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800 Montreal  Road 

O t t a w a ,  Canada K1G 325 

*Forest  Research I n s t i t u t e  
P r i v a t e  Bag 
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ABSTRACT 

The u s e  of  steam e x p l o s i o n  as a pre t rea tment  f o r  voody biomass 
p r i o r  t o  enzymatic h y d r o l y s i s  has  been proposed i n  t h e  p a s t .  In  
t h i s  s tudy  t h e  e f f e c t  of S O 2  impregnat ion (1 .6% S O 2  on d r y  wood 
i n p u t )  and H2SO4 impregnat ion (0.58% H2SO4 on d r y  wood i n p u t )  on 
t h e  exploded s u b s t r a t e s  produced a r e  compared w i t h  t h e  c a s e  where 
no a c i d  w a s  added. Both a c i d  c a t a l y s t s  s u b n t n n t i a l l y  improve t h e  
s u r v i v a l  of pentose  s u g a r s  when t r e a t m e n t s  of e q u a l  s e v e r i t y  a r e  
compared. 
be e x t r a c t e d  from t h e  water  washed exploded s u b s t r a t e s  wi th  
c a u s t i c .  

H2S04  however reduces  t h e  e x t e n t  t o  which l i g n i n  may 

The mode of a c t i o n  of t h e  SO2 has  been examined and,  a t  t h e  
l e v e l s  used i n  t h i s  work, approximately 501 of t h e  i n p u t  su lphur  
is shown t o  bind t o  t h e  s u b s t r a t e  forming, most l i k e l y ,  l igno-  
su lphonates .  

The enzymic d i g e s t i b i l i t i e s  of t h e  a c i d  impregnated steam 
exploded s u b s t r a t e s  are  compared w i t h  t h o s e  of t h e  non-acid 
impregnated material  and a r e  shown t o  be more e a s i l y  s a c c h a r i f i e d  

INTRODUCTION 

Steam explos ion  of l i g n o c e l l u l o s i c s  such as a g r i c u l t u r a l  and 

wood r e s i d u e s  has  r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  i n  t h e  p a s t  as 
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406 MAQCIE ET AL. 

a p r e t r e a t m e n t  f o r  t h e  enzymatic  h y d r o l y s i s  of such s u b s t r a t e s  

f o r  f e r m e n t a t i o n  by a v a r i e t y  of  organisms.  The process  h a s  t h e  

p o t e n t i a l  of be ing  a c o s t  e f f e c t i v e  p r e t r e a t m e n t  i n  t h e  b i o l o g i c a l  

convers ion  of l i g n o c e l l u l o s i c  c a r b o h y d r a t e s  t o  chemicals  and f u e l s .  

The main l i m i t a t i o n s  of steam e x p l o s i o n  as  a p r e t r e a t m e n t  f o r  

t h e  u t i l i z a t i o n  of aspenwood, c a r r i e d  o u t  wi thout  added a c i d  

catalysts  and under  c o n d i t i o n s  which o p t i m i z e  t h e  s u s c e p t i b i l i t y  

of t h e  t r e a t e d  s u b s t r a t e  t o  enzymatic d i g e s t i o n ,  a r e  t h a t  

approximately 50% of t h e  x y l a n  i n  t h e  wood is  d e s t r o y e d  d u r i n g  t h e  

p r e t r e a t m e n t ,  t h a t  t h e  d i s r u p t i o n  of t h e  l ign in-carbohydra te  m a t r i x  

i s  incomplete  and t h a t  compounds which a r e  i n h i b i t o r y  t o  microorganisms 

used i n  downstream p r o c e s s i n g  are  genera ted  as a r e s u l t  of l i g n i n  

and carbohydra te  d e g r a d a t i o n .  Despi te  t h e s e  l i m i t a t i o n s  however, 

steam explos ion  a p p e a r s  t o  be  t h e  most promising commercial p r e t r e a t m e n t  

o p t i o n .  

M i l l e t  e t  a l '  have examined t h e  u s e  of SO2 f o r  enhancing t h e  

enzymatic  d e g r a d a t i o n  of c e l l u l o s i c  s u b s t r a t e s  and have shown t h a t ,  

wi th  gaseous SO2 a t  12OoC and 0 .21  MPa (30 p . s - i . )  f o r  p e r i o d s  of 

2-3h, s u l p h o n a t i o n  and s u b s t a n t i a l  depolymer iza t ion  of t h e  l i g n i n  

occur  w i t h  a r e s u l t i n g  d i s r u p t i o n  of t h e  l i g n o c e l l u l o s i c  complex. 

E s s e n t i a l l y  q u a n t i t a t i v e  enzymic convers ion  of aspenwood carbohydra tes  

t o  reducing  s u g a r s  was then  o b t a i n a b l e .  The long  r e a c t i o n  times 

involved i n  t h i s  p r e t r e a t m e n t ,  and t h e  high l e v e l s  of SO2 r e q u i r e d ,  

have prevented  f u r t h e r  development of t h i s  method. 

The u s e  of SO as a n  a c i d  c a t a l y s t  d u r i n g  steam explos ion  of 2 
p o p l a r  has  been r e p o r t e d 2  t o  improve t h e  s u b s t r a t e  enzymic 

s u s c e p t i b i l i t y  r e l a t i v e  t o  t h a t  of  material produced wi thout  SO2 

a d d i t i o n .  

t i o n  of t h e  SO2 l e v e l s  used ,  t h e  Genera l  Electric r e p o r t  does  

not  however a l l o w  a d e t a i l e d  examinat ion of t h e  chemical  e f f e c t s  

of t h e  SO2 a d d i t i o n  t o  be  made. 

a d d i t i o n  n e v e r t h e l e s s  was c l e a r l y  demonstrated and gave n e a r l y  

double  t h e  l e v e l  of  s o l u b l e  s u g a r s  of t h e  steam-only p r e t r e a t -  

ment on subsequent  enzymic s a c c h a r i f i c a t i o n .  The a d d i t i o n  of  

Due t o  poor a n a l y t i c a l  p rocedures  and no q u a n t i f i c a -  

The b e n e f i c i a l  e f f e c t  of SO2 
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STEAM EXPLOSION OF ASPENWOOD 407 

SO d u r i n g  e x p l o s i o n  p r e t r e a t m e n t  of t h e  softwood Pinus  

r a d i a t a  h a s  r e c e n t l y  been r e p o r t e d '  t o  r e s u l t  i n  enhanced enzymic 

d i g e s t i b i l i t y  re la t ive t o  t h a t  o b t a i n e d  wi thout  SOz. 

