion  of t r imethylbenzene and xylene l e a d  t o  
increased abundances of toluene,  reaching a maximum a t  5OO0C where t h e  dep le t ion  of 
t hese  heavier  spec ie s  and t h e  dea lky la t ion  of t o luene  l eads  t o  a decrease i n  its 
r e l a t i v e  abundance. Benzene increased throughout t h e  temperature  range s tudied.  A t  
h igher  temperatures .  benzene r e l a t i v e  abundance a l s o  increased w i t h  lower WHSV's. 

The few in t e rmed ia t e s  from wood vapor are represented i n  Figure 2 by m/z 118 
(probably benzofuran).  which shows a maxima a t  4OO0C f o r  all t h r e e  WHSV's, a l though  
t h e  r e l a t i v e  abundance i n c r e a s e s  wi th  WHSV. lhe a lkenes  show a s t eady  i n c r e a s e  with 
temperature and a dependence on WHSV a t  t h e  h ighe r  temperatures.  'Ihe gene ra t ion  o f  
a lkenes under extreme r e a c t i o n  cond i t ions  poss ib ly  i n d i c a t e s  t h a t  t h e  mechanism of 
aromatic  formation from t h e  a lkenes  i n  methanol conversion is n o t  followed i n  wood 
pyro lys i s  product conversion. The aromatics  formed from wood a r e  poss ib ly  formed 
more d i r e c t l y  by t h e  dehydrat ion and a romat i za t ion  of t h e  primary p y r o l y s i s  products  
r a t h e r  t han  from t h e  polymerizat ion of a lkenes as i n  methanol conversion. The 
formation of condensed aromatics  is a l s o  enhanced a t  higher  temperatures ,  as 
demonstrated by naphthalene i n  F igu re  2. I h e  t r end  of lower y i e l d s  of naphthalenes 
with lower WHSV's is s u r p r i s i n g  s i n c e  t h e s e  a r e  t h e  f i n a l  products  t o  form. m e  
dea lky la t ion  of t h e  naphthalenes followed t h e  same t r end  as t h e  alkylbenzenes-- 
methylnaphthalene went through a maximum and then  decreased a t  h ighe r  temperatures .  

In methanol conversion. t h e  p a r t i a l  p re s su re  of t h e  feed has  a major e f f e c t  on t h e  
product d i s t r i b u t i o n  wi th  low p a r t i a l  p re s su res  l ead ing  t o  lower y i e l d s  o f  aromatics  
s i n c e  they a r e  formed by t h e  polymerizat ion of t h e  alkenes (7). The e f f e c t  of 
i nc reas ing  the  p a r t i a l  p r e s s u r e  of feed on t h e  product d i s t r i b u t i o n  from t h e  
conversion of 'biomass p y r o l y s i s  products  may no t  be t h e  same a s  wi th  methanol s ince  
t h e  aromatics poss ib ly  form i n  a d i f f e r e n t  mechanism. 'Ihe work r epor t ed  i n  t h i s  
paper is a t  low p a r t i a l  p r e s s u r e  of wood p y r o l y s i s  vapor i n  helium (1% by volume, 
assuming a vapor molecular  weight of 100). Var i a t ion  of t h i s  parameter  remains t o  
be s tud ied  and could provide c r u c i a l  i n s i g h t  as t o  t h e  mechanisms of both o l e f i n  and 
aromatic  product ion i n  wood p y r o l y s i s  product  conversion. 

289 



This  sc reen ing  technique is no t  t h e  optimum method of addres s ing  y i e l d s  of 
hydrocarbons based on t h e  i n i t i a l  weight o f  wood, bu t  a n  experiment was performed t o  
es t imate  t h e  y i e l d  of o rgan ic  products ,  t o  put t h e  screening r e s u l t s  in 
perspect ive.  Table 1 shows e s t ima tes  of t h e  w t  % of products  based on t h e  r e l a t i v e  
s e n s i t i v i t i e s  of t h e  major products  in t h i s  mass spec t romet r i c  dec tec t ion  method. 
The vapors analyzed inc lude  t h e  moisture  in t h e  feed and t h e  water ,  CO, and COP 
generated in t h e  primary p y r o l y s i s  of t h e  wood. Yields  were est imated by c o r r e c t i n g  
t h e  composition o f  t h e  vapor f o r  coke d e p o s i t i o n  on t h e  c a t a l y s t  and t h e  cha r  from 
t h e  i n i t i a l  py ro lys i s .  The coke was determined by weighing the  c a t a l y s t  before  and 
a f t e r  a known amount of wood was pyrolyzed and passed over t h e  c a t a l y s t .  The 
r e s u l t i n g  estimates of t h e  y i e l d  of o rgan ic s  v a r i e d  from 8% t o  11%. depending on t h e  
temperature and WHSV. Since t h e  s to i ch iomet ry  of wood can a l low a p o t e n t i a l  y i e l d  
of 30% l i g h t  aromatics  from wood due t o  t h e  removal of oxygen as H20 and CO (4) ,  t h e  
11% hydrocarbon y i e l d  r e p r e s e n t s  30% of t h e  t h e o r e t i c a l  y i e l d  o f  hydrocarbons from 
wood. For a d d i t i o n a l  s t o i c h i o m e t r i c  c o n s t r a i n t s  on aromatic  y i e l d s ,  s e e  Diebold and 
Scah i l l  (4) in t h i s  symposium. 

The r e l a t i v e l y  low l e v e l s  of hydrogen in biomass, coupled with t h e  high amount of 
oxygen t o  be r e j e c t e d .  a r e  t h e  reason f o r  t h e  30% t h e o r e t i c a l  y i e l d  of 
hydrocarbons. T h i s  has  l e d  Chen e t  a l .  (8) t o  propose t h e  cofeeding of methanol 
w i th  carbohydrates  t o  e n r i c h  t h e  feedstock in hydrogen and inc rease  t h e  p o t e n t i a l  
hydrocarbon yield.  This i d e a  was b r i e f l y  explored with wood. and t h e  product 
d i s t r i b u t i o n s  a r e  shown in Figure 3 f o r  methanol, wood, wood-plusqethanol.  and 
wood-plusmethanol w i th  t h e  methanol c o n t r i b u t i o n  subtracted.  As in Figure 1, t h e  
peaks f o r  water ( m / z  18).  CO (m/z 28 [ a l s o  in p a r t  due t o  e thy lene ] )  and C02 (m/z 
44) a re  under-represented i n  these  s p e c t r a  due t o  the  tun ing  of t h e  mass 
spectrometer .  The, product d i s t r i b u t i o n  f o r  methanol conversion a t  5OO0C and WHSV - 
2.8 (Figure 3A) shows t h e  major c l a s s e s  of products:  dimethyl e t h e r  ( m / z ' s  45 and 
46); t he  a lkenes (m/z's 28 [ a l s o  in p a r t  due t o  CO], 42, 56, 70 ,  and 84); and t h e  
methylated benzenes (m/z's 92. 106, and 120). Alkanes a r e  a l s o  a major product from 
methanol conversion but  a r e  no t  prominent in t h e  runs s p e c t r a  due t o  lower 
i o n i z a t i o n  s e n s i t i v i t y  and inc reased  i o n i z a t i o n  fragmentat ion.  The peaks a t  m/z's 
147 and 162 a r e  due t o  pen ta  and hexamethylbenzene. which form in high abundance 
when methanol is run immediately a f t e r  wood, poss ib ly  due t o  a l k y l a t i o n  of coke 
precursors  and s t r i p p i n g  from t h e  c a t a l y s t  su r f ace .  Ihe aspen product  d i s t r i b u t i o n  
a t  500°C and WHSV = 1 (F igu re  3B) has similari t ies t o  t h e  methanol, i nc lud ing  the  
presence of t h e  o l e f i n s  (m/z's 28. 42, and 56) and t h e  l i g h t  aromatics.  When t h e  

Tab le  1. Estimated Product Yie lds  from HIRIS Data 

Temp, OC 
WHSV, hr-' 

450 4 50  510 500 495 
2.4 4.2 2.7 3.6 4 .O 

Wster,  w t  % of Vapors 
co, w t  x o f  Vapors 
COT. w t  X of Vapors 

63.8 50.6 45.3 49.5 50.7 
10.7 19.1 23.8 19.8 18.7 
14.5 18.4 16.4 17 .0  15.6 

~ ~~~~~ 

Olef ins ,  w t  % of Vapors 6.9 6.3 10.3 8.8 . 9.7 
BTX, w t  % of Vapors 3.0 4.0 3.3 3.9 4.2 

Sum of  Organics ,  w t  % of Vapors 11.0 11.9 14.6 13.6 15.0 
Sum of Inorganics ,  w t  % of Vapors 89.0 88.1 85.4 86 .4  85.0 

Yield of Organics,  w t  % of Wood 8.0 8.7 10.7 9-9 11.0 
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two a r e  run t oge the r ,  t h e  spectrun looks f a i r l y  a d d i t i v e  with lesser amounts of 
o l e f i n s  than in t h e  pure methanol (F igu re  3C). When t h e  methanol c o n t r i b u t i o n  i s  
sub t r ac t ed  from the  combined run (F igu re  3D). it i s  apparent  t h a t  t h e  y i e l d  of 
aromatics  from t h e  biomass components is  inc reased  due t o  t h e  presence of methanol,  
and t h e  d i s t r i b u t i o n  of products  has  changed wi th  more xylene and t r imethylbenzene,  
r e l a t i v e  t o  benzene and ve ry  l i t t l e  alkenes.  Ihe  methylat ion of t h e  b iomassde r ived  
aromatics  is not  only i n c r e a s i n g  t h e  y i e l d  beyond t h e  a d d i t i o n  of t h e  two 
con t r ibu t ions ,  but is a l s o  changing t h e  products  toward higher  va lue  components. 
Based upon t h e  GC a n a l y s i s  of t he  noncondensible gases  ( 4 ) ,  t h i s  i nc rease  in 
methylated benzenes would be expected t o  occur  a t  t h e  expense of t h e  gaseous a lkanes  
formed from pure methanol. 

