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SEPARATION SCIENCE AND TECHNOLOGY, 17{1), pp. 183-197.1982 

Supercritical Dioxane Extraction of Spruce Wood and of 
Dioxane-Lignin and Comparison of the Extracts with the 
Pyrolysis Products 

AYLA CALIMLI and ARAL OLCAY 
DEPARTMENT OF INDUSTRIAL AND APPLIED CHEMISTRY 
FACULTY OF SCIENCES 
ANKARA UNIVERSITY 
ANKARA, TURKEY 

ABSTRACT 

Samples of  spruce  wood and of dioxane-l ignin prepared  from 
s p r u c e  wood w e r e  s u b j e c t e d  t o  s u p e r c r i t i c a l  dioxane e x t r a c t i o n  a t  
33OoC. 
i n  d i s t i l l a t e  ob ta ined  upon p y r o l y s i s  t o  t h o s e  of s u p e r c r i t i c a l  gas  
e x t r a c t ,  t h e  same samples w e r e  pyrolysed a t  34OoC. 

To compare t h e  y i e l d  and t h e  n a t u r e  of t h e  compounds present  

The e x t r a c t s  and d i s t i l l a t e s  w e r e  separa ted  i n t o  t h r e e  f r a c -  
t i o n s  by s o l v e n t  f r a c t i o n a t i o n  u s i n g  hexane and benzenesuccessively.  
The s i m p l e r  compounds w e r e  i d e n t i f i e d  by GC/MS and t h e  y i e l d s  of 
phenols  were compared. More complex compounds i n s o l u b l e  both  i n  
hexane and benzene have been c h a r a c t e r i z e d  by I H  NMR spec t romet ry .  
It w a s  found t h a t  t h e  s u p e r c r i t i c a l  e x t r a c t s  and t h e  p y r o l y s i s  d i s -  
t i l la tes  conta ined  s imi la r  compounds; however, demethoxylat ion 
dur ing  p y r o l y s i s  w a s  e x t e n s i v e  compared t o  s u p e r c r i t i c a l  g a s  ex- 
t r a c t i o n  which occurred under  r a t h e r  mild c o n d i t i o n s .  

INTRODUCTION 

Most i n v e s t i g a t o r s  concerned wi th  t h e  u t i l i z a t i o n  of wood f o r  

t h e  product ion  of chemical products  have worked on t h e  p y r o l y s i s  of 

wood and of l i g n i n  ( 1 , 2 , 3 ) .  

L a t e l y ,  i t  has  been shown t h a t  e x t r a c t i o n  wi th  s u p e r c r i t i c a l  

gases  can b e  used s u c c e s s f u l l y  t o  v o l a t i l i z e  high b o i l i n g  materials 
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184 CALIMLI AND OLCAY 

from t h e  n o n v o l a t i l e  materials ( 4 )  a t  a t empera tu re  below t h a t  a t  

which p y r o l y s i s  o c c u r s .  It  h a s  t h e r e f o r e  been claimed t h a t  t h e  com- 

pounds o b t a i n e d  i n  s u p e r c r i t i c a l  g a s  e x t r a c t i o n  w e r e  n o t  s i g n i f i -  

can t ly  degraded i n  c o n t r a s t  t o  t h o s e  o b t a i n e d  by p y r o l y s i s .  

P rev ious  work has  e s t a b l i s h e d  t h a t  s i g n i f i c a n t  y i e l d s  of so l -  

u b l e  m a t e r i a l  can b e  o b t a i n e d  by t h e  s u p e r c r i t i c a l  g a s  e x t r a c t i o n  

of wood ( 5 ) .  I n  f a c t ,  s u p e r c r i t i c a l  dioxane e x t r a c t i o n  of s p r u c e  

wood g i v e s  t h e  l a r g e s t  y i e l d  of l i q u i d  p roduc t s .  

?'he a i m  of t h i s  work w a s  t o  compare t h e  compounds and t h e i r  

y i e l d s  ob ta ined  from p y r o l y s i s  w i t h  t h o s e  o b t a i n e d  by s u p e r c r i t i c a l  

dioxane e x t r a c t i o n  b o t h  of s p r u c e  wood and of d ioxane - l ign in*  pre-  

pared from s p r u c e  wood. 

Tn t h e  p a s t  a v a r i e t y  o f  t e c h n i q u e s  h a s  been used t o  i d e n t i f y  

t h e  p roduc t s  p r e s e n t  i n  " d i s t i l l a t e s "  o b t a i n e d  from p y r o l y s i s  of 

wood. W e  have used a g a s  chromatograph-mass s p e c t r o m e t e r  system t o  

a n a l y s e  t h e  low molecu la r  we igh t  components of t h e  d i s t i l l a t e  and 

s u p e r c r i t i c a l  g a s  e x t r a c t .  For c h a r a c t e r i z a t i o n  of  d i s t i l l a t e  and 

e x t r a c t  f r a c t i o n s  c o n t a i n i n g  h i g h e r  molecu la r  we igh t  compounds t h e i r  

'H NMF s p e c t r a  have been determined.  