The impregnat ion of  aspenwood w i t h  H2S04 p r i o r  t o  steam 

explos ion  has been reported"' and is known t o  improve sugar  

recovery  f o l l o w i n g  t rea tment  and t o  enhance enzymatic d i g e s t i o n  

of t h e  water washed p r e t r e a t e d  s u b s t r a t e .  P a r t i a l  a c i d  h y d r o l y s i s  

at 160 t o  22OoC of 7 O s e s h  oakwood, a s  a 5% s l u r r y  i n  a cont inuous  

plug-flow r e a c t o r ,  has  a l s o  been shown6 t o  g r e a t l y  enhance subsequent  

enzymatic h y d r o l y s i s .  

2 

The work r e p o r t e d  h e r e  d e t a i l s  t h e  e f f e c t s  of SO2 (added t o  

aspenwood p r i o r  t o  steam e x p l o s i o n )  on t h e  s u r v i v a l  of carbohydra tes  

i n  t h e  p r o c e s s ,  on t h e  e x t r a c t a b i l i t y  of t h e  h e m i c e l l u l o s e  and 

l i g n i n  f r a c t i o n s  i n  t h e  exploded s u b s t r a t e s  and on t h e  enzymatic 

d i g e s t i b i l i t y  of t h e  unwashed and water washed p r e t r e a t e d  

m a t e r i a l s .  These r e s u l t s  a r e  compared w i t h  t h o s e  obta ined  w i t h  

aspenwood which had r e c e i v e d  no SO treatment and aspenwood t h a t  

had been impregnated w i t h  d i l u t e  (0 .2%) H 2 S 0 4 .  
2 

EXPERIMENTAL 

Wood Supply 

Aspen (Populus t r e m u l o i d e s )  l o g s  w e r e  chipped i n  t h e  green  

These c o n d i t i o n  t o  g i v e  c h i p s  3 . 2  mm i n  t h e  f i b r e  d i r e c t i o n .  

c h i p s  were t h e n  screened  and o n l y  t h e  f r a c t i o n  pass ing  through 

t h e  25 mm screen and r e t a i n e d  by t h e  6 . 2  mm s c r e e n  (89.2% of a l l  

c h i p s )  w a s  k e p t  for exper imenta l  use.  

-4'C u n t i l  r e q u i r e d .  

The c h i p s  were s t o r e d  a t  

Acid Impregnat ion 

H2S04 impregnat ion was performed by vacuum impregnat ing green  

c h i p s  w i t h  a l a r g e  excess  of 0.20% H2S04 a t  room tempera ture  for 

60 hours .  

w i t h  f r e s h  a c i d  s e v e r a l  times. 

During t h i s  per iod  t h e  a c i d  was d r a i n e d  and rep laced  

The c h i p s  were f i n a l l y  b l o t t e d  
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408 MACKIE ET AL. 

d r y  u s i n g  paper  towels  and s t o r e d  a t  -4OC u n t i l  needed. 

c h i p s  had a d r y - m a t t e r  c o n t e n t  of 36.27% and a n a l y s i s  of t h e  

c h i p  material f o r  t o t a l  s u l p h u r  gave a v a l u e  of 0.199. (O.D. b a s i s ) ,  

which i s  e q u i v a l e n t  t o  0 . 5 8 %  H2S04 (O.D. b a s i s ) .  

These 

SO2 impregnat ion  w a s  ach ieved  by p a s s i n g  anhydrous SO2 g a s  

i n t o  a p l a s t i c  bag c o n t a i n i n g  g r e e n  c h i p s  (48.03% dry-matter 

c o n t e n t ) .  

of c h i p s  b e f o r e  and a f t e r  SO2 a d d i t i o n  and i s  expressed as a 

percentage  of t h e  ovendry (OD) wood. 

and by o b s e r v a t i o n  of t h e  c h i p  c o l o u r  appeared t o  be  uniform. 

SO2 impregnated c h i p s  were prepared  i n  p o r t i o n s  of 200 g 

e q u i v a l e n t  d r y  weight  and were used w i t h i n  0 .5 -1 .0  hour of SO2 

a d d i t i o n .  The c h i p s  were added d i r e c t l y  t o  t h e  steam explos ion  

gun from t h e  p l a s t i c  bag. 

The u p t a k e  of SO2 was measured by weighing t h e  bag 

The uptake  w a s  very  r a p i d  

Steam Explosion Gun Opera t ion  

A 2 l i t r e  gun c o n s t r u c t e d  of 316 s t a i n l e s s  steel w a s  used 

throughout  t h i s  work. The gun b a r r e l  (63 m i n s i d e  d iameter )  

i s  f i t t e d  w i t h  a 75 nun r a p i d  opening a i r  a c t u a t e d  b a l l  v a l v e  

a t  t h e  lower end and a P a r r  Instrument  Company bomb l i d  a t  t h e  

top .  The l i d  c a r r i e s  a p r e s s u r e  gauge, a bleed v a l v e  and thermo- 

c o u p l e  probes .  S a t u r a t e d  steam a t  tempera tures  a d j u s t a b l e  up t o  

250°C e n t e r s  t h e  gun near  t h e  t o p  of the gun b a r r e l .  When t h e  lower 

b a l l  v a l v e  is  opened t h e  wood mass and steam is v i o l e n t l y  d i s c h a r g e d  

through a curved p i p e  i n t o  a r e c e i v i n g  cyc lone  (approx. 50 l i t r e s )  a t  

a tmospher ic  p r e s s u r e  t h a t  a l l o w s  q u a n t i t a t i v e  recovery  o f  l i q u i d  

and s o l i d  products .  