The behavior of model compounds, i n  a ve ry  prel iminary screening,  has  given some 
i n s i g h t  toward p o t e n t i a l  y i e l d s .  'Ihe product  s p e c t r a  of fou r  model compounds a r e  
shown in Figure 4. These s p e c t r a  were c o l l e c t e d  under d i f f e r e n t  tuning cond i t ions  
than  previous r e s u l t s  t o  b r ing  up t h e  low masses. As wi th  Figures  1 and 2 ,  however, 
t h e s e  r e s u l t s  have no t  been c a l i b r a t e d ,  so peak he igh t s  are not  d i r e c t l y  
i n t e r p r e t a b l e  as y i e lds .  The b e s t  u s e  of t h e s e  model compound sc reen ing  r e s u l t s  is 
f o r  product slate comparisons. The two  major t r e n d s  a r e  summarized here:  (1) t h e  
carbohydrate-derived r i n g  compounds such a s  a-angel icalactone (Figure 4B) and 
f u r f u r y l  a lcohol  gave t h e  g r e a t e s t  y i e l d s  of aromatics ,  while lower y i e l d s  were 
obtained from t h e  l i g h t  oxygenates.  such as hydroxyacetaldehyde (F igu re  4D); and (2) 
l ignin-der ived products .  from ca techo l  and gua iaco l  t o  isoeugenol (Figure 4A) and 
c o n i f e r y l  a l coho l ,  gave ve ry  low y i e l d s  of l i g h t  aromatics  and t o t a l  o rgan ic s  b u t  
were completely destroyed,  i n d i c a t i n g  a h igh  coking p o t e n t i a l  f o r  t h e  l ignin-der ived 
methoxyphenols and phenols. 

The formation of fu ran  from c e l l u l o s e  was p rev ious ly  reported (9). F u r f u r a l  formed 
fu ran  a s  shown i n  Figure 4C; methyl f u r f u r a l  formed most ly  methyl f u r a n  wi th  minor 
amounts of furan;  and hydroxymethyl fu ran  formed more fu ran  than  methyl furan.  

The y i e l d  of water  w a s  always g r e a t e r  t han  t h e  sum of CO and CO f o r  both t h e  l i g n i n  
and the carbohydrate  products  t h a t  were s t u d i e d  except  f o r  t i e  carbohydrate  r i n g  
compounds such a s  a-angel icalactone and f u r f u r a l .  Several  compounds gave h igh  
y i e l d s  of p a r t i c u l a r  products  t h a t  were more r e l a t e d  t o  t h e  f u n c t i o n a l i t y  than  t h e  
elemental  composition: (1) compounds con ta in ing  aldehyde groups,  such as 
hydroxyacetaldehyde (F igu re  4D) and t h e  f u r f u r a l s  (Figure 4C). gave h ighe r  y i e l d s  of 
CO (Angel icalactae a l s o  gave h igh  y i e l d s  of CO), (2) a c e t i c  a c i d  gave a r e l a t i v e l y  
h igh  abundance of C02 a s  might be expected due t o  decarboxylat ion,  (3) a c e t i c  ac id  
and a c e t o l  gave h igh  r e l a t i v e  y i e l d s  of a lkenes  r e l a t i v e  t o  t h e  heav ie r  compounds, 
perhaps due t o  t h e  formation o f  C2 and C3 hydrocarbons a f t e r  t h e  l o s s  of oxygen as 
H20 or C02, and ( 4 )  hydroxymethylfurfural  gave less than  h a l f  t h e  y i e l d s  of a l l  
o rgan ic  products  t han  d i d  methyl f u r f u r a l .  

In add i t ion  t o  s e l e c t e d  model compounds, t h r e e  carbohydrates  were pyrolyzed and 
passed over t he  c a t a l y s t .  Levoglucosan, glucose,  and sucrose gave t h e  same 
d i s t r i b u t i o n  of product c l a s s e s .  

SIIII(ABY 

The r e s u l t s  obtained so f a r  with wood vapor over  Mobil 's  sample of HZSM-5 can be 
summarized a s  fol lows:  

0 Yields  of t o t a l  o rgan ic s  up t o  30% of a pos tu l a t ed  t h e o r e t i c a l  maximum y i e l d  of 

I 

30 w t  % have been obtained.  
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H20 always exceeds the  sum of CO and C02 f o r  wood vapor products.  

Yields of o l e f i n s  exceed those  of a romat i c s ,  q u i t e  probably due t o  t h e  low p a r t i a l  
p ressure  of m o d  vapor i n  He ( t y p i c a l l y  1 v o l  Z a s s m i n g  s wood vapor average 
molecular weight of 100). 

0 Fresh c a t a l y s t  is extremely a c t i v e ,  conver t ing  a l l  wood-derived spec ie s .  even 
heavy l i g n i n  s p e c i e s ,  a l though coke i s  a l i k e l y  major product.  

0 Methanol (approximately 1.5: 1 methanol/wood pyro lys i s  vapor by weight) increased  
the  hydrocarbon y i e l d ,  mainly a s  xylene and trimethylbenzene. 

Product s l a t e s  c a n  be manipulated by tempera ture  and WHSV. 

There a r e  v i r t u a l l y  no in t e rmed ia t e s  observed from wood vapors  (as  w i t h  dimethyl 
e the r  from methanol),  excep t  fu ran  s p e c i e s  from t h e  carbohydra tes .  

It is apparent  t h a t  i n  f u t u r e  work, c a t a l y s t  c h a r a c t e r i s t i c s  and v a r i a t i o n s  such a s  
su r face  a c i d i t y ,  c r y s t a l l i t e  s i z e ,  and SUA1 r a t i o  should be explored. In add i t ion ,  
model compounds should  be s tud ied  t o  exp lo re  t h e  mode o f  oxygen removal and coking 
i n  f u n c t i o n a l i t i e s  p re sen t  i n  wood vapor. 'Ihe s y n e r g i s t i c  b e n e f i t s  of methanol as a 
hydrogen c a r r i e r  should  be  quan t i f i ed .  
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FIGURE 3, MASS SPECTRA OF THE PRODUCTS OF THE CONVERSION OF 
METHANOL AND ASPEN PYROLYSIS VAPORS OVER HZSM-5: 
A) METHANOL ALONE, 500OC, WHSV = 2.8; B) ASPEN 
PYROLYSIS PRODUCTS ALONE, 500OC, WHSV = 1.9; 
c) COFEEDING METHANOL AND WOOD USING THE CONDITIONS ' 

IN A) AND B): D) THE RESULTS IN c) WITH THE METHANOL 
ALONE RESULTS A)  SUBTRACTED SHOWING THE ENHANCEMENT 
TO THE ASPEN PRODUCT UISTRIBUTION, 
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Biomass t o  Gasol ine ( B W :  Wgrading P y r o l y s i s  Vapors 
t o  Aromatic Gasol ine v i t h  Z e o l i t e  C a t a l y s i s  a t  Atmospheric R e s s u r e  

James Mebold and John Scah i l l  

Chemical Conversion Research Branch 
Solar  Energy Research I n s t i t u t e  

1617 Cole Rlvd.. Golden, Colorado 80401 

AEIBSTUCT 

The primary py ro lys i s  vapors  generated by t h e  f a s t  p y r o l y s i s  of biomass a t  atmos- 
phe r i c  p re s su res  c o n s i s t  i n i t i a l l y  of low-molecular-weight compounds, bu t  which 
polymerize r ead i ly  upon condensation. P r i o r  t o  condensation, t h e s e  primary vapors 
have been found to  be ve ry  r e a c t i v e  wi th  ZSH-5 c a t a l y s t  t o  produce methyl benzenes 
b o i l i n g  in t he  g a s o l i n e  range. Ihis gaso l ine  is predicted to have ve ry  high 
blending octane numbers. By-products a r e  coke, carbon ox ides ,  wa te r ,  naph tha lenes ,  
e thy lene ,  propylene, and some phenols. ?he e f f e c t  of d i f f e r e n t  by-products on t h e  
t h e o r e t i c a l  gaso l ine  y i e l d  is examined. Prel iminary r e s u l t s ,  generated with a 
r e a c t o r  having a f ixed  bed of 100 g of c a t a l y s t ,  a r e  examined f o r  t h e  cont inuous 
feeding of never-condensed primary vapors and compared t o  feeding methanol in t h e  
same reac to r .  