EXPERIMENTAL 

__ P r e p a r a t i o n  o f  t h e  Sample 

30 mesh s p r u c e  wood powder w a s  p r e e x t r a c t e d  w i t h  b e n z e n e / e t h y l  

a l c o h o l  ( 2 / 1 )  i n  a S o x h l e t  a p p a r a t u s  f o r  1 2  hour s  t o  remove e x t r a -  

neous components of wood. The r e s i d u e  was f i r s t  d r i e d  i n  a i r  and 

then  j n  a d e s s i c a t o r  o v e r  P205  under  vacuum. 

of t l ie p r e e x t r a c t e d  wood w a s  5.58% de te rmined  a c c o r d i n g  t o  t h e  

/ . eke1  method ( 6 ) .  The Klason l i g n i n  c o n t e n t  w a s  26.3% ( 7 ) .  

The methoxyl c o n t e n t  

- ._ - ._ __ _. - . 

"Dioxane-l ignin i s  l i g n i n  e x t r a c t e d  from wood by a c i d o l y s i s  in a 
dioxane-water s o l v e n t .  See ,  e . g . ,  Reference 6.  
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SUPERCRITICAL DIOXANE EXTRACTION 185 

Dioxane-lignin w a s  prepared accord ing  t o  t h e  l i t e r a t u r e  (8) 

w i t h  a y i e l d  of 10.5% (Klason l i g n i n ) .  The methoxyl conten t  w a s  

14.49%. 

P y r o l y s i s  of t h e  Samples 

For t h e  p y r o l y s i s  experiments ,  10 g of  spruce  wood o r  pre- 

e x t r a c t e d  spruce  wood o r  5 g of d ioxane- l ign in  w e r e  used. The air  

i n  t h e  oven w a s  rep laced  by a stream of dry  n i t r o g e n  which w a s  

passed through t h e  a p p a r a t u s  f o r  10 minutes .  The temperature  o f t h e  

oven w a s  then  g r a d u a l l y  increased  and t h e  f i n a l  temperature  w a s  

maintained f o r  30 minutes .  The t i m e  r e q u i r e d  t o  reach  t h e  f i n a l  

temperature  w a s  about  60 minutes  and v a r i o u s  f i n a l  t empera tures  i n  

t h e  range  300-400°C w e r e  examined i n  d i f f e r e n t  experiments .  

a t tempt  w a s  made t o  c o l l e c t  t h e  gaseous products  and t h e  y i e l d  of 

gas  w a s  c a l c u l a t e d  by d i f f e r e n c e .  

No 

The d i s t i l l a t e  c o n s i s t e d  of an o i l .  A v e r y  small amount of an 

aqueous f r a c t i o n  w a s  observed.  No a t tempt  was made t o  s e p a r a t e  

w a t e r  which might have been p r e s e n t  i n  o i l  f r a c t i o n s .  

S u p e r c r i t i c a l  G a s  E x t r a c t i o n  of t h e  Samples 

The s u p e r c r i t i c a l  g a s  e x t r a c t i o n s  of wood and of l i g n i n  were 

c a r r i e d  out  as descr ibed  p r e v i o u s l y  ( 5 ) .  

F r a c t i o n a t i o n  of t h e  D i s t i l l a t e  and of t h e  E x t r a c t  

a .  The d i s t i l l a t e  o r  e x t r a c t  w a s  f i r s t  e x t r a c t e d  w i t h  n-hex- 

ane  and t h e  i n s o l u b l e  compounds w e r e  f u r t h e r  e x t r a c t e d  w i t h  benzene. 

The hexane s o l u b l e s  (HS) were s e p a r a t e d  by a d s o r p t i o n  chromatography 

on s i l i ca  g e l .  

benzene, and methanol ( 7 ) .  

F r a c t i o n s  were e l u t e d  s u c c e s s i v e l y  w i t h  n-hexane, 

n-Hexane insoluble-benzene s o l u b l e s  (HIBS) were a l s o  s u b j e c t e d  

t o  a d s o r p t i o n  chromatography on s i l i ca  g e l  us ing  benzeneandmethanol 

as e l u a n t s .  
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I86 CALIMLI AND OLCAY 

I ? .  T o  s e p a r a t e  p h e n o l i c  compounds t h e  d i s t i l l a t e  o r  e x t r a c t  

was d i s s o l v e d  i n  ch lo ro fo rm and p h e n o l i c  compounds were e x t r a c t e d  

by 107 sodium hydrox ide .  A f t e r  subsequen t  a c i d i f i c a t i o n  w i t h  25% 

iK' l  t h e  p h e n o l i c  compounds were e x t r a c t e d  w i t h  ch lo ro fo rm.  

l & c t i f j c a t i o n  of t h e  Compounds 

Earh f r a c t i o n  w a s  a n a l y s e d  by g a s  chromatography-mass spec -  

t rome t ry  and i n d i v i d u a l  compounds have been  i d e n t i f i e d  from t h e i r  

mass spectrum c r a c k i n g  p a t t e r n  found i n  t h e  l i t e r a t u r e  (9 ,10 ,11 )  

o r  o b t a i n e d  i n  o u r  l a b o r a t o r y  u s i n g  model compounds. 