T y p i c a l  o p e r a t i o n  of t h e  u n i t  i n v o l v e s  p r e h e a t i n g  t h e  w e l l  

i n s u l a t e d  assembly t o  t h e  d e s i r e d  tempera ture  by r e p e a t e d l y  

f i l l i n g  and f i r i n g  w i t h  steam only .  The  P a r r  l i d  is  t h e n  r a p i d l y  

removed (10 seconds)  and t h e  wood material shaken i n  from a 

P l a s t i c  bag. The l i d  is then r e p l a c e d  (10-15 seconds)  and 

Steam in t roduced  immediately. As i n d i c a t e d  by t h e  thenno- 

couple  l o c a t e d  i n  t h e  P a r r  l i d  t h e  steam tempera ture  w i t h i n  t h e  
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STEAM EXPLOSION OF ASPENWOOD 409 

wood c h i p  bed r e a c h e s  t h e  set b o i l e r  tempera ture  w i t h i n  6 

seconds,  and i n  a l l  cases treatment times r e p o r t e d  h e r e  are 

a d d i t i o n a l  t o  t h i s  6 s p e r i o d .  A f t e r  t h e  a l l o t t e d  t i m e  t h e  

lower b a l l  v a l v e  is  pneumat ica l ly  opened and t h e  c o n t e n t s  of 

t h e  cyc lone  are recovered .  Material h e l d  UQ i n  t h e  gun 

assembly is n e g l i g i b l e .  

Washing of Steam Exploded S u b s t r a t e  

Water washing of  steam-exploded aspenwood (SEA) was c a r r i e d  

out  us ing  a n  overhead pneumatic stirrer a t  a c o n s i s t e n c y  of 5% 

(dry b a s i s ) .  A f t e r  a n  i n i t i a l  wash f o r  1 hour t h e  s o l i d s  were 

removed by f i l t r a t i o n  on a 70 pm expanded polye thylene  f i l t e r  

and t h e n  a g a i n  s t i r r e d  f o r  0.5 h w i t h  t h e  same volume of f r e s h  

d i s t i l l e d  water. F i l t r a t i o n  then  gave t h e  water  i n s o l u b l e  

f r a c t i o n  (SEA-WI) of  t h e  steam exploded aspenwood and t h e  

water s o l u b l e  s o l i d s  (SEA-WS) i n  t h e  combined f i l t r a t e s .  

Where n e c e s s a r y  NaOH washing of t h e  SEA-WI w a s  performed 

by s t i r r i n g  a 4% s l u r r y  of t h e  s u b s t r a t e  i n  0.4% NaOH f o r  1 h. 

The NaOH s o l u t i o n  w a s  f i l t e r e d  o f f  and t h e  s o l i d  r e s i d u e  washed, 

f i r s t  wi th  small p o r t i o n s  of 0 . 4 %  NaOH, and then  w i t h  d i s t i l l e d  

water t o  n e u t r a l i t y .  L ignin  i n  t h e  NaOH e x t r a c t  w a s  p r e c i p i t a t e d  

by t h e  a d d i t i o n  of H2S04 and a small amount of  chloroform’. 

E t h a n o l w a s h i n g  of  SEA-WI was c a r r i e d  o u t  a t  room temperature  

w i t h  a n  amount of  e t h a n o l  c a l c u l a t e d  t o  g i v e  a f i n a l  concentra- 

t i o n  of 90% v / v .  The s l u r r y  (approx. 3% solids w/v) w a s  s t i r r e d  

f o r  1 h ,  f i l t e r e d  and t h e  s o l i d s  vashed w i t h  two f u r t h e r  small 

p o r t i o n s  of e t h a n o l .  The r e s i d u e  remaining upon removal of  t h e  

e t h a n o l l w a t e r  from t h e  e x t r a c t  was t h e  e t h a n o l  s o l u b l e  l i g n i n  

r e p o r t e d .  

A n a l y t i c a l  Methods 

Pentosan a n a l y s e s  w e r e  performed accord ing  t o  TAPPI s tandard  

T223-0s-71. Klason l i g n i n  d e t e r m i n a t i o n s  were c a r r i e d  o u t  as 
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4 10 HACKIE ET AL,. 

p e r  TAPPI s t a n d a r d  T222-o~-75  and the a c i d  s o l u b l e  l i g n i n  in 

t h e  f i l t r a t e  from t h e  Klason l l g n i n  a n a l y s i s  w a s  measured by 

U.V. absorbance  a t  212 nm. 
f r a c t i o n a t e d  sample of  aspen  m i l l e d  wood lignin w a s  used f o r  

t h e  a c i d  s o l u b l e  l i g n i n  d e t e r m i n a t i o n .  

A s t a n d a r d  c u r v e  prepared u s i n g  a 

T o t a l  reducing  s u g a r s  w e r e  e s t i m a t e d  by t h e  PAHBAH co lo r i -  

m e t r i c  method' and i n d i v i d u a l  wood s u g a r s  w e r e  ana lysed  by 
g a s  chromatography as  t h e i r  a l d i t o l  acetates. A co ld  on-column 

c a p i l l a r y  i n j e c t o r ,  w i t h  a l l o s e  used  as an i n t e r n a l  s tandard ,  

gave a c c u r a t e  q u a n t i t a t i v e  results. 

samples ,  in o r d e r  t o  e n s u r e  all c a r b o h y d r a t e s  were i n  t h e i r  

monomeric state w a s  c a r r i e d  o u t  u s i n g  r e f l u x i n g  2M t r i f l u o r o a c e t i c  

a c i d  f o r  3 h. 

P o s t  h y d r o l y s i s  of  SEA-WS 

Elemental su lphur  a n a l y s e s  were performed by t h e  Canada Centre  

f o r  Mineral  and Energy Technology (CANMET) u s i n g  a h igh  tempera ture  

combustion technique  (ASTM method D4329). 