I W l X  0 DUCT ION 

The conversion of biomass m a t e r i a l s  t o  high octane gaso l ine  has  been a c t i v e l y  
pursued for many years .  H i s t o r i c a l l y .  methanol was made in very  low y i e l d s  by t h e  
d e s t r u c t i v e  d i s t i l l a t i o n  of hardwoods. More r ecen t ly ,  t h e  manufacture of methanol 
has been by t h e  r e a c t i o n  of s y n t h e s i s  gas  over  c a t a l y s t s  a t  h igh  p res su res .  In 
theory,  any carbon source  can be used f o r  t h i s  c a t a l y t i c  gene ra t ion  of methanol,  but  
in p r a c t i c e ,  biomass has  not  been advantageous r e l a t i v e  t o  c o a l  or n a t u r a l  gas. 
Other approaches t o  making l i q u i d  f u e l  from biomass have involved t h e  fermentat ion 
of biomass t o  e thano l  i n  a r a t h e r  slow process .  which produces a s u b s t a n t i a l  amount 
of by-product s o l i d s  and l i q u i d  wastes.  I h e  conversion of biomass t o  a l coho l s  is 
t e c h n i c a l l y  f e a s i b l e ,  bu t  t h e  u t i l i z a t i o n  of t h e  a l coho l s  as t r a n s p o r t a t i o n  f u e l s  
w i l l  r e q u i r e  mod i f i ca t ions  t o  t h e  d i s t r i b u t i o n  systems and to t h e  i n d i v i d u a l  
automobiles.  'he  high-pressure l i q u e f a c t i o n  of biomass t o  oxygenated l i q u i d s  
followed by high-pressure c a t a l y t i c  hydrogenation to form hydrocarbons is one 
approach to convert  biomass t o  l i q u i d  f u e l s  (1). However, i n  t h e  l a s t  decade,  b b i l  
has  developed the  use of a z e o l i t e  c a t a l y s t  f o r  t h e  conversion of methanol t o  
gaso l ine  (2). lhis process  has  r e c e n t l y  been commercialized and is now in o p e r a t i o n  
in New Zealand ( 3 ) .  'he z e o l i t e  c a t a l y s t  used i n  t h e  Mobil process  is a medium pore 
z e o l i t e ,  which has  shape s e l e c t i v i t y  t o  r e s t r i c t  t h e  products  t o  methylated 
benzenes. i s o p a r a f f i n s ,  and o l e f i n s ,  wh i l e  prevent ing t h e  formation of coke 'in t h e  
c a t a l y s t  pores (4). ?his c a t a l y s t  is known as Z S M - 5 ,  and its commercial. use is 
c o n t r o l l e d  by M b i l .  

The r e a c t i v i t y  of h igh -molecu la rwe igh t  vegetable  oils with Z S M - 5  was reported in 
1979 (5) and. I n  f a c t ,  ZSM-5 c a t a l y s t  is very  r e a c t i v e  toward most small  oxggenated 
s p e c i e s  t o  convert  them t o  methylated benzenes and o t h e r  products  (6. 7). Although 
a l coho l s  appear t o  be some of t h e  b e s t  f eeds tocks  f o r  Z S M - 5  c a t a l y s i s  due t o  t h e i r  
low coking tendencies ,  t h e  petroleum i n d u s t r y  has  long made use of z e o l i t e  c a t a l y s t s  
f o r  t he  cracking o f  ve ry  heavy hydrocarbons t o  produce g a s o l i n e  and about  5 to 
15 weight percent  coke. l h i s  sugges t s  t h a t  t h e  formation of coke and the  need f o r  
f requent  c a t a l y s t  r egene ra t ion  w i l l  heav i ly  impact t h e  r e a c t o r  des ign ,  bu t  t h a t  
s i g n i f i c a n t  coke formation can be p a r t  of a v i a b l e  commercial process .  m e  t h r u s t  
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of t h i s  paper i s  to examine p o s s i b l e  s t o i c h i o m e t r i e s  and prel iminary experimental  
r e s u l t s  from using primary p y r o l y s i s  vapors made by t h e  f a s t  p y r o l y s i s  of sawdust a t  
atmospheric p re s su re  i n  a v o r t e x  r eac to r .  I h e  product ion of t hese  oxygenate vapors 
is  addressed i n  a companion paper (8). 

sToIcAIowpTRY 

Although t h e  hydrocarbon products  have an unusual feedstock independence. the 
chemistry involved wi th  d i f f e r e n t  f eeds tocks  over  t h e  ZSM-5 c a t a l y s t  v a r i e s  
considerably with t h e  f u n c t i o n a l i t y  of t h e  oxygen i n  t h e  feedstock.  As seen i n  
Table 1 .  t h e  hydroxy and methoxy groups i n  gene ra l  have a ve ry  s t r o n g  tendency to 
r e j e c t  oxygen i n  t h e  form o f  water ,  as seen f o r  t h e  c a s e  of methanol, dimethyl e t h e r  
(9 ) .  g lyce ro l  (10). and phenols  (11). Reject ion of t h e  oxyRen as carbon monoxide 
OCCUKS p r e f e r e n t i a l l y  to water  i n  a 4:l  r a t i o  with f u r f u r a l  ( 7 ,  10) .  Ihe reac t ion  
of n-butyl formate over  ZSM-5 produces equal  molar amounts of water  and carbon 
monoxide (9 ) .  Acetic  a c i d  r e a c t s  to produce acetone,  water ,  and carbon dioxide with 
only small  amounts of carbon monoxide. ?he r e a c t i o n  of acetone produces l a r g e l y  
water  a s  t h e  oxygen-containing by-product. I h e  a c e t a t e  group appears  to decompose 
i n  such a way a s  t o  r e j e c t  fou r  t imes as much oxygen as carbon d iox ide  than  a s  
carbon monoxide, bu t  w i th  over  50% of t h e  oxygen r e j e c t e d  i n  t h e  form of water  
(12) .  Glucose and s t a r c h  were r epor t ed  to r e j e c t  o x E e n  p r e f e r e n t i a l l y  as water  
r a t h e r  than as carbon monoxide i n  a 3-1/2 t o  1 r a t i o  wi th  very l i t t l e  formation of 
carbon dioxide.  Sucrose and xylose a l s o  produced v e r y  l i t t l e  carbon dioxide,  but 
favored t h e  formation of wa te r  over carbon monoxide by only 1-1/2 to 1 ( 7 ) .  perhaps 
due to  the formation of some f u r f u r a l  as p a r t  of t h e  in t e rmed ia t e s .  In summary, 
hydroxyl and methoxy groups tend to r e j e c t  oxygen i n  t h e  form of water ;  a r y l  e t h e r s  
r e j e c t  a nea r ly  equa l  amount o f  oxygen i n  water  and carbon monoxide; carbonyl and 
formate groups r e j e c t  oxygen l a r g e l y  a s  carbon monoxide, and carboxyl  groups r e j e c t  
oxygen mostly as carbon d iox ide  and water.  With t h e  model compounds l i s t e d  in 
Table 1, many of t h e s e  t r ends  may a l s o  be a func t ion  of r e a c t i o n  cond i t ions  as well 
as r e a c t a n t s .  A model compound s tudy  coupled with a process  v a r i a b l e  s tudy  i s  i n  
p rogres s  a t  SERI w i t h  t h e  f r e e - j e t ,  molecular beadmass  spectrometer  (FJMBMS) ( 1 3 ) .  

The method of nx,ygen r e j e c t i o n  which CCCES over  t h e  c a t a l y s t  has  a very importan: 
impact on t h e  p o t e n t i a l  y i e l d  of hydrocarbons,  e s p e c i a l l y  for  a feedstock l i k e  
biomass which has  a r e l a t i v e l y  low hydrogen content .  Although t h e  products  formed 
from a few compounds r e a c t e d  wi th  ZSM-5 a r e  known f o r  c e r t a i n  cond i t ions ,  methods t o  
manipulate the  by-product s l a t e  a r e  e s s e n t i a l l y  unexplored. However, t h e  des i r a -  
b i l i t y  t o  r e j e c t  oxygen as carbon oxides  becomes q u i t e  obvious by examining 
p o t e n t i a l  product s l a t e s  which a r e  poss ib l e  from t h e  s to i ch iomet ry  o f  t h e  r e a c t i n g  
primary py ro lys i s  vapor s ,  CHI 200 49.  Based on t h e  assumption of a 70 w t  X,  y i e l d  of 
primary vapors ,  Table 2 shows'tha; o f  t h e  product s l a t e s  considered,  t h e  b e s t  hydro- 
carbon y i e l d s  m u l d  be a t t a i n e d  wi th  oxygen r e j e c t i o n  as carbon d iox ide ,  and the 
excess  hydrogen used to a l s o  r e j e c t  oxygen a s  water.  Note t h a t  t h e  l i q u i d  hydro- 
carbon product assumed corresponds to xylene, C8HI0, r a t h e r  than t o  more hydrogen- 
r i c h  hydrocarbons such a s  o l e f i n s ,  (as w i l l  be  d i scussed ,  t h e  l i q u i d  hydro- 
carbon products  a c t u a l l y  made from these  py ro lys i s  vapors  a r e  aromatic  i n  na tu re ) .  
If carbon monoxide i s  t h e  assumed carbon oxide,  more carbon i s  needed to r e j e c t  t he  
oxygen, which dec reases  t h e  p o t e n t i a l  hydrocarbon y i e l d s ,  as shown by r eac t ion  (2)  
of Table 2-  If t h e  by-product gases  a r e  a mixture of carbon ox ides ,  methane, 
o l e f i n s .  e t c . ,  as shown empi r i ca l ly  i n  r e a c t i o n  (3) as CHo.65Oo.82. then the 
gaso l ine  y i e l d s  would be lowered due t o  t h e  noncondensible hydrocarbons.  Ihe 
formation of pure carbon could s t i l l  r e s u l t  i n  cons ide rab le  gaso l ine  y i e l d s  as shown 
by r e a c t i o n  (4 ) .  However, s i n c e  coke formation i s  t y p i c a l l y  an aromatizat ion 
r e a c t i o n  t o  produce po lycyc l i c  aromatic  hydrocarbons con ta in ing  r e s i d u a l  hydrogen, 
r e a c t i o n  ( 5 )  i s  probably the  more reasonable  coking r e a c t i o n  to expec t ,  which 
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produces water  and coke but no gaso l ine  a t  a l l .  I n  smmary,  t h e  more des i r ed  
r eac t ions  produce carbon oxides  and water as by-products. Undesired r e a c t i o n s  
produce noncondensible hydrocarbons and/or  coke and water. 