Gas chromatography-mass s p e c t r o m e t r y  w a s  c a r r i e d  o u t  using a 

i'ackard 4 2 7  g a s  chromatograph f i t t e d  w i t h  a 1.8 m x 3 mm g l a s s  

column w i t h  3% SE-30 on G a s  Chrom () (100/120 mesh) and w i t h  a 1.8 m 

Y 3 nim g l a s s  column packed w i t h  5% DEGS on Chromosorb W ( 6 0 / 8 0  mesh) 

and coupled th rough  a c a p i l l a r y  g l a s s  j e t  s e p a r a t o r  t o  a F inn igan  

3OOOF: quadrupo le  mass s p e c t r o m e t e r .  I o n i s a t i o n  w a s  c a r r i e d  o u t  a t  

70 e V  and 1.06 mPa p r e s s u r e .  

60 MHz 'H NMR s p e c t r a  o f  s o l u t i o n s  of n-hexane i n s o l u b l e -  

benzene s o l u b l e  (HIBS)  and n-hexane in so lub le -benzene  i n s o l u b l e  

( Y t f 3 1 )  f r a c t i o n s  i n  d e u t e r a t e d  ch lo ro fo rm were r eco rded  on a Var i an  

I 60.  l ' e t r a m e t h y l s i l a n e  (TMS) w a s  u sed  a s  t h e  i n t e r n a l  s t a n d a r d .  

SoLut ions of f r a c t i o n s  w e r e  shaken  w i t h  D 0 t o  r e p l a c e  p h e n o l i c  

hydrogen by deu te r ium atoms.  
2 

RESULTS AND DISCUSSION -- 

1:arlier r e s u l t s  o b t a i n e d  from the rmograv ime t r i c  and d i f f e r -  

enLia t  thermal  a n a l y s e s  of s p r u c e  wood and of d ioxane  l i g n i n  i n d i -  

c , i t ed  t h a t  decompos i t ion  w a s  complete  a t  4 O O 0 C  f o r  b o t h  wood and 

l i g n i i i  ( 1 2 , 1 3 ) .  Accord ing ly  t h e  maximum t e m p e r a t u r e  used  Eorpyrol-  

v s i s  va5 g e n e r a l l y  40OoC. However, t o  i n v e s t i g a t e  t h e  i n f l u e n c e  of  

t e m p e r a t u r e  Ion t h e  y i e l d s  o f  d i s t i l l a t e  and coke and a l s o  on t h e  

compos i t ion  (sf t h e  d i s t i l l a t e ,  wood was py ro lysed  t o  f i n a l  temper- 

a t u r e s  o f  300, 340, and 40OoC. T a b l e  1 shows t h e  y i e l d s  of 
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SUPERCRITICAL DIOXANE EXTRACTION 187 

TABLE 1 

Y i e l d s  of Dis t i l la tes  from P y r o l y s i s  of Wood and of Lignin  

S amp 1 es F y r o l y s i s  D i s t i l l a t e  Coke Aqueous Gases and 
Temperature Fraction Loss 

(OC) (%)a (%)a (%)a (%)a 

P r e e x t r a c t e d  300 19.7 38.1 1.6 40.6 
Wood 

P r e e x t r a c t e d  340 22.4 32.7 1.8 43.1 
Wood 

P r e e x t r a c t e d  400 31.2 28.7 1.8 38.3 
Wood 

Wood 400 31.8 28.2 2.0 38.0 

Dioxane- 400 27.8 42.4 0.4 29.4 
l i g n i n  

b b 

aYie lds  are on t h e  b a s i s  of d r y ,  p r e e x t r a c t e d  wood. 

bYie lds  are on t h e  b a s i s  o f  d ry ,  d ioxane- l ign in .  

d i s t i l l a t e  and of coke obta ined  from p r e e x t r a c t e d  wood a t  t h r e e  d i f -  

f e r e n t  tempera tures ;  t h e  y i e l d  of d i s t i l l a t e  and coke o b t a i n e d  a t  

4OO0C from wood which w a s  n o t  s u b j e c t e d  t o  a previous  e x t r a c t i o n  t o  

remove ex t raneous  subs tances  and from dioxane- l ign in  are aLsoshown 

i n  Table  1. A s  can be s e e n  from t h e  t a b l e  t h e  y i e l d  of d i s t i l l a t e  

i n c r e a s e s  w i t h  i n c r e a s i n g  tempera ture  of d e s t r u c t i v e  d i s t i l l a t i o n  

w h i l e  t h e  y i e l d  of coke d e c r e a s e s .  

Table  2 i n d i c a t e s  t h e  y i e l d  of  t h e  s u p e r c r i t i c a l  dioxane ex- 

t r a c t  of p r e e x t r a c t e d  s p r u c e  wood and of d ioxane- l ign in .  

s e e n  i n  Table  2 t h e  y i e l d  of products  o b t a i n e d  from s u p e r c r i t i c a l  

dioxane e x t r a c t i o n  of wood and from p y r o l y s i s  of wood a t  34OoC w e r e  

s imi la r .  The y i e l d  of e x t r a c t  ob ta ined  from l i g n i n  w a s  about  60% 
h i g h e r  t h a n  t h e  d i s t i l l a t e  of l i g n i n  obta ined  a t  40OoC. 