The enzymic s u s c e p t i b i l i t i e s  o f  v a r i o u s  exploded wood f r a c t i o n s  

(SEA, SEA-WZ, SEA-WS) w e r e  a s s e s s e d  u s i n g  a combined enzymatic 

h y d r o l y s i s  and fe rmenta t ion  (CHF) procedure  . S u b s t r a t e s  were 

weighed and mixed w i t h  f e r m e n t a t i o n  media i n  Wheaton serum 

b o t t l e s  a t  5% s u b s t r a t e  c o n c e n t r a t i o n .  Glacial acetic a c i d  

( a d j u s t e d  t o  pH 6.5 w i t h  KOH) w a s  added wherever necessary  t o  

b r i n g  t h e  i n i t i a l  acetate c o n c e n t r a t i o n  t o  0.5% (v /v) .  Hydrolys is  

w a s  i n i t i a t e d  by the a d d i t i o n  of  s ter i le  Trichodenna harzianum 

E58 c u l t u r e  f i l t r a t e s  - the f i n a l  enzyme ac t iv i t ies  (xylanase  

o r  endoglucanase)  were a d j u s t e d  t o  100 I . U .  p e r  ml of CMC'ase  

a c t i v i t y .  

cells  (5% v/v) was c a r r i e d  o u t  a t  the o u t s e t  of  t h e  CHF process .  

The en t i re  procedure  w a s  performed a t  3OoC, pH 6.5, w i t h  

shaking a t  150 r.p.m. and under  f i n i t e  air  c o n d i t i o n s .  

and Solka  f l o c  w e r e  run  as c o n t r o l  s u b s t r a t e s .  

c a r r i e d  o u t  over  a per iod  of  4 d a y s  and t h e  s o l v e n t  f i g u r e s  

r e p o r t e d  are t h e  h i g h e s t  of t h o s e  o b t a i n e d  on days 3 o r  4. 

2,3-Butanediol and e t h a n o l  were a n a l y s e d  by g a s  chromatography." 

9 

I n o c u l a t i o n  of t h e  medium w i t h  K l e b s i e l l a  pneumoniae 

Xylan 

Sampling w a s  
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4 12 

RESULTS AND DISCUSSION 

MACKIE ET AL. 

E f f e c t  of SO7 on wood components 

Aspenwood c h i p s  which had been impregnated w i t h  1.6% SO2 

(based on O.D. wood) as d e s c r i b e d  i n  t h e  experimental  s e c t i o n  
were t r e a t e d  i n  t h e  s t e a m  explos ion  "gun" f o r  120 s a t  

s a t u r a t e d  s t e a m  tempera tures  ranging  from 200-227°C. A n a l y t i c a l  

d a t a  f o r  t h e  v a r i o u s  p r o d u c t s  o b t a i n e d  are presented  i n  Table  1. 

The r e l a t i v e l y  low l e v e l  of SO2 impregnat ion w a s  chosen so 

that chemical  c o s t s  i n  any commercial a p p l i c a t i o n  would be 

minimized. The t rea tment  t ime of  120 seconds is cons idered  t o  

b e  i n  t h e  " p r a c t i c a l "  range  f o r  s t e a m  explos ion .  

s h o r t  t r e a t m e n t  t i m e s  e .g .  20-40 s t h e r e  is evidence* that f o r '  

green wood c h i p s  uneven cooking can r e s u l t .  

ments should t h e r e f o r e  be avoided.  

For very  

Such s h o r t  treat- 

In t h e  tempera ture  range  examined (Table  1) t h e  s u r v i v a l  of 

pentosan ( i n  t h e  form of both  water - inso luble  pentosan and w a t e r -  

s o l u b l e  o l i g o s a c c h a r i d e s  and monomeric x y l o s e )  ranged from 89 .6  

t o  62.2% of t h e  o r i g h a l  pentosan i n  t h e  wood. Water washing 

of  t h e  SEA removed t h e  bulk  of t h e  pentosan a t  a l l  tempera tures  

but  by 22OoC t h e  r e s i d u a l  pentosan in t h e  water washed s u b s t r a t e  

w a s  n e g l i g i b l e .  W e  c o n s i d e r  that t h e  optimum t rea tment  tempera- 

t u r e  in t h i s  series i s  21WC s i n c e  over  90% of  t h e  pentosan i n  

t h e  SEA can  be washed o u t  w i t h  water ( l e a v i n g  9% of  t h e  o r i g i n a l  

pentosan i n  t h e  SEA-WI) and t h e  o v e r a l l  s u r v i v a l  of pentosan 

(79.8%) is very  h igh .  

Water washing of  t h e  SO2 impregnated SEA removed from 30 t o  

35% of t h e  m a t e r i a l .  The wash l i q u o r  conta ined  s o l u b l e  hemi- 

c e l l u l o s e  s u g a r s ,  s o l u b i l i z e d  l i g n i n ,  wood e x t r a c t i v e s ,  acetic 

a c i d  (der ived  from 0-ace ty l  groups)  and d e g r a d a t i o n  products  

of  t h e s e  m o i e t i e s  ( formic a c i d ,  f u r f u r a l  e tc . ) .  Under t h e  more 

severe c o n d i t i o n s  a p o r t i o n  of the mare resistant c e l l u l o s e  

component of  t h e  SEA may have been s o l u b i l i z e d .  Following a 
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STEAM EXPLOSION OF ASPENWOOD 4 13 

TABLE 2 

Carbohydrate  A n a l y s i s  of Water S o l u b l e  Material From SO2 
Impregnated Asp enwood a 

Steam Temperature 
2 O l O C  210% 2200c 227OC 

1 6 . 3  1 7 . 2  1 7 . 9  1 9 . 3  b T o t a l  s u g a r s  
(% input  wood) 

b T o t a l  s u g a r s  
(% SEA-WS) 

Carbohydrate  Composition (%> 

Arabino se 
Xylose 
Manno s e 
Galac tose  
Glucose 

Xylose 
( X  input  wood) 