WPERIWENTAL 

The primary py ro lys i s  vapors ,  used a s  feedstock,  were produced by f a s t  py ro lys i s  i n  
a vo r t ex  r e a c t o r  from coa r se  softwood sawdust,  a s  d i scussed  i n  r e f e r e n c e  (8). After 
t h e  vapors l e f t  t h e  vo r t ex  r e a c t o r  system, they  were allowed to  coo l  t o  t h e  des i r ed  
c a t a l y t i c  r eac t ion  temperature ,  a s  they passed through a tubu la r  t r a n s f e r  l i n e  t o  
t h e  c a t a l y t i c  reactor .  The t r a n s f e r  l i n e  was loca ted  i n s i d e  of a s e r i e s  of s i x  
tubu la r  furnaces ,  whtch allowed the vapor stream to  e q u i l t b r a t e  t o  t h e  d e s i r e d  
temperature.  The r e s idence  t ime of t h e  vapor in t h e  t r a n s f e r  l i n e  was about one- 
h a l f  second p r i o r  t o  reaching t h e  2.5-m diameter  c a t a l y t i c  r e a c t o r  shown i n  
Figure 1. The c a t a l y t i c  r e a c t o r  had a 30-cmlong f ixed  bed of 100 of ZSM-5 
con ta in ing  c a t a l y s t  (MCSG-2). which was loca ted  i n  t h e  middle of t h e  s i x t h  fu rnace  
sec t ion .  The c a t a l y s t  was i n  t h e  form of 1.4-mm diameter  ex t ruda te  and suppl ied by 
Hobil Research and Development Corp. i n  a coope ra t ive  agreement with t h e  So la r  
Energy Research I n s t i t u t e .  The temperature  of t h e  c a t a l y s t  bed was measured with an 
a x i a l  thermocouple i n s i d e  a 6-mm themowell .  The temperature  p r o f i l e  o f  t h e  bed was 
determined by moving t h e  a x i a l  thermocouple w i t h i n  t h e  themowell .  A s i n t e r e d  
s t a i n l e s s  s t e e l  f i l t e r  r a t e d  a t  5 micrometers was used t o  remove cha r  f i n e s  from t h e  
p y r o l y s i s  vapors. The products  were c o l l e c t e d  i n  water-cooled condensers. The 
p res su re  i n  the  r e a c t o r  was s l i g h t l y  above t h e  l o c a l  a tmospheric  p re s su re  a t  about  
95 kPa. Analysis  of t h e  o rgan ic  condensates was wi th  a 57nicrometer wide bore 
c a p i l l a r y  column having a l e n g t h  of 60 m. The c a p i l l a r y  column was coated wi th  one 
micrometer of cross- l inked methyl s i l i c o n e s .  With helium a s  t h e  c a r r i e r  gas .  t h e  
temperature  p r o f i l e  s t a r t e d  a t  O°C f o r  4 minutes ,  followed by a temperature  ramp of 
8°C/min u n t i l  a temperature  of 26OoC w a s  reached. Detect ion of t h e  e lu t ed  o rgan ic s  
was by flame i o n i z a t i o n  d e t e c t i o n  (FID). I d e n t i f i c a t i o n  of t h e  major peaks was by 
r e fe rence  ma te r i a l s .  whereas t h e  minor peaks were i d e n t i f i e d  by a combination of t he  
FJMBMS a t  SERI and a GC/MS loca ted  i n  t h e  Department of Chemical and P e t r o l e u m  
Refining Engineering of t h e  Colorado School of Mines. The noncondensible gases  were 
analyzed with a Carle  GC designed f o r  r e f i n e r y  gas  a n a l y s i s ,  which used thermal  
conduc t iv i ty  d e t e c t i o n  (TCD) and was c a l i b r a t e d  with a g rav ime t r i ca l ly  prepared 
r e fe rence  mixture. E lec t ron ic  grade methanol (99.9% pure) was used f o r  comparison 
t o  t h e  softwood feedstock.  

FXPERIMEWML RESULTS 

Methanol. To v e r i f y  t h e  a c t i v i t y  of t h e  c a t a l y s t  and to g a i n  experience in t he  
ope ra t ion  of t h e  c a t a l y s t  system, methanol was metered i n t o  a p rehea te r  tube located 
i n s i d e  of t he  t r a n s f e r  l i n e  heated t o  50OoC. This p r e h e a t i n g  proved to .be too 
seve re  and the  products  which emerged from t h e  c a t a l y t i c  r e a c t o r  were dominated by 
hydrogen and carbon monoxide i n  a 2:1 r a t i o ,  as shown in Table 3. lhis would be 
expected from thermal decomposition of t h e  methanol p r i o r  t o  reaching the  
c a t a l y s t .  This experiment was repeated us ing  a p rehea t ing  temperature  ramp t o  j u s t  
r each  400°C a t  t h e  en t r ance  t o  t h e  C a t a l y t i c  reactor .  The c a t a l y t i c  r e a c t o r  was 
held a t  a nominal 400°C p r i o r  t o  t h e  a d d i t i o n  o f  t h e  methanol a t  a space v e l o c i t y  
(CnlSV) of 0.9 g methanol p e r  gram of c a t a l y s t .  ' h e  noncondensible gas  composition 
is shown in Table 3 and was r i c h  in hydrogen and a lkanes  (methane, propane. and 
isobutane). The gaseous o l e f i n s  would be used t o  a k y l a t e  t h e  r e a c t i v e  i sobu tane  t o  
r e s u l t  i n  a highly branched-chain gaso l ine  f r a c t i o n  ( 1 4 ) .  The GC f o r  t he  hydro- 
carbon l i q u i d  i s  shown i n  F igu re  2a; t he  l i q u i d  product contained r e l a t i v e l y  l i t t l e  
alkanes o r  o l e f i n s  and was dominated by methylated benzenes,  such as to luene ,  
xylenes,  and t r ime thy l  benzenes. Re la t ive ly  ve ry  small amounts of naphthalenes were 
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seen. The temperature  p r o f i l e  of t h e  c a t a l y t i c  r e a c t o r  immediately p r i o r  t o  and 
a l s o  during t h i s  experiment i s  shown i n  Figure 3. 'Ihe l o c a t i o n  of t h e  temperature- 
p r o f i l e  maxima was q u i t e  s t a b l e ,  which i n d i c a t e s  t h a t  t h e  c a t a l y s t  was not  s i g n i f i -  
c a n t l y  deac t iva t ing  during t h e  s h o r t  t ime of t h e  experiment.  'Ihis low r a t e  o f  
c a t a l y s t  d e a c t i v a t i o n  is c o n s i s t e n t  w i th  d a t a  publ ished by HDbil personnel (15). 
The r a t i o  of g a s o l i n e  t o  water i n  t h e  condensates  sugges t s  t h a t  t h e  gaso l ine  y i e l d  
was only about one-third of t h e  p o t e n t i a l  due t o  t h e  formation of t h e  noncondensible 
hydrocarbons. l%is product s la te  i s  i n  gene ra l  agreement wi th  d a t a  r epor t ed  by 
Mob11 f o r  t h e  r e a c t i o n  c o n d i t i o n s  (15). 