A s  can  b e  

The y i e l d s  of HS and of H I B S  and HIBI obta ined  from d i s t i l l a t e  

and from s u p e r c r i t i c a l  e x t r a c t  are  shown i n  Table  3. A s  can b e s e e n  

from t h e  t a b l e ,  as t h e  tempera ture  of p y r o l y s i s  i n c r e a s e s  from 34OoC 
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188 CALIMLI AND OLCAY 

TABLE 2 

Yie lds  of  E x t r a c t s  from S u p e r c r i t i c a l  Dioxane E x t r a c t i o n  of Wood 
and Lignin  

1 Semples E x t r a c t i o n  E x t r a c t i o n  Yie lds  
Ternperaturea Pressureb  E x t r a c t  Residue Gas and 

~ OC a t m  ( % I  ( X )  Loss (%) 

IPreextrac t e d  330 90 23.6' 27.9' 48.5c 
I Wood 
'nioxane-  330 100 45.7d 53.3<l 1 .o  
~ l i g n i n  

d 

" C r i t i c a l  t empera ture  of  d ioxane ,  314OC. 
b C r i t i c a l  p r e s s u r e  of d ioxane ,  51.4 a m .  
'Yields a r e  on t h e  b a s i s  of d r y ,  p r e e x t r a c t e d  wood. 
dYje lds  are on t h e  b a s i s  of d r y ,  d ioxane- l ign in .  

TABLE 3 

l i e l d s  of t h e  Various F r a c t i o n s  of t h e  P y r o l y s i s  Dis t i l l a te  
and t h e  S u p e r c r i t i c a l  E x t r a c t  

- ________ r-- - --- 
I S amp1 e s  n-Hexane H I B S ~  H T B I ~  

Solubles  i ! (9 ( % I C  (%IC 

D i s t  j l l a t e  cNf wood 
(at 400°C) 

D i s t  i 1 Late of preex- 
tract ?c! wood 

( a t  340°C) 
Dioxane e x t r a c t  of 
p r e c r t r a c t e d  wood 

(at 33OoC) 
D i s t i l l a t e  of  l i g n i n  

( a t  4OOoC) 
Diox'tne e x t r a c t  of 
l i g n i n  

( a t  330'C) 

1 . 2  

0 .2  

2 . 7  

d 

d 

2 . 1  

5 . 6  

1 7 . 1  

13.9 

17.4 

d 

d 

18.8 

28.6 

13.5 

8 . 3 

3 . 58 

d 

d 

6.E; 

1 1 . 5 ,  

a 
n-Hexane I n s o l u b l e  Benzene S o l u b l e s .  

'n-Hexane I n s o l u b l e  Benzene I n s o l u b l e s .  
C\ie!ds a r e  on t h e  b a s i s  of d r y ,  p r e e x t r a c t e d  wood. 
<'Yields are on t h e  b a s i s  of d r y ,  d ioxane- l ign in .  
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SUPERCRITICAL DIOXANE EXTRACTION 189 

t o  4OO0C, t h e  i n c r e a s e  of t h e  H I B I  f r a c t i o n  of wood d i s t i l l a t e  was 

much h i g h e r  than  t h e  i n c r e a s e  of H I B S  y i e l d ,  While t h e  e x t r a c t  and 

d i s t i l l a t e  y i e l d s  of wood w e r e  s i m i l a r  a t  330-340°C f o r  bo th  pro- 

c e s s e s ,  t h e  e x t r a c t  conta ined  h i g h e r  p r o p o r t i o n s  of HS and H I B S  

f r a c t i o n s  and lower p r o p o r t i o n s  of t h e  H I B I  f r a c t i o n ,  i n d i c a t i n g  

t h a t  formation of h i g h e r  molecular  weight  compounds occurred  dur ing  

p y r o l y s i s .  

The HS-hexane e l u a t e  of  t h e  e x t r a c t  and d i s t i l l a t e  of wood 

c o n s i s t e d  of normal p a r a f f i n s .  

The HS-hexane e l u a t e  w a s  n o t  obtained e i t h e r  from l i g n i n  o r  

from wood which had been s u b j e c t e d  t o  a pre l iminary  e x t r a c t i o n  t o  

remove extraneous components of wood. The HS f r a c t i o n s  of wood and 

l i g n i n  d i s t i l l a t e  d id  not  g i v e  any s i g n i f i c a n t  benzene e l u a t e .  How 

e v e r ,  t h e  benzene e l u a t e s  of t h e  HS f r a c t i o n  of wood and l i g n i n  ex- 

t r a c t s  c o n t a i n  methylated d e r i v a t i v e s  of benzene and phenol ic  com- 

pounds. 

The mass s p e c t r a  of t h e  methanol e l u a t e s  of t h e  HS f r a c t i o n  of 

d i s t i l l a t e  and e x t r a c t  i n d i c a t e d  t h e  presence  of l o w  molecular  

weight ,  s imple  phenol ic  compounds (some wi th  carbonyl  and carboxyl  

groups on t h e  s i d e  cha ins)  and s m a l l  amounts of  d imer ic  compounds 

c o n t a i n i n g  gua iacyl  n u c l e i .  