52.6  56 .0  56.8 61.1 

2.2 2 . 0  1 . 7  1.7  
75.1 69.7 58 - 2  46.7 

8 .8  8 . 6  7 . 4  6 .6  
3 . 1  2 . 8  2.4 2 .2  

1 0 . 8  1 6 . 9  30.4 42.8 

12.2  12.0 1 0 . 4  9 .0  

All f i g u r e s  on oven d r y  b a s i s  
a See Table  1 f o r  treatment d e t a i l s  

q u a n t i f i e d  v i a  a l d i t o l  acetate method, fo l lowing  pos t  
h y d r o l y s i s  w i t h  t r i f l u o r o a c e t i c  a c i d  

m i l d  p o s t  h y d r o l y s i s  of  t h e  aqueous wash l i q u o r ,  i n  o r d e r  t o  

conver t  any polymeric  c a r b o h y d r a t e s  t o  t h e  monomeric state,  

a n a l y s e s  of  t h e  carbohydra tes  p r e s e n t  in t h e  wash l i q u o r s  

of the f o u r  p r o d u c t s  d e s c r i b e d  i n  Table  1 were performed. The 

d a t a  are shown i n  Table  2.  The s o l u b l e  s u g a r s  account  f o r  

16.3 t o  1 9 . 3 %  o f  t h e  o r i g i n a l  wood but  o n l y  between 52.6 and 

61.1% of t h e  s o l i d s  i n  the  SEA-US. The ba lance  of t h e  s o l i d s  

in t h e  SEA-WS comprises  p r i m a r i l y  4-0He-glucuronlc a c i d  (and 

small amounts o f  t h e  a c i d  resistant a l d o b i u r o n i c  a c i d  from t h e  

xylan)  which i s  n o t  accounted for by t h e  a l d i t o l  acetate method, 

s o l u b i l i z e d  l i g n i n  and the  o r i g i n a l  h o t  water e x t r a c t i v e s .  Even 
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4 14 MACKIE ET At. 

under  t h e  m i l d e s t  c o n d i t i o n s  used (2OloC), where 12.4% of  t h e  

o r i g i n a l  wood x y l a n  remains i n  t h e  SEA-WI, t h e r e  is a s i g n i -  

f i c a n t  q u a n t i t y  o f  hexose s u g a r s  s o l u b i l i z e d .  It a p p e a r s  t h a t  
t h e  s o l u b i l i z a t i o n  o f  t h e  aspenwood glucomannan, which is 

p r e s e n t  as approximate ly  3X o f  t h e  o r i g i n a l  wood", and of t h e  

s m a l l  amount of wood g a l a c t a n ,  o c c u r s  ex t remely  r a p i d l y  and 

under  t h e  most mild c o n d i t i o n s  used here w a s  e s s e n t i a l l y  

complete  . 

Comparison of  effects of SO? and H2S04 d u r i n g  steam t rea tment  

In o r d e r  t o  make a v a l i d  comparison of  s t e a m  explos ion  c a r r i e d  

o u t  i n  t h e  absence  o f  a c i d  w i t h  t h a t  f o l l o w i n g  impregnat ion wi th  

H2SO4 o r  S02, it w a s  decided t o  u s e  t h e  level  of pentosan  

remaining i n  t h e  steam exploded wood a f t e r  water washing as  a 

measure o f  t h e  effectiveness of  pentosan  removal. 

t o  s o l u b i l i z i n g  a l a r g e  p r o p o r t i o n  of the wood x y l a n ,  but  a t  t h e  

same time minimizing the d e s t r u c t i o n  of  p e n t o s e  s u g a r s ,  a level 

o f  2 %  x y l a n  i n  t h e  SEA-WI w a s  chosen. 

With a view 

Tables  3 & 4 l i s t  t h e  a n a l y t i c a l  d a t a  f o r  t h r e e  "equiva len t"  

s u b s t r a t e s  prepared s o  as t o  conform to t h i s  c r i t e r i o n .  Accordingly 

t h e  pentosan  c o n t e n t s  of t h e  SEA-WZ f r a c t i o n s  of  t h e  t h r e e  steam 

exploded products  are v e r y  similar (1.3 t o  2 .1%) .  The d i f f e r e n t  

t i m e  and tempera ture  c o n d i t i o n s  r e q u i r e d  t o  g e n e r a t e  t h e s e  

s u b s t r a t e s  r e f l e c t  p r i m a r i l y  the a c i d i t y  p r e v a i l i n g  d u r i n g  t h e  

r e a c t i o n .  The d a t a  show v e r y  c l e a r l y  t h a t  t h e  s u r v i v a l  of  t h e  

p e n t o s e  s u g a r s  i s  much g r e a t e r  f o r  t h e  a c i d  (SO2 and H SO ) 

impregnated wood samples  - v a l u e s  of 7 9 . 8 %  and 84.7% of t h e  o r i g i n a l  

pentosan  i n  t h e  wood f o r  t h e  SO2 and H 2 S 0 4  r e s p e c t i v e l y  compared 

w i t h  48 .1% f o r  t h e  non-impregnated sample. 

2 4  

Recent work by S c o t t  e t  a l l 2 ,  and S p r i n g e r  and Harris", 

r e p o r t e d  t h i s  e f f e c t .  A t  about  pH 4 ,  t h e  pH of  unimpregnated 

aspenwood d u r i n g  steam treatment, t h e  d e s t r u c t i o n  of  x y l o s e  by 

hydroxyl  i o n s  i s  a p p r e c i a b l e .  The v e r y  low hydroxyl  i o n  

c o n c e n t r a t i o n  a t  t h i s  pH i s  s u f f i c i e n t  t o  c a u s e  t h i s  e f f e c t  
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416 MACKIE ET AL. 