Primary Pyrolysis Vapors. A f t e r  a c a t a l y s t  r egene ra t ion  c y c l e  t o  remove r e s idue  
from the methanol experiments ,  a s l i p s t r e a m  of t h e  primary py ro lys i s  vapors were 
passed over  t he  ZSM-5 c a t a l y s t  u s ing  steam a s  t h e  c a r r i e r  gas  a t  a weight r a t i o  of 
two p a r t s  of steam t o  one p a r t  of wood feed. 'Ihe py ro lys i s  vapors  were cooled from 
51OoC a t  t h e  e x i t  o f  t h e  v o r t e x  r e a c t o r  t o  4OO0C a t  t h e  en t r ance  o f  t h e  c a t a l y t i c  
reactor .  F igu re  4 shows t h e  temperature  p r o f i l e  immediately p r i o r  t o  feeding the 
biomass, as we l l  as 5-10 minutes l a t e r .  Tne temperature  p r o f i l e  with p y r o l y s i s  
vapors as feed was  not as l a r g e  i n  magnitude as t h a t  seen with methanol and i t  had a 
ve ry  broad maximum. Tne hea t  o f  r e a c t i o n  o f  t h e  p y r o l y s i s  vapors  i s  l e s s  exothermic 
than f o r  methanol and t h e  steam c a r r i e r  gas  a l s o  has a moderating e f f e c t  on the  
temperature rise. The broadness of t h e  temperature  p r o f i l e  r e f l e c t s  t h a t  t h e  
py ro lys i s  vapors a r e  a complex mixture  of compounds, which a r e  probably r eac t ing  a t  
d i f f e r e n t  r a t e s .  ?he broader  and lower temperature  p r o f i l e  would make temperature 
con t ro l  easier i n  a biomass-to-gasoline (BTG) r e a c t o r  t han  i n  a methanol-to-gasoline 
(MTG) r eac to r .  The l o c a t i o n  o f  t h e  temperature  maximum was monitored during t h e  
run. as shown in Figure  5. During t h e  f a i r l y  s h o r t  experiment,  t he  temperature 
maximm was observed t o  move t o  t h e  end of t h e  r e a c t o r ,  i n d i c a t i n g  a f a i r l y  r ap id  
d e a c t i v a t i o n  of t h e  c a t a l y s t  had occurred.  h r i n g  t h i s  time. t h e  composition of t he  
hydrocarbon products  appeared t o  be r e l a t i v e l y  constant .  Tne GC chromatogram of t h e  
l i q u i d  hydrocarbons is  shown i n  Figure 2b f o r  comparison t o  t h e  products  made from 
methanol. As can be seen  by i n s p e c t i o n  of t h e  two gas  chromatograms, t h e  g a s o l i n e  
f r a c t i o n  ( e l u t i n g  be fo re  naphthalene) made from wood i s  very s i m i l a r  t o  t h a t  made 
from methanol. ?he composition of t h e  g a s  formed over  t h e  c a t a l y s t  from t h e  pyroly- 
sis vapors i s  shown i n  Table  3, a s  c a l c u l a t e d  from t r a c e r  gas  concen t r a t ions  before  
and a f t e r  t he  r e a c t o r ,  a long wi th  t h e  g a s  composition formed by t h e  thermal decompo- 
s i t i o n  of t h e  p y r o l y s i s  vapors  as determined p rev ious ly  (16) ;  t h e  c a t a l y t i c a l l y  
formed gases  had s i g n i f i c a n t l y  less hydrogen and methane, bu t  more carbon dioxide 
and propylene than the  thermally formed gases.  In comparing t h e  composition of t he  
gases  formed by t h e  c a t a l y t i c  conversion of t h e  p y r o l y s i s  vapors  t o  t h e  c a t a l y t i c  
conversion of t h e  methanol, t h e  r e l a t i v e  hydrogen r i chness  of t he  methanol becomes 
apparent in t h e  r e l a t i v e l y  h igh  hydrogen, methane, propane, and i sobu tane  y i e lds .  
The r e l a t i v e  hydrogen r i c h n e s s  i s  sunmarlzed by t h e  empi r i ca l  formulas f o r  t he  two 
gas s t reams,  i n  which t h e  hydrogen-to-carbon r a t i o  f o r  t h e  wood-derived gases  i s  
one-fourth t h a t  f o r  t h e  methanol-derived gases .  ' Ihis excess ive  amount of hydrogen 
i n  the methanol-derived gases  sugges t s  t h a t  methanol could be used as a hydrogen 
donor t o  hydrogen-poor f eeds tocks  and t h i s  has  been explored by s e v e r a l  researchers  
(7 .  10-12). The very low y i e l d  of isobutane from pyro lys i s  vapor s  would preclude 
t h e  use of a l k y l a t i o n  t o  i n c o r p o r a t e  t h e  e thy lene ,  propylene, and butenes i n t o  the 
gaso l ine  product w i th  a s t anda lone  process .  Adsorption of t h e  gaseous o l e f i n s  onto 
cold ZSM-5 a t  low p res su res  may be a v i a b l e  method t o  r e c y c l e  them i n t o  the  
c a t a l y t i c  r eac to r .  A comparison o f  Tables 2 and 3 r e v e a l s  t h a t  t h e  empi r i ca l  gas  
composition ca l cu la t ed  t o  have been made c a t a l y t i c a l l y  from t h e  py ro lys i s  vapors 
corresponds t o  r e a c t i o n  ( 3 ) ,  which has  a thermal e f f i c i e n c y  o f  57%. However, t h e  
laydown of coke on t h e  c a t a l y s t  would s e r v e  t o  compete f o r  t he  py ro lys i s  vapor 
feedstock and reduce t h e  g a s o l i n e  y i e l d s  by r e a c t i o n  ( 5 )  as p rev ious ly  discussed.  
The q u a n t i t a t i o n  of t h e  coke is i n  progress .  
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DISCUSSION 

Pyro lys i s  vapors  made by t h e  f a s t  p y r o l y s i s  of softwood a r e  ve ry  r e a c t i v e  wi th  ZSM-5 
c a t a l y s t  to form a l i q u i d  hydrocarbon product ,  which i s  ve ry  similar t o  t h a t  formed 
from methanol. Although t h e  c a t a l y s t  is deac t iva t ed  r e l a t i v e l y  qu ick ly  wi th  
py ro lys i s  vapors compared t o  methanol, o t h e r  experimentat ion we have performed 
i n d i c a t e s  t h a t  t h e  c a t a l y s t  can be o x i d a t i v e l y  regenerated.  This sugges t s  t h a t  a 
c a t a l y t i c  r e a c t o r ,  which can maintain a h igh  l e v e l  of c a t a l y t i c  a c t i v i t y  i n  s p i t e  o f  
high coking r a t e s ,  would be desired.  lh is  problem has been addressed and resolved 
by the p e t r o l e m  r e f i n i n g  indus t ry  which u t i l i z e s  an entrained-bed r e a c t o r  ( r i s e r -  
c r acke r ) ,  t o  crack heavy hydrocarbons t o  g a s o l i n e  and about 5% t o  15% coke, coupled 
with a fluidized-bed o x i d a t i v e  r egene ra to r  f o r  t he  r e l a t i v e l y  slow, c o n t r o l l e d  
ox ida t ive  coke combustion and c a t a l y s t  r egene ra t ion  (17). For t h e  conversion of 
biomass t o  gaso l ine ,  t h e s e  p re l imina ry  d a t a  a r e  q u i t e  encouraging t h a t  a n e a r l y  
d i r e c t  conversion of biomass t o  g a s o l i n e  can be accomplished a t  a tmospheric  
pressures  in one ve ry  r ap id  thermal cyc le  without  t h e  c o s t  of hydrogen manufac- 
t u re .  With t h e  c a l c u l a t e d  thermal e f f i c i e n c i e s .  i t  appears  t h a t  t h e r e  w i l l  be 
s u f f i c i e n t  energy i n  t h e  by-products t o  ope ra t e  the  p rocess ,  even inc lud ing  t h e  
drying of a r a t h e r  wet biomass feedstock p r i o r  t o  pyrolysis .  

The g a s o l i n e  product i s  almost e n t i r e l y  methylated benzenes wi th  on ly  a small  amount 
of benzene. ' h i s  g a s o l i n e  would be expected t o  have octane r a t i n g s  in excess  of 100 
and t o  have blending oc tane  numbers between 115 and 135 based on r epor t ed  blending 
oc tane  va lues  f o r  t h e  va r ious  methylated benzenes (18). Due t o  t h e  expected 
continued demand f o r  unleaded gaso l ine  having higher  octane n m b e r s .  t h e  g a s o l i n e  
made from biomass by t h i s  process  would be expected t o  command premium p r i c e s  i f  
sold t o  a petroleum r e f i n e r y  f o r  blending purposes.  The naph tha len ic  f r a c t i o n  o f  
t h e  o rgan ic  products  could e a s i l y  be hydrocracked t o  inc rease  t h e  g a s o l i n e  y i e l d s  in 
a modem r e f i n e r y  (19). A t  t h i s  t ime,  t h e  pheno l i c  by-products appear  t o  b e  p r e s e n t  
i n  minor amounts and probably w i l l  not warrant  recovery. 