The compounds p r e s e n t  i n  HIBS f r a c t i o n s  shown i n  Table  4 are 

s imi l a r  t o  t h o s e  p r e s e n t  i n  benzene and methanol e l u a t e s  of HS 

f r a c t i o n s  but  are p r e s e n t  i n  l a r g e r  amounts. S i n c e  a l l  compounds 

p r e s e n t  i n  t h e  HIBS f r a c t i o n  could not  b e  analysed by GC due t o  t h e  

presence  of high molecular  weight  compounds, t h e  

benzene and methanol e l u a t e s  were determined f o r  t h e i r  f u r t h e r  

c h a r a c t e r i z a t i o n .  

1 
H NMR s p e c t r a  of 

The r a t i o s  of A r H / O C H 3  es t imated  from t h e  r e l a t i v e  pro ton  d i s -  

t r i b u t i o n s  i n  'H NMR s p e c t r a  of benzene and methanol e l u a t e s  of t h e  

HIBS f r a c t i o n  from wood e x t r a c t  were 2.87 and 2.40 r e s p e c t i v e l y .  

While t h i s  r e s u l t  might i n d i c a t e  t h e  presence of some dimeric  com- 

pounds i n  benzene e l u a t e s ,  i n  methanol e l u a t e s  i t  sugges ts  t h e  

presence of h i g h e r  molecular  weight  compounds. 
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190 CALIMLI AND OLCAY 

TABLE 4 

HIBS Fractions of Extract of Wood and of Lignin 

- ___ 
Compounds 

'Toluene 
o-Xylene 
p-Xylene 
Isopropylbenzene 
1,2,4,-Trimethylbenzene 
1,2,5.-Trimethylbenzene 
1-Methyl-4-n-propylbenzene 
Phenol 
o- Cresol 
p-Cresol 
Cuaiacol 
3,4-Dimethylphenol 
Naphthalene 
o-E t hy lpheno 1 
4,5-Dimethylphenol 
p-Ethylphenol 
6-Me thylguaiaco 1 
4-Methylguaiacol 
p-Tsopropylphenol 
4-Ethylguaiacol 
4-Me thyl-6-isopropylphenol 
Eugenol 
4-n-Propylguaiacol 
6-Tsopropenylguaiacol 
Vanillin 
Isoeugenol 
5-Propenyl(R,y)-7-methoxy-benzofuran 
Coniferyl alcohol 
Guaiacylacetone 
Coniferyl aldehyde 
Propioguaiacone 
4-Hydroxy-3-methoxyphenylpropionicacid 
Ferulic acid 
4-Hydroxy-3-methoxypropiophenone 
4-Hydroxy-3-methoxyphenylpyruvic acid 
1-(4-Hydroxy-3-methoxy-5-ethylphenyl)- 

1-( 4-Hydroxy-3-methoxy-5-propylphenyl) - 

4-Hydroxy-3-methoxystyryl 2'-methoxy- 

4-Hydroxy-3-methoxy-phenethy 1 2'-me thoxy- 

propane-1,3-diol 

propane-1,3-diol 

phenyl ether 

phenyl ether 

Benzene 
Eluate 

Methanol 

- 
Eluate 

- 
- 
- 
- 
- 
- 
- 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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SUPERCRITTCAL DIOXANE EXTRACTION 191 

TABLE 4 
(con't.) 

Compounds i-- Benzene Methanol 
Eluate Eluate 

4-Hydroxy-3-methoxybenzyl 2'-methoxy- 
phenyl ether - 

1,2-bis(4-Hydroxy-3-methoxyphenyl)ethane - 
1- (4-Hydroxy-3-methoxypheny l) -2- (6I-h~- 
droxy-3-methoxypheny1)ethane - 

1-  (4-Hydroxy-3-methoxyphenyl) -2- (6'-hy- 
droxy-5'-methoxy-3'-methylphenyl)- 
ethane - 

2- (3-Methoxy- 4-hydroxyphenyl) -5-vinyl 
-7-methoxybenzodihydrofuran - 

2-(3-Methoxy-4-hydroxyphenyl)-5- 
propenyl-( D ,y)-7-methoxybenzo- 
dihydrofuran - 

Dihydrodiisoeugenol - 

The HIBI fractions were only characterized by their 'H NMR 
1 spectra. The H NMR spectra of HIBI fractions obtained from the 

distillate and from the extract of wood indicate different proton 

distributions. 

in extracts the same ratios were 2.35-2.38 indicating the presence 

of higher molecular weight compounds in the HIBI fraction of the 

extract. 

While in distillates ArH/OCH3 ratios were 2.65-2.80, 

1 The H NMR spectrum of HIBI from wood extract was similar to 

that from lignin extract. However, relatively lower amounts of 

carbonyl and aliphatic protons were observed in the wood extract. 