TABLE 4 

A n a l y t i c a l  Data f o r  Water S o l u b l e  Material From Steam Exploded 
S u b s t r a t e s  Prepared  With and Without Acid C a t a l y s t s  

Treatment  Condi t ions  

No added a c i d  1.6% SO2 0.58% K2SO4 
120 s e c ,  240°C 120 sec, 2 1 0 ~ ~  80 sec, 2 0 0 0 ~  

T o t a l  sugarsa  9.5 
(% i n p u t  wood) 

T o t a l  sugarsa  48.0 
( a  SEA-WS) 

Carbohydrate  
Composition (X) 

Ara bin0 s e  
Xylose 
Mannose 
G a l a c t o s e  
Glucose 

2.7 
72.0 

9.5 
2 . 7  

13.0 

17.2 16.5 

56.0 5 7 . 2  

2.0 
69.7 

8 .6  
2 . 8  

1 6 . 9  

12.0 6.8 Xylose 
(% i n p u t  wood) 

Apparent L i g n i n  n.d.  
(9. SEA-WS) 

KL 2 . 5  
ASL Q 
TAL 8 . 6  

1 . 9  
7 4 . 4  
8.8 
2.8 

1 2 . 0  

1 2 . 3  

n.d 

a q u a n t i f i e d  v i a  a l d i t o l  acetate method, f o l l o w i n g  p o s t  h y d r o l y s i s  
w i t h  t r i f l u o r o a c e t  i c  a c i d  

because  i t  i s  a much more e f f e c t i v e  d e g r a d a t i o n  c a t a l y s t  t h a n  

i s  t h e  hydrogen i o n .  F i g u r e  1 shows t h e  two competing d e g r a d a t i v e  

pathways - 
The d e g r a d a t i o n  of x y l o s e  and x y l a n  v i a  hydroxyl  i o n s  i s  observed  

n o t  o n l y  as a d e c r e a s e  i n  t h e  y i e l d  of x y l o s e  b u t  also as t h e  

p r o d u c t i o n  of material r e f e r r e d  t o  as  " p s e u d ~ l i g n i n " ~ .  The h i g h  

t o t a l  a p p a r e n t  l i g n i n  o f  t h e  non a c i d  c a t a l y z e d  sample (29.9% 
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STEAM EXPLOSION OF ASPENWOOD 4 17 

H ~ O +  - Xylose 9 f u r f  u r a l  
H ~ O +  

Xylan 
I 

I 
1 

OH-; 
I 
I 
I 
I + 

OH- - 
base  d e g r a d a t i o n  

products  

FIGURE 1: Degradat ion of Pentosan by AcidfBase Pathways 

of SEA) compared w i t h  t h a t  of t h e  a c i d  c a t a l y z e d  samples (25.8% 

and 25.0% of  SEA), as presented  i n  Table  3 ,  i s  d u e  t o  pseudo- 

l i g n i n  being analyzed a s  Klason l i g n i n .  It is important  t o  n o t e  

t h a t  under  t h e  acidic  c o n d i t i o n s ,  t h e  recovery  of x y l o s e  p l u s  

f u r f u r a l  from x y l a n  w i l l  be g r e a t e r  t h a n  90% - f u r f u r a l  i s  e a s i l y  

recovered from steam condensa te  and i s  a v a l u a b l e  chemical .  

The e f f e c t i v e n e s s  of SO2, as  a n  added a c i d  c a t a l y s t  d u r i n g  

a u t o h y d r o l y s i s ,  h a s  a l s o  been r e p o r t e d  by Wayman" and t h e  improved 

y i e l d s  of  fe rmentable  s u g a r s  from both  hardwoods and sof twoods,  w a s  

s u b s t a n t i a l  when SO2 ( a t  3% SO2 based on d r y  wood) w a s  added. 

o r d e r  t o  p r e t r e a t  woods p r i o r  t o  h y d r o l y s i s  i n  e i t h e r  p lug  f low o r  

e x t r u s i o n  r e a c t o r s , t h e  S02/steam explos ion  o p t i o n ,  g i v i n g  h i g h  sugar  

recovery  and p h y s i c a l  d i s r u p t i o n  of t h e  wood c h i p  s t r u c t u r e ,  i s  a n  

a t t rac t ive  opt  i o n .  

I n  

The recovery  o r  e x t r a c t i o n  of l i g n i n  from s t e a m  exploded 

s u b s t r a t e s  i s  of  importance as it h a s  been demonstrated that such  

l i g n i n  from non a c i d  impregnated aspen is of low molecular  weight  

and re ta ins  m c h  of  i t s  o r i g i n a l  f u n c t i o n a l i t y .  I n  o r d e r  t o  

examine t h e  e f f e c t  of  t h e  SO2 and H2SO4 a c i d  c a t a l y s t s  on l i g n i n  

e x t r a c t a b i l i t y  the water washed SEA (SEA-WI) w a s  e x t r a c t e d  w i t h  
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4 18 MACKIE ET AL. 

0.4% aqueous NaOH o r  90% e thano l  (both a t  room tempera ture) .  The 

r e s u l t s  of t h e s e  e x t r a c t i o n s  are presented i n  Table 5 .  There i s  

l i t t l e  d i f f e r e n c e  between t h e  SO2 and non ac id  s u b s t r a t e  in terns 
of t h e  amount of l i g n i n  e x t r a c t a b l e  wi th  a lka l i  ( 1 5 . 6  and 15.9% 

of o r i g i n a l  wood r e s p e c t i v e l y ) .  

that the  l i g n i n  is somewhat more condensed dur ing  t h e  explosion 

treatment as only  10.6% of t h e  o r i g i n a l  wood w a s  ex t r ac t ed  from 

t h e  SEA-WI. Th i s  d i f f e r e n c e  is influenced t o  s o m e  ex ten t  by t h e  

mode of a c t i o n  of S02 .  

With t h e  H2SO4 sample i t  appears 

The amount of ma te r i a l  e x t r a c t a b l e  wi th  90% e thanol  a t  room 

temperature is i n  a l l  c a s e s  lower than f o r  c a u s t i c .  

however a l a r g e  propor t ion  (64.8X f o r  non a c i d ,  5 4 . 6 %  f o r  S O 2  and 

4 4 . 2 %  fo r  H2SO4) of t h e  l i g n i n  i n  t h e  water washed s u b s t r a t e  that 

is ex t r ac t ed  i n t o  t h e  e thanol .  These f i g u r e s  would presumably rise 

wi th  higher e x t r a c t i o n  temperatures.  When comparing t h e  

e f f e c t i v e n e s s  of e thano lys i s  and steam pre t rea tment  of aspenwood 

as a means of f r a c t i o n a t i n g  t h e  wood into i t s  component p a r t s  (v iz  

l i g n i n ,  hemice l lu loses ,  c e l l u l o s e )  it should be borne i n  mind that 

no t  only t h e  quan t i ty  and q u a l i t y  ( a c t i v i t y )  of t h e  l i g n i n  i s  

important but a l s o  t h e  temperature and p res su re  regime f o r  t h e  

e x t r a c t i o n  process  must be considered. W e  have not examined t h e  

ex t r ac t ed  l i g n h  f r a c t i o n s  i n  t h i s  study f o r  molecular weight 

d i s t r i b u t i o n  o r  degree of condensation. 