SaMARY 

The conversion of primary py ro lys i s  vapors made from biomass i s  a r e l a t i v e l y  new 
re sea rch  and development a r e a  which I s  showing e a r l y  promise. Ihe e x t e n t  t o  which 
t h e  product s l a t e  can be manipulated by p rocess  v a r i a b l e s  w i l l  impact h e a v i l y  on t h e  
v i a b i l i t y  o f  t h i s  process .  
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Table 1. Beported Distr ibut ion of Oxygen i n  Inorganic By-Products 
with  Various Feedstocks o v e r  ZsK.5 Catalyst  

2 of Oxygen i n  By-products 

Oxygen Radical 
Reference Compound i n  Reactant* H20 co co2 

(8) 100 
(8) 

methanol H, M 
dimethyl e ther  E, M i 00 
guiacol  H. M 96 3 1 (10) 
g l y c e r o l  H 92  7.5 0.5 ( 9 )  
xylenol  H 93 6 1 (10) 
eugenol H, M 89 9 2 (10) 
a n i s o l e  H 88 12 t r  (10)  
2.4 dimethyl H 87 12 1 (1 0) 

o-cresol  H 80 17 3 (10) 
starch H. E 78 20 2 ( 7 )  
isoeugenol  H, H 77 19  4 (1 0) 
glucose C1. H ,  E 75 20 5 ( 6 )  
dimethoxymethane M ,  E 73 6 2 1  (8) 
xylose  C1, H, E 60 35 5 ( 6 )  
sucrose H, E 56 36 8 ( 6 )  
n-butyl formate C2 54 46 0 (8) 
diphenyl e ther  E 46 Ir6 8 (10) 
furfural  C1, E 14-22 75-84 2.5-3.0 ( 6 ,  9 )  
methyl acetate  c 2  54 10 36 ( 1  1) 
a c e t i c  ac id  c2 50 4 46 (1 1) 

-- -- 
-- -- 

phenol 

*H = hydroxy; M = methoxy; E = C-O-C; C1 = carbonyl; C2 = carboxy 

2 - I N C H  'iAPOR CRACKER CATALYTIC REACTOR TUBE 

CATALYST 

AXIAL THERMOCOUPLE 

FIGURE 1, CROSS SECTIONAL VIEW OF THE FIXED-BED CATALYTIC 
REACTOR, 
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FIGURE 2A,  GC OF HYDROCARBON PRODUCTS MADE FROM METHANOL 
AT 4OO0C WITH ZSM-5 CATALYST 
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FIGURE 2B, GC O F  HYDROCARBON PRODUCTS MADE FROM SOFTWOOD 

PRIMARY PYROLYSIS OIL VAPORS AT 4OO0C WITH 
ZSM-5 CATALY ST 
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Table 3 .  Oalculated lblar B n p o s i t i o o s  of Net Product Gases 
(ZSM-5 containing c a t a l y s t  - Mobil's MCSG-2) 

Softwood Pyrolys is  Vapor 
(all .Z00.49) ( CH40) &than01 Feed 

Thermal Catalyt ic  Thermal Catalyt ic  
(Run 55) (Run 7 6 - 0  (Run 74-C)* (Run 75-C) Reactor 

10.6 
59.4 

5.6 
12.2 
0.5 
5.3 
1.1 
1.9 

1.1 

H2 

co2 
Q14 
C2H2 
C2H4 
C2% 

co 

-- ?3H6 
C3H8 
C4H8 
iso-C4H10 
"-'qH1O 

-- 
-- 
2.4 c5+ 

Empirical 
Formula all -3'0.65 

-0.6 
69.8 
15.2 

1.4 

5 .o 
0.3 
6 .O 
0.5 
1.2 
0.2 

-- 

-- 
I 

(HO .65'0 -82 

62 .8 
31.1 

1.4 
2 .I  

1 .6 
0.3 
0 -7 
0.4 

0.1 

-- 

-- 
-- 
-_ 

a3 .6'0.8 

18.4 
4.4 
2.8 

16.2 

5.3 
4.1 
5.3 

17.8 
2.3 

14.4 
5.3 
3.6 

-- 

0 1 2  .7'0.05 

*In t h i s  run. the methanol is thought to have thermally decomposed for the mcst 
part pr ior  t o  reaching the c a t a l y s t .  
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FIGURE 3, TEMPERATURE PROFILE FOR METHANOL REACTANT 
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FIGURE 4, TEMPERATURE PROFILE FOR SOFTWOOD PYROLYSIS 
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INTRODUCTION 

It has been shown t h a t  s y n t h e t i c  z e o l i t e s  such as ZSM-5 can be used t o  conver t  
owgenated compounds der ived  from b i o m s s  m a t e r i a l s  i n t o  hydrocarbon compounds 
which can be used as f u e l s  and chemical feedstocks (1,2,3.41. 

However, the p y r o l y s i s  o i l s  obtained from woods by d i f f e r e n t  therno l iquefac-  
t i o n  processes (5,6), show poor hydrocarbon y i e l d  and high t a r  con ten t  when con- 
t a c t e d  over ZSM-5 z e o l i t e  c a t a l y s t s  a t  h igh  temperature (7,8). Since t h e  p y r o l y s i s  
o i l s  are composed o f  a wide v a r i e t y  o f  oxygenated compounds such as cyclopentanone, 
f u r f u r a l ,  phenol, a c i d  and carbohydrate d e r i v a t i v e s  (9,10), it i s  d i f f i c u l t  t o  
p o i n t  ou t  exac t ly  which f a m i l y  o f  compounds i s  c o n t r i b u t i n g  m r e  t o  t h e  observed 
t a r  content and t o  the d e a c t i v a t i o n  o f  the c a t a l y s t s .  C a t a l y t i c  s tud ies  on model 
compounds which are genera l l y  found i n  the p y r o l y s i s  o i l s  are t h e r e f o r e  pr imord ia l  
i n  order t o  determine the  bes t  c a t a l y t i c  system. The reac t ions  o f  pheno l ic  com- 
pounds over ZSM-5 c a t a l y s t s  are already repor ted  ( 8 ) .  The present paper thus r e -  
p o r t s  the r e s u l t s  f o r  the  conversion o f  cyclopentanone, f u r f u r a l ,  glucose and i t s  
i sopropylidene d e r i v a t i v e  over H-ZSM-5, Zn-ZSM-5 and Mn-ZSM-5 z e o l i t e  c a t a l y s t s  a t  
temperatures rang ing  from 400°C t o  500°C. Some reac t ions  are supplemented w i t h  
methanol i n  t h e i r  feeds so as t o  determine the  e f f e c t  o f  increased hydrogen t o  
carbon e f f e c t i v e  r a t i o  on the deoxygenated hydrocarbon y i e l d s .  

EXPERIMENTAL 

Preparat ion and c a r a c t e r i z a t i o n  o f  c a t a l y s t s  

The aiiiiionium f o r m  o f  ZSM-5 was prepared accord ing  t o  a pub l i shed procedure 
(11). The H-form o f  t h e  c a t a l y s t  was obtained by c a l c i n a t i o n  a t  500°C f o r  10 
hours. The z inc  and manganese loaded c a t a l y s t s  were grepared by i o n  exchange i n  a 
10% aqueous s o l u t i o n  o f  Zn(NO,I2 and Mn(N0,) A f t e r  washing and d r y i n g  
a t  160°C over n i g h t ,  the  s o l i d  was c a l c i n e d  f o r  10 hours a t  520°C. The X-ray d i f -  
f r a c t i o n  p a t t e r n  o f  the th ree  s y n t h e t i c  ZSM-5 are s i m i l a r  t o  those repor ted  i n  the 
l i t t e r a t u r e .  

Apparatus 

The c a t a l y t i c  conversion were s tud ied  i n  a cont inuous f l o w  quar tz  r e a c t o r  w i t h  
a f i x e d  bed o f  d i l u t e d  c a t a l y s t s .  The r e a c t i o n  c o n d i t i o n s  are  repor ted  i n  t a b l e  1. 
A f t e r  an exper imental  run  (about 3 hours), t h e  t a r  on t h e  c a t a l y t i c  bed was de ter -  
mined by t a k i n g  the d i f f e r e n c e  i n  weight o f  the  r e a c t o r  be fore  and a f t e r  p l a c i n g  i t  
i n  a furnace s e t  a t  500°C on the  presence o f  a i r .  The r e a c t i o n  products were ana- 
l y z e d  by GC and GC/MS ( t a b l e  l ) .  

a t  - 80 C. 

The chemical composi t ion o f  ZSM-5 samples are shown i n  t a b l e  1. 

RESULTS AND DISCUSSION 

Figure 1 shows the  y i e l d  o f  conversion, C, - C, a l i p h a t i c s ,  aromatics, po ly -  
aromat ics and t a r  as a f u n c t i o n  o f  r e a c t o r  temperature f o r  pure cyclopentanone over 
H-ZSM-5/bentonite (80/20) c a t a l y s t .  The conversion i s  completed a t  350°C. The 
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main reac t i on  i s  thermal decarbonylat ion g i v i n g  C, hydrocarbons t h a t  reac t  f u r t h e r  
on the c a t a l y t i c  bed t o  produce a l i p h a t i c  aromatic and polyaromatic hydrocarbons. 