Table 5 compares the yields of phenolic compounds present in 

distillates of wood and of lignin. The amount of distillate ob- 

tained from preextracted wood increased steadily as the temperature 

of pyrolysis was increased from 3OO0C to 4OO0C (Table 1); conse- 

quently, the yield of phenolic compounds also increased though, in 

fact, the percentage of phenols present in distillates decreased as 
the temperature of pyrolysis was increased from 340°C-400°C. This 
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192 CALIMLI AND OLCAY 

TABLE 5 

P h e n o l i c  Compounds P r e s e n t  i n  Dis t i l l a tes  and 
E x t r a c t s  o f  Wood and L i g n i n  

Samples 

Amount of P roduc t  Amount o f  P roduc t  
P h e n o l i c  Compounds P h e n o l i c  Compounds 
on the B a s i s  of t h e  on t h e  Basis of 
P r o d u c t  D i s t i l l a t e  S t a r t i n g  Material 
o r  E x t r a c t  

(9 ( X )  
__ 

Dist i l la te  oE Preex-  
t r a c t e d  wood ( a t  30OoC) 21.05 4.14 

Dist i l la te  o i  preex-  
t r a c t e d  wood ( a t  34OoC) 26.27 5 .89  

Dis t i l l a te  of preex-  
t r a c t e d  wood ( a t  40OoC) 23.84 7.45 

Dioxane e x t r a c t  o f  
wood ( a t  330°C) 51.88 12.23 

D i s t i  L l a t e  oF d ioxane  
l i g n i n  ( a t  40OoC) 52.50 14.60 

Dioxdne e x t r a c h  of 
l i g n i n  ( a t  330 C) 28.68 13.11 

~ _ _ _ _ _ _  __-- 

r e s u l t  might  i n d i c a t e  t h a t  a t  4OO0C t h e  f o r m a t i o n  o f  compounds o the r  

t h a n  pheno l s  o c c u r s  more t h a n  a t  34OoC. 

As can  b e  s e e n  from Tab le  5 s i m i l a r  amounts o f  p h e n o l i c  com- 

pounds were o b t a i n e d  from t h e  l i g n i n  d i s t i l l a t e  and from t h e  supe r -  

c r i t i c a l  g a s  e x t r a c t  o f  l i g n i n .  

I t  was remarkab le  t h a t  t h e  h i g h e s t  y i e l d  of  p h e n o l i c  m a t e r i a l  

w a s  o b t a i n e d  from s u p e r c r i t i c a l  g a s  e x t r a c t s  of wood. Tha t  t h e  

amount of p h e n o l i c  compounds from t h e  wood e x t r a c t  w a s  h i g h e r  t h a n  

t h a t  from wood d i s t i l l a t e  s u g g e s t s  t h a t  some of t h e  pheno l s  i n  t h e  

d i s t i l l a t e  c racked  o r  polymerized d u r i n g  p y r o l y s i s .  I t  is known 

t h a t  p o l y h y d r i c  pheno l s ,  f o r  example,  a r e  p rone  t o  do t h i s .  Com- 

p a r i s o n  of t h e  y i e l d  o f  p h e n o l i c  compounds from wood e x t r a c t  and 

d i s t i l l a t e  w i t h  t h o s e  o b t a i n e d  from l i g n i n  e x t r a c t  and d i s t i l l a t e  
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SUPERCRITICAL DIOXANE EXTRACTION 193 

s u g g e s t s  t h a t  some p h e n o l i c  compounds w e r e  l o s t  by o x i d a t i v e  

p o l y m e r i z a t i o n  d u r i n g  t h e  s e p a r a t i o n  of  t h e  d i o x a n e - l i g n i n .  

F u r t h e r  d e t a i l s  of t h e  pheno l s  p r e s e n t  i n  d i s t i l l a t e s  of wood 

a r e  g i v e n  i n  T a b l e  6.  The f i g u r e s  i n  T a b l e  6 are normalized molar  

r a t i o s  r e l a t i v e  t o  t h e  amount o f  pheno l  produced a t  30OoC. 

f i g u r e s ,  t h e r e f o r e ,  rough ly  p a r a l l e l  y i e l d s  on a p r e e x t r a c t e d  wood 

b a s i s .  

The 

I t  w i l l  b e  s e e n  from T a b l e  6 t h a t ,  whereas  t h e  y i e l d s  o f  many 

pheno l s  i n c r e a s e  s t e a d i l y  w i t h  p y r o l y s i s  t e m p e r a t u r e ,  t h e  y i e l d s  of 

o t h e r s  i n c r e a s e  and t h e n  d e c r e a s e  a g a i n :  o - i sop ropy lpheno l ,  

i s o e u g e n o l  and c o n i f e r y l  a l c o h o l .  

TABLE 6 

Re la t ive  Amountsa of Phenol ic  Compounds P r e s e n t  i n  D i s t i l l a t e  Obta ined  
from t h e  P y r o l y s i s  of Spruce  Wood a t  3OO0C, 34OoC, 4OO0C 

Compounds 3OO0C 34OoC 4OO0C 

Pheno 1 
o-Cresol  
p-Cresol  
Gua iaco l  
3,4-Dimethylphenol 
p-E t h y l p h e n o l  
4-Methylguaiacol  
o - I sopropy lpheno l  
p - I sopropy lpheno l  
4-E t hy  l g u a i a c o  1 
3-Methyl-6-isopropylphenol 
Eugenol 
4-n-Propylguai a c o l  
6 - I sopropeny lgua iaco l  
Vani 1 l i n  
I soeugeno l  
A c e t o v a n i l l o n e  
C o n i f e r y l  a l c o h o l  
Guaia cy l a c e  t o n e  
- 

1 .oo 
2.35 
1.38 
6.58 
1.31 
0.86 
6.34 
0 .23  
0.15 
2.77 
0.14 
1.05 
0 . 3 5  
0.35 
0.42 
1.12 
0 . 4 0  
0.09 
0.44 

a Normalized molar  r a t i o s ,  o n  t h e  b a s i s  
( a t  300OC). 