There i s  s t i l l  

1 s  

Mode of  Action of SO2 

I n  order  t o  determine t h e  mode of a c t i o n  of t h e  SO2 during 

t h e  s t e a m  treatment a su lphur  balance w a s  c a r r i e d  ou t  on t h e  product 

under t y p i c a l  cond i t ions .  When compared wi th  H2SO4, so2 may act 

a s  a weak ac id  by simply d i s so lv ing  i n  t h e  w a t e r  i n  t h e  green wood 

ch ips  t o  form sulphurous ac id ,  i t  may s e l e c t i v e l y  a t t a c k  t h e  wood 

lignin t o  form l ignosulphonates  which a r e  very  s t rong  a c i d s ,  

o r  it may a c t  i n  both  t h e s e  ways depending upon t h e  l e v e l  of SO2 

impregnation. 
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ORIGINAL WOOD 
1.55 g S 

MACKIE ET AL. 

i V o l a t i l e s  - - - - - - - - - - - - 
(49.7I)b 

SEA 
0.78 g S (50.3%) 

0.1 g S (7.1%) 
SEA-ws / 

0.3 g S (34.4%) 

a Sulphur  expressed as % of inpur  su lphur  
by d i f f e r e n c e  

FIGURE 2.  Sulphur  Balance f o r  T y p i c a l  SO2 Impregnated Wood 
Sample (based on 200 g O . D .  wood i n p u t )  

The su lphur  ba lance  d a t a a r e  shown i n  F i g u r e  2 .  Approximately 
50% of  t h e  i n p u t  SO2 remains i n  t h e  exploded s u b s t r a t e  fo l lowing  

e x p l o s i v e  deconpress ion  and a i r  d r y i n g  at room temperature  
of  t h e  r e s u l t i n g  exploded wood, i n d i c a t i n g  t h a t  a t  t h e  l e v e l  of 

SO2 impregnat ion i n  t h i s  s t u d y  (1 .6% of O . D .  wood i n p u t )  h a l f  of 

the SO2 is a c t i n g  as su lphurous  a c i d  o r  i s  p r e s e n t  i n  t h e  vapour 

phase i n  t h e  void volume of  t h e  gun. Water washing removes t h e  

l a r g e  m a j o r i t y  of  t h e  r e t a i n e d  s u l p h u r  b u t ,  s i g n i f i c a n t l y ,  some 

7% o f  t h e  o r i g i n a l  s u l p h u r  remains in  t h e  washed s u b s t r a t e .  

s u l p h u r  l o c a t e d  i n  t h e  water s o l u b l e s  is non v o l a t i l e  since f r e e z e  

d r y i n g  of the wash l i q u o r s  did n o t  r e s u l t  i n  a t o t a l  loss of 

su lphur .  

remains i n  t h e  d r y  water s o l u b l e s .  

p o s s i b i l i t y  t h a t  t h e  water s o l u b l e  s u l p h u r  w a s  p r e s e n t  as i n o r g a n i c  

s u l p h i t e  f o l l o w i n g  r e a c t i o n  w i t h  t h e  wood a s h ,  a sample of  t h e  

water sohbles w a s  passed through I R  120 (H ) t o  remove any c a t i o n s  

and was t h e n  f r e e z e  d r i e d .  

gave t h e  same sulphur  level  as t h a t  shown i n  F igure  2 .  

The 

Approximately one  t h i r d  of  t h e  t o t a l  o r i g i n a l  su lphur  

I n  a d d i t i o n ,  t o  cover  t h e  

+ 

The f r e e z e  d r i e d  solids from t h i s  sample 
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1 6  
The node of  a c t i o n  o f  SO2 i n  s u l p h i t e  pu lp ing  i s  w e l l  e s t a b l i s h e d  

and a t  h i g h  l e v e l s  of  SO2 a d d i t i o n  e x t e n s i v e  depolymer iza t ion  of 

hardwood l i g n i n  o c c u r s  a t  12OOC f o r  2h.' 

i s o l a t e d  any  l i g n o s u l p h o n a t e s  from t h e  water s o l u b l e  material i n  

t h i s  work i t  i s  v i r t u a l l y  a s s u r e d  that t h e  su lphur  i s  bound t o  

l i g n i n  fragments  r a t h e r  t h a n  t o  any s o l u b l e  o r  i n s o l u b l e  carbohydra te  

moiety." 

Mamersj who Sound no su lphur  i n c o r p o r a t i o n  when t r e a t i n g  Pinus 

r a d i a t a  a t  SO2 l e v e l s  of  2-18% of wood i n p u t .  

wood (hardwood v e r s u s  softwood) and t h e  l e v e l  of SO2 impregnat ion 

may account  f o r  t h i s  d i f f e r e n c e .  

Although we have not  

These r e s u l t s  are in  c o n t r a s t  t o  t h e  d a t a  presented  by 

The n a t u r e  of t h e  

The t o t a l  q u a n t i t y  of l i g n i n  found i n  t h e  water s o l u b l e  f r a c t i o n s  

f o r  each o f  t h e  t h r e e  treatments examined i s  approximately 10% of 

t h e  l i g n i n  i n  t h e  o r i g i n a l  wood. 

s o l u b i l i z i n g  t h e  l i g n i n  t o  a s i g n i f i c a n t l y  g r e a t e r  e x t e n t  b u t ,  i f  

t h e  l i g n i n  i s  cons idered  t o  be composed of  phenyl propane u n i t s ,  then 

more than h a l f  of t h e s e  s o l u b l e  u n i t s  must c a r r y  a su lphonate  group. 