T a b l e  2 shows t h e  r e a c t i o n  o f  pure f u r f u r a l  (H/C f f=  0) over var ious c a t i o n  
exchanged ZSI1-5 c a t a l y s t s  a t  400°C. The deoxygenated hy%rocarbon y i e l d s  range f rom 
6.6 t o  9.4% and the  oxygenated hydrocarbon y i e l d s  range f rom 25.6 t o  50.0%. These 
values r e f l e c t  t he  poor performance o f  a l l  t h ree  c a t a l y s t s  i n  deoxygenating f u r f u -  
r a l .  The la rge  q u a n t i t i e s  o f  f u ran  and CO observed i s  due t o  thermal decarboxyla- 
t i o n  o f  f u r f u r a l .  Higher t a r  contents were observed f o r  t he  metal exchanged cata-  
l y s t s  (21.2 and 25.9%) than the hydrogen exchanged c a t a l y s t  (14.2%). The low water  
contents  (range o f  2.7 t o  7.0) produced f rom these reac t i ons  i n d i c a t e  poor c a t a l y -  
t i c  deoxygenation o f  f u r f u r a l .  CO , which i s  produced f rom p y r o l y t i c  react ions,  i s  
obtained i n  low y i e l d s .  The yie?ds f o r  the a l i p h a t i c s  (9.0 2 1.4%) and o l e f i n s  
(8.5 f 2.1%) are comparatively smal ler  than those f o r  t he  aromatics (47.7 2 3.5%) 
and polyaromatics (34.7 2 3.8%). Polyaromatics are u s u a l l y  produced on the  sur face 
of  the  z e o l i t e  because they are too l a r g e  t o  en te r  o r  leave the  channels o f  t he  
z e o l i t e ;  h igh values f o r  these compounds are i ndes i rab le  because they a re  n o t  
use fu l1  as chemical feedstocks. 

F igure 2 shows the product  d i s t r i b u t i o n s  f o r  the reac t i on  o f  var ious f u r f u -  
r a l  /methanol mix tures over H-ZSM-5/bentonite (80/20) a t  a reac to r  temperature o f  
450'C; The abscissa i n  f i g u -  
r e  2 i s  g iven i n  both i nc reas ing  percentage o f  methanol and inc reas ing  (H/CIef f for  
t h e  feed. As methanol increases the  y i e l d s  f o r  deoxygenated hydrocarbons and water  
increase wh i l e  those f o r  t a r ,  f u ran  and CO decrease. The d r a s t i c  increase o f  deo- 
xygenated compounds and water and decrease o f  f u r a n  w i t h  i nc reas ing  methanol con- 
c e n t r a t i o n  i n d i c a t e  t h a t  s i g n i f i c a n t  c a t a l y t i c  deoxygenation i s  t ak ing  place. A t  
a b o u t  55% methanol /45% f u r f u r a l  (H/CIef  o f  0.85, t he re  i s  complete removal o f  
f u ran  f rom the reac t i on  products; on ly  smafl q u a n t i t i e s  o f  o ther  oxygenated hydro- 
carbons were present  (< 0.26%). The y i e l d s  f o r  t h e  other  products were s i m i l a r  t o  
those observed p rev ious l y  f o r  f u r f u r a l .  Only a t  70% methanol/30% f u r f u r a l  t he re  
was a s i g n i f i c a n t  reduc t i on  i n  the  t a r  content, i.e. 6.7% (14.1% on carbon bas is) .  
The average CO, present was 0.3 t 0.1%. 

Table 3 shows the product  d i s t r i b u t i o n  f o r  reac t i ons  o f  fur fura l /methanol  
(30/70) over var ious concentrat ions o f  H-ZSM-5 a t  450°C. By d i l u t i n g  the  c a t a l y s t  
w i t h  bentoni te  f rom 80 t o  18%, the  deoxygenated hydrocarbon y i e l d  increased f rom 
30.6 t o  41.4%. Changing the  support ma te r ia l  f rom b e n t o n i t e  t o  Al,O,/SiO, caused a 
smal l  reduct ion i n  the  deoxygenated hydrocarbon y i e l d  (36.3%)); t he re  was, however, 
l e s s  coke formed when compared t o  the other  two cases. The product  s e l e c t i v i t i e s  
were s i m i l a r  t o  those o f  prev ious cases. 

Table 4 shows r e s u l t s  f o r  reac t i ons  o f  glucose and glucose d e r i v a t i v e  done 
Over 80% H-ZSM-5 and 20% b e n t o n i t e  a t  450°C. With an increased (H/C)eff. t he re  
were increased deoxygenated hydrocarbon y i e l d s  f o r  the glucose/methanol /water 
(20.0/30.0/50.0) and glucose der ivat ive /methanol /water  (27.6/60.2/12.2) cases when 
conpared t o  t h a t  o f  the glucose/water (20.3/79.7) case. Also, t he re  was a s imul ta-  
neous decrease i n  t a r  content  w i t h  an increase i n  (H/Clef{. However, i n  a l l  cases 
the  hydrocarbon y i e l d s  are poor and the  t a r  contents  are The h i g h  water 
content  observed i n  a l l  experiments (29.2 t o  66.1%) i s  n o t  on ly  due t o  c a t a l y t i c  
deoxygenation through l o s s  o f  water b u t  a l so  due t o  polycondensation reac t i ons  o f  
glucose and i t s  de r i va t i ve .  These condensation reac t i ons  produce polymeric oxyge- 
nated compounds which are responsib le  f o r  the h igh  t a r  content  observed. Oxygena- 
t e d  hydrocarbons, CO and CO,, a re minor products which are normally obta ined from 
thermal decomposition o f  biomass ma te r ia l s  (12). The product  s e l e c t i v i t y  i nd i ca tes  
a h igh  percentage o f  a l i p h a t i c s  (23.6 t o  50.5%) and aromatics (34.2 t o  53.2%). 

on l y  the major components i n  the  products a re  shown; 

00 high. 
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Except f o r  t h e  r e a c t i o n  w i t h  glucose/water, the  o l e f i n  contents are low f o r  the  
o t h e r  two reac t ions .  The produc t ion  o f  polyaromat ics (mainly indene and naphthale- 
ne d e r i v a t i v e s )  i s  r a t h e r  h i g h  (2.56 and 7.24%) cons ider ing  t h a t  they are produced 
from the surface o f  the  z e o l i t e  r a t h e r  than i n  the  channels o f  t h e  z e o l i t e .  

To t e s t  the  e f f i c i e n c y  o f  the  c a t a l y s t ,  experiments were done w i t h  18% H-ZSM-5 
( i n s t e a d  o f  80%) dispersed i n  82% bentoni te.  Also, t h e  c a t a l y t i c  bed would have 
l e s s  a c i d i c  s i t e s  (Bronsted s i t e s )  which are  known t o  promote po lymer iza t ion  o f  the  
carbohydrates and hence reduce the  deoxygenated hydrocarbon y i e l d .  Table 5 shows 
t h e  r e s u l t s  f o r  experiments done on the  d i l u t e d  c a t a l y t i c  bed. Only i n  the  gluco- 
se/methanol/water (20.0/30.0/50.0) case t h e r e  was a s i g n i f i c a n t  increase i n  the  
deoxygenated hydrocarbon y i e l d  and a decrease i n  t a r  content. Hence, reducing t h e  
number a c i d i c  s i t e s  does n o t  reduce the e x t e n t  o f  the  po lymer iza t ion  o f  the carbo- 
hydrates. However, there  was an inc rease i n  the  polyaromat ic content i n  t a b l e  5 
compared t o  t h a t  i n  t a b l e  4 i n d i c a t i n g  t h a t  t h e r e  i s  more surface r e a c t i o n  i n  the  
d i l u t e  c a t a l y s t  case. 

When t h e  c a t a l y t i c  support  mater ia l  was changed from benton i te  t o  a mix tu re  o f  
A1,0, and S i 0  , t h e  y i e l d  o f  deoxygenated hydrocarbon increased f o r  both cases as 
showed i n  t a b f e  6 when compared f o r  s i m i l a r  cases i n  tab les  4 and 5. There were 
a l s o  a comparable decrease i n  t a r  content f o r  these react ions.  

Deoxygenation o f  glucose/water (20.3/79.7) w i t h  manganese and z inc  exchanged 
ZSM-5 are r e p o r t e d  i n  t a b l e  7. There are  a reduc t ion  i n  the  deovgenated hydrocar-  
bon y i e l d s  when compared t o  s i m i l a r  reac t ions  i n  t a b l e s  4 and 5. The t a r  contents 
were j u s t  as h igh  as the reac t ions  before.  The produc t  s e l e c t i v i t y  which i s  nor- 
m a l l y  i n f l u e n c e d  by these metal exchanged z e o l i t e s  were no t  very d i f f e r e n t  from 
those repor ted  before.  