2.12 3.20 
3.11 3.52 
2.03 2.76 
6.44 11.12 
1.38 1.46 
1.57 1.46 

10.22 13.26 
0.44 0.29 
0.29 0.29 
3.67 5.42 
1.26 0.43 
1.34 1.75 
0.70 0 .71  
0.58 0.73 
1.22 1.24 
5.04 4 .11  
0.72 0.96 
0.22 0 . 1 8  
0 .89  1 .43  

~ ~~ 

of phenol  i n  d i s t i l l a t e  

I 
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194 CALIMLI AND OLCAY 

l a b l e  7 shows a d e t a i l e d  comparison of  t h e  e f f e c t s  of  

s u p e r c r i t i c a l  g a s  e x t r a c t i o n  ( u s i n g  d ioxane  a t  330OC) and o f  pyrol-  

ysi5 ( a t  34OoC) on t h e  y i e l d s  of  p h e n o l s .  The p r o c e s s  of  i s o l a t i o n  

,3nd d e n t i f ~ . c a t i o n  o f  t h e  p h e n o l s  w a s  t h e  same i n  b o t h  methods o€ 

Eonn ng p h e n o l s .  ( I n  a l l  treatments t h e  pheno l s  were i s o l a t e d  and 

i d e n t i t i e d  1.n t h e  same way.) 

'TABLE 7 

Comparison of Relative Amountsa of  P h e n o l i c  Compounds P r e s e n t  i n  
D i s t j l l a t e  and E x t r a c t  of Wood 

Compounds D i s t i l l a t e  
( a t  34OoC) 

t'henol 
3 - C r c's o 1 
n-Cr eso 1 
p-Cr € S i l l  

J u a j c c o l  
% ,4-Dimethy 1 pheno l  
7 - E t t  y l p h e n a l  
in-Ct t y l p h e n c l  
't ,S-l h e  thy  l p h e n o l  
p-Etliylphencl 
6-Methvlguaiacol  
G-Mcthylguaiacol 
o - l scp ropy lpheno l  
p - I scp ropy lpheno l  
3-n-i ' ropylphenol 
4-b thv  l n u a i a c o l  ~- 
2-Isopropenyl-4-methylphenol 
2- Tscpropylphenol  
Fugenol 
4 -n-Pr opy l g u a i a c o  1 
6 - I s o p r o p e n y l g u a i a c o l  
Vani 11 i n 
I soeugeno l  
A c e t o v a n i l l o n e  
C o n i f e r y l  alcohol 
C u a i a c p l a c e t o n e  

2 . 1 2  
3 .11 

2.03 
6.44 
1.38 

- 

- 
- 
- 

1.57 
- 

Er t r ac t 
( a t  330 '~)  

______- __ 
1.60 
1.30 
0.10 
1.88 

18.45 
0 .44  
0.36 
0.18 
3.08 
1.15 
0 .78  

0.22 21.19 
0.44 0.40 
0.29 0 .63  
- 1.42 

3.67 12.80 
1.26 0.42 
- 0 . 4 5  

1.34 1 .96 
0.70 12.37 
0.58 0.23 
1.22 1.27 
5.04 1 .s1 
0.72 1.19 
0.22 0.78 
0.89 0.12 

____ ____ 

'Nornialized mola r  r a t i o s ,  on  t h e  b a s i s  of  pheno l  in d i s t i l l a t e  
( a t  30OoC) 
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SUPERCRITICAL DIOXANE EXTRACTION 19s 

It shou ld  b e  emphasised t h a t  t h e  d u r a t i o n  of  p y r o l y s i s  and 

s u p e r c r i t i c a l  gas  e x t r a c t i o n  w a s  of  t h e  same o r d e r  of  magni tude 

though t h e  "heat  up" p e r i o d  was l o n g e r  f o r  p y r o l y s i s .  The major  

d i f f e r e n c e  between t h e  two p r o c e s s e s  w a s  t h a t  i n  s u p e r c r i t i c a l  g a s  

e x t r a c t i o n  t h e  pheno l s  were formed i n  t h e  p re sence  of a l a r g e  amount 

of  d i l u e n t  (d ioxane ) .  The s u p e r c r i t i c a l  dioxane e x t r a c t  con ta ined  

more compounds t h a t  t h e  d i s t i l l a t e s .  Whilst m-cresol ,  4,5-dimeth- 

y lpheno l ,  o-ethylphenol ,  m-ethylphenol ,  6-methylguaiacol ,  3-n- 

p ropy lpheno l  and 2- isopropylphenol  w e r e  p r e s e n t  i n  s u p e r c r i t i c a l  

d ioxane  e x t r a c t  of wood, t h e y  w e r e  n o t  d e t e c t e d  i n  t h e  d i s t i l l a t e .  