It  would seem t h a t  t h e  SO2 i s  not  

Enzyme D i g e s t i b i l i t y  and F e r m e n t a b i l i t y  of S t e a m  Exploded S u b s t r a t e s  

A comparison of  t h e  e f f e c t i v e n e s s  of the v a r i o u s  process  

c o n d i t i o n s  (H2S04 ,  SO2, no added a c i d )  i n  p r e t r e a t i n g  t h e  aspen- 

wood was made on t h e  b a s i s  of  t h e  q u a n t i t y  of s o l v e n t s  produced 

when u s i n g  a combined enzymatic s a c c h a r i f i c a t i o n  and fe rmenta t ion  

(CHF) procedure.  T h i s  method assesses t h e  enzymatic s u s c e p t i b i l i t y  

of t h e  s u b s t r a t e s  and t h e  f e r m e n t a b i l i t y  of t h e  products  of  t h e  

s a c c h a r i f i c a t i o n ,  q u a n t i t a t i v e  d a t a  being o b t a i n e d  by g a s  chromato- 

graphic  a n a l y s i s  f o r  2 ,3-butanediol  and e t h a n o l .  

Table  6 compares the s o l v e n t  y i e l d s  (2 ,3-butanediol  and e t h a n o l )  
i a  ob ta ined .  Xylan, i s o l a t e d  from aspenwood i n  our  l a b o r a t o r y  , w a s  

t h e  c o n t r o l  s u b s t r a t e  f o r  SEA-WS s u b s t r a t e s  and Solka f l o c  t h e  c o n t r o l  

f o r  SEA-WI s u b s t r a t e s .  A t  t h e  5% s u b s t r a t e  l e v e l  t e s t e d ,  t h e  SEA 

obta ined  from a c i d  (SO2 o r  HzS04) impregnated aspen i s  a s u b s t a n t i a l l y  

b e t t e r  s u b s t r a t e  f o r  CHF - g i v i n g  s o l v e n t  y i e l d s  approximately t h r e e  

t imes  as g r e a t  under t h e  test c o n d i t i o n s .  S i m i l a r l y  t h e  w a t e r  washed 
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TABLE 6 

HACKIE ET AL. 

Product ion  of 2,3-Butanediol and Ethanol  from Various F r a c t i o n s  
of Steam Exploded Aspenwood by t h e  CHF Processa 

S u b s t r a t e b  Solventsc  Percent  oP Solvents  Yielde 
F r a c t i o n  Yie ld  T h e o r e t i c a l  (g/lOO g o r i g i n a l  wood) 

SEA 2.2 
H2S04 -SEA 7 . 2  
so2 -SEA 7 . 2  

SEA-WI 5.2 
H2SO4-SEA-WI 7 . 7  
so2-SEA-WI 8 . 0  

s EA-ws 0.9 
H2S04-SEA-WS 1 . 9  
so2-S EA-ws 1.4 

11 
35 
35 

28 
41 
42 

6 
1 0  

a 

4.0 
12.4 
13.5 

7.3 
10.8 
11.2 

0.6 
1.1 
0.8 

Xylan 14.4 51 - 
Solka  f l o c  13 .3  48 - 

a Combined h y d r o l y s i s  f e r m e n t a t i o n  (CHF) was c a r r i e d  o u t  a t  pH 6.5 
and 3OoC for 3-5 days.  
o f  CMC'ase a c t i v i t y  
All s u b s t r a t e s  a t  5% (w/v) c o n c e n t r a t i o n  
S o l v e n t s  y i e l d  i s  t h e  sum o f  2 ,3-butanediol  and e t h a n o l  
% t h e o r e t i c a l  convers ion  is based on t h e  exper imenta l  so lvent  
y i e l d s  as a percentage  of  t h e  t o t a l  t h e o r e t i c a l  y i e l d s  as 
c a l c u l a t e d  below: 

F i n a l  enzyme l e v e l s  w e r e  set a t  100 IU/mL 

T h e o r e t i c a l  y i e l d  of s o l v e n t s  from pentosans  = g s u b s t r a t e  x pentosan 
conten t  x 150 x 0.5 

132 
T h e o r e t i c a l  y i e l d  of solvents from hexosans = g s u b s t r a t e  x hexosan 

c o n t e n t  x 180 x 0.5 
162 

Calcula ted  as s o l v e n t  y i e l d  per  gram s u b s t r a t e  x f r a c t i o n  y i e l d  x 100 
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STEAM EXPLOSION OF ASPENWOOD 42  3 

products  (SEA-WI) showed t h e  same t r e n d  a l though i t  was somewhat  

less marked. Relative t o  t h e  c o n t r o l  s u b s t r a t e s  t h e  extent of CHF 

l ies  between 7 3 4 7 %  of t h e  c o n t r o l  f o r  t h e  SO2 and H2SO4 SEA-WI 
products  . 

Under t h e  test c o n d i t i o n s  used t h e  water s o l u b l e  f r a c t i o n s  (SEA- 

WS) were o n l y  u t i l i z e d  t o  a minor e x t e n t ,  so lvent  product ion being 

6%, l O Z  and 8% o f  t h e o r e t i c a l  f o r  SEA-WS, H2S04-SEA-WS and S02-SEA- 

WS r e s p e c t i v e l y .  The i n a b i l i t y  o f  t h e  r. harzianum-K. pneumoniae 

organisms t o  u s e  t h e s e  s o l u b l e  s u b s t r a t e s  i s  due t o  t h e  presence  of 

i n h i b i t o r y  o r  t o x i c  components being concent ra ted  in  t h e s e  f r a c t i o n s .  

A t  t h e  2% s u b s t r a t e  level  t h i s  i n h i b i t i o n  w a s  n o t  observed and t h e  

e q u i v a l e n t  s o l v e n t  product ion  as p e r c e n t  of t h e o r e t i c a l  f o r  t h e  

t h r e e  s u b s t r a t e s  were i n  t h e  same o r d e r ,  2 4 % ,  36% and