CONCLUSION 

Cyclopentanone i s  deoxygenated w i t h  h i g h  y i e l d  t o  hydrocarbons over H-ZSM-5 a t  
4OO'C. The r e a c t i o n  o f  f u r f u r a l  over ZSM-5 c a t a l y s t s  a t  400'C and h igher  tempe- 
r a t u r e s  produce p y r o l y t i c  products which are v o l a t i l e  and non-vo la t i le .  The vola- 
t i l e  f r a c t i o n  are deoxygenated t o  produce hydrocarbon products w h i l e  the  non-vola- 
t i l e  f r a c t i o n  remain on t h e  c a t a l y t i c  bed causing desac t iva t ion  o f  the  z e o l i t e  and 
enhancement o f  t h e  t a r  content.  Glucose and i t s  i sopropy l idene d e r i v a t i v e  undergo 
thermal reac t ions  which produce a s i g n i f i c a n t  amount o f  t a r  and a small amount o f  
v o l a t i l e  products.  The v o l a t i l e  f r a c t i o n  are deovgenated by ZSM-5 c a t a l y s t s  t o  
produce hydrocarbon products. 
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TABLE 1 

Chemical composi t ion o f  ZSM-5 samples 

(Component (WT%) I H-ZSM-5 

0.55 I 2.25 
86.86 --- 

7.62 

I /Molar  Rat io  

S i0  /A1,0, 65.47 1 Na26/A1 ,03 1 0.40 

Mn-ZSM-5 

0.69 
2.33 

91.05 
0.78 

0.64 
3.26 

--- 

66.32 
0.49 

Zn-ZSM-51 

87.62 

70.80 

* L.O.I. means l o s s  on i g n i t i o n  o f  sample weight. 

REACTION CONDITIONS 

C a t a l y s t  weight : 10 g (80% ZSM-5 + 20% b e n t o n i t e )  
Temperature : 350-560°C 
Pressure : atmospheric pressure 
I n e r t  gas : he l ium (- 3 ne/min) 
WHSV ** : v a r i a b l e  
React ion t ime : 3 hours 

** The weight hour ly  space v e l o c i t y  (WHSV) i s  def ined as: 

WHSV = g o f  i n j e c t e d  feed per hour 
g o f  c a t a l y s t  

ANALYTICAL CONDITIONS 

0 Gas chromatography : HP 5890 GC w i t h  OB-5 (SE-54) 
column (30 m x 0.25 mn, 1.0 p) 

then 20 min a t  160°C 

Pona column and OB-5 column 

For l i q u i d  : 70°C (4 min), then 4"C/min t o  160'C 

Gas : 33°C ( i s o t h e r m a l )  
GC/MS : HP 5890 Gc and MS d e t e c t o r  
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TABLE 2 

React ion o f  f u r f u r a l  over c a t i o n  exchanges ZSM-5 a t  400°C and WHSV o f  0.281 h r - I  

Experimental c o n d i t i o n s :  

C a t a l y s t  composi t ion:  80% H-ZSM-5 80% Zn-ZSM-5 80% Mn-ZSM-5 
20% b e n t o n i t e  20% benton i te  20% benton i te  

T o t a l  p roduc t  d i s t r i b u t i o n  (WT%) 

Furan 47.0 23.8 27.8 
1 Oxygenated hydrocarbons 50.0 25.6 40.7 
Tar 14.2 21.2 25.9 

Furan 47.0 23.8 27.8 
1 Oxygenated hydrocarbons 50.0 25.6 40.7 
Tar 14.2 21.2 25.9 
co 22.8 36.3 17.9 co 22.8 36.3 17.9 

0.56 4.84 1.89 
4.39 2.69 6.97 

9.42 6.64 
;:a 
Deoxygenated hydrocarbons 8.00 

Product s e l e c t i v i t y  (WT%) 

A l i p h a t i c s ,  C, - C, 8.84 7.62 10.5 
Olef ins ,  C, - C, 8.46 10.6 6.48 
Aroma t i cs 50.6 48.8 43.9 
Polyaromat ics 32.1 32.9 39.1 

TABLE 3 

Reaction o f  fu r fu ra l /methano l  (30/70)feed ( (H/CIe f fo f  1.17) over H-ZSM-5 a t  450°C 

Experimental c o n d i t i o n s :  

C a t a l y s t  composi t ion:  80% H-ZSM-5 18% H-ZSM-5 18% H-ZSM-5 
20% b e n t o n i t e  82% benton i te  482 A1 0 

34%  id,^ 
WHSV (Hr-1) 0.029 1.26 1.26 

Tota l  p roduc t  d i s t r i b u t i o n  (WT%) 

Oxygenated hydrocarbons* --- 1.36 0.83 

co 9.44 7.84 1.25 
0.48 0.58 0.30 

Tar 6.74 7.60 4.90 

52.7 41.6 50.4 
Deoxygenated hydrocarbons 30.6 41.1 36.3 

Product s e l e c t i v i t y  (WT%) 

A l i p h a t i c s ,  C ,  - c, 1.82 11.6 20.7 
O l e f i n s ,  C, - C, 2.90 3.01 3.63 
Aromatics 83.5 72.8 60.8 
Polyaromat ics 11.9 12.6 14.8 

* Mainly furan and benzofuran, d e r i v a t i v e s  and dimethylether.  
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TABLE 4 

Reaction o f  glucose and glucose d e r i v a t i v e  over 80% H-ZSM-5 
and 20% b e n t o n i t e  a t  450°C 

Experimental cond i t ions :  

Reactant composition: 20.3 glucose 20.0 glucose 27.6 glucose d e r i v a t i v e  

WHSV ( H r - l )  0.062 0.195 0.313 
(H/C ),,ff 0.0 1.59 1.36 

79.7% water 30.0% methanol 60.2% methanol 
50.0% water 12.2% water 

- 

Tota l  p roduc t  d i s t r i b u t i o n  (WT%) 
Oxygenated hydrocarbons --- 0.7W 3.87** 
Tar 65.1 33.3 14.1 
co 
co 
H A  

2.14 0.46 0.23 
1.48 1.41 0.92 

29.1 59.7 66.1 
Dgoxygenated hydrocarbons 2.18 4.43 14.8 
Product s e l e c t i v i t y  (WTX) 
'R l iphat ics ,  C1  - C, 23.6 35.7 50.5 
O le f ins ,  C, - C, 41.6 3.81 2.74 
Aromatics 34.8 53.3 43.2 
Polyaromatics*** --- 7.24 3.56 

TABLE 5 

React ion o f  glucose and glucose d e r i v a t i v e  over 18% H-ZSM-5 
and 82% benton i te  a t  450°C 

Experimental cond i t ions :  

Reactant composition: 20.3% glucose 20.0% glucose 27.6% glucose d e r i v a t i v e  
79.7% water 30.0% methanol 60.2% methanol 

50.0% r a t e r  12.2% water 
WHSV (Hr-1) 0.862 1.195 1.12 
(H/C Ieff 0.0 1.59 1.46 

Tota l  p roduc t  d i s t r i b u t i o n  (WT%) 
Uxygenated hydrocarbons 0.58* 0.96* 4.20** 
Tar 51.3 21.0 11.1 
co 3.79 1.76 0.84 
co 2.82 0.29 0.79 
H A  39.4 57.9 64.3 
Dzoxygenated hydrocarbons 2.15 18.1 18.8 
Produc t  s e l e c t i v i t y  (WTx) 
n i D h a t i c s ,  C,  - C, 29.0 43.6 17.5 
O le f ins ,  C; -'c6 7.33 1.18 14.0 
Arornati cs 45.2 45.3 55.8 
Pol yaromat ic s*** 18.3 9.99 12.7 
* Mainly fu ran  and benzofuran der iva t ives ;  ** M a i n l y  . acetone and f u r a n  der iva- 

t i v e s ;  **34ainly indene and naphthalene d e r i v a t i v e s  
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TABLE 6 

React ion o f  glucose and glucose d e r i v a t i v e  over 18% H-ZSM-5 
and 48% Al,O, and 34% SiO,  

Experimental c o n d i t i o n s :  
~~ 

Reactant composition: 20.0 glucose 27.6 glucose d e r i v a t i v e  
30.0% methanol 60.2% methanol 
50.0% water 12.2% water 

WHSV ( H r - l )  1.18 1.11 
(H/C),,q 1.59 1.46 

Tota l  p roduc t  d i s t r i b u t i o n  (WT%) 
Oxygenated hydrocarbons u.1z 

co 1.59 1.76 
co 0.44 0.47 

Tar 14.3 os: 
H J  62.4 53.5 
&oxygenated hydrocarbons 21.2 37.2 
Product s e l e c t i v i t y  (WT%) 
A l i p h a t i c s ,  C ,  - C. 19.0 21.0 
O le f ins ,  C, -'c, " 12.0 0.32 
A r o m t i c s  65.6 62.0 
Pol yaroma ti c s 3.42 8.66 

TABLE 7 

React ion o f  20.3% glucose and 79.7% water over manganese 
and z inc  exchanged ZSM-5 

Experimental c o n d i t i o n s :  

Catzly: i s  coiiipos i t i  on 80% Wn-ZSI-I-5 80% Zn-ZSM-5 
20% benton i te  20% benton i te  

WHSV (Hr-1) 0.046 0.055 
(H/C Ieff 0.0 0.0 

T o t a l  p roduc t  d i s t r i b u t i o n  (WT%) 
W q e n a t e d  hvdrocarbons --- --- - -  
Tar 72.3 53.1 
co 2.60 2.23 
co 1.91 4.19 

0.68 Deoxygenated hydrocarbons 0.89 
Product s e l e c t i v i t y  (UT%) 
x l i p h a t i c s ,  C1 - C, Lb.U 35.4 
Ole f ins ,  C, - C, 42.8 2.60 
Aromatics 31.0 62.0 

22.3 39.8 H26  

Pol yaromat ic s --- --- 