The t o t a l  y i e l d  of p h e n o l i c  compounds i n  t h e  e x t r a c t  of  wood 

w a s  about  t w i c e  as h i g h  as t h e  y i e l d  from wood d i s t i l l a t e  (Tab le  5) 

and i t  might n a i v e l y  b e  expec ted  t h a t  t h e  y i e l d s  of each  i n d i v i d u a l  

phenol  would b e  i n  t h e  same r a t i o .  I n  f a c t  t h e  y i e l d s  o f  4-n- 

p r o p y l g u a i a c o l ,  c o n i f e r y l  a l c o h o l ,  4 -e thy lgua iaco l  and g u a i a c o l  

were v e r y  much h i g h e r  i n  t h e  s u p e r c r i t i c a l  d ioxane  e x t r a c t  t h a n  i n  

t h e  wood d i s t i l l a t e .  The same g u a i a c y l  compounds ( e x c e p t  g u a i a c o l )  

a r e  a l s o  found i n  h i g h e r  p r o p o r t i o n s  i n  t h e  s u p e r c r i t i c a l  e x t r a c t  

of l i g n i n  t h a n  i n  t h e  d i s t i l l a t e  from l i g n i n  (Tab le  8 ) .  (The 

f i g u r e s  i n  Tab le  8 are normalized molar  r a t i o s  r e l a t i v e  t o  t h e  

amount of phenol  produced a t  40OoC. Therefore ,  t h e  f i g u r e s  roughly 

p a r a l l e l  y i e l d s  g i v e n  on a d ioxane - l ign in  b a s i s . )  Though t h e  pre-  

dominance i s  n o t  so marked as  i n  t h e  comparison of t h e  y i e l d s  from 

wood, t h e  r e s u l t s  s u g g e s t  t h a t  t h e  g u a i a c y l  compounds no ted  i n  t h i s  

paragraph are primary p r o d u c t s  of  t h e  decomposi t ion of  wood and 

l i g n i n  and decompose f u r t h e r  d u r i n g  p y r o l y s i s  when they  are n o t  

p r o t e c t e d  by d i l u t i o n .  

A s i m i l a r  phenomenon i s  observed when one compares t h e  y i e l d s  

of  s i m p l e  p h e n o l i c  compounds. The p resence  of  h i g h e r  amounts of 

phenol ,  o - c r e s o l ,  p - c r e s o l ,  3 ,4-dimethylphenol ,  p-ethylphenol  i n  

d i s t i l l a t e s  i n d i c a t e s  t h a t  t h e  demethoxylat ion of g u a i a c y l  com- 

pounds o c c u r s  more e x t e n s i v e l y  d u r i n g  p y r o l y s i s  t h a n  d u r i n g  ex- 

t r a c t i o n .  The h i g h  t o t a l  y i e l d  of 4-n-propyfguaiacal d e r i v a t i v e s  
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196 CALIMLI AND OLCAY 

TABLE 8 

Comparison of  Relative Amountsa of P h e n o l i c  Compounds P r e s e n t  
i n  D i s t i l l a t e  and E x t r a c t  of L i g n i n  

Compounds Dis t i l l a te  Ex t rii c t 
( a t  40OoC) ( a t  33OoC) 

__- ___ 

Phenol 1.00 0.47 
o-Cresol 0.70 0.38 
p-Creso L 1 .oo 0.80 
Guaiac 01 3.60 3.64 
3,4-I)rmethylphenol 0.50 0.09 
o-Et hylphenol 0.09 
4,5-l)imethyl phenol  0.65 
p-Ethylphenol 0 .46 0.37 
6-Methyl g u a i a c o l  0.30 
4-Methylguaia c v l  9 .33 5.67 

p-Isopropylph e n o l  0.03 0.14 
3-n-Propylphe no1 0 .28  

4 -Methy 1- 6-i  s opropy lpheno l  0 .19 0.07 
2- I svpropylph en01 0.09 
Eugenol 0.57 0.18 
4-n-Propylguaiacol  0.40 3.41 
6- T s o pro  peny 1 gua i a c  o 1 0.06 0.07 
Vani l l  i n  0.62 0.05 
I soeugeno l  0.80 0.11 
Aceto\ a n i l l o n e  0.28 0.21 
Con i fc ry1  a l c o h o l  0 .14 0 .23  
Gua iacy lace tone  0.23 0.16 

- 
- 

- 

o-Isopropylphenol  0 .10 0.11 

4 -E thy lgua iaco l  2.60 2.81 
- 

- 

___ -- __I_ 

aNormalized mola r  ratios, on the b a s i s  of phenol  i n  d i s t i l l a t e  
( a t  4 0 0 ~ ~ ) .  

i n  t h e  s u p e r c r i t i c a l  e x t r a c t  of l i g n i n  s u g g e s t s  t h a t  t h e  c l e a v a g e  

of prop71 s i d e  c h a i n s  o c c u r s  more o f t e n  d u r i n g  p y r o l y s i s .  
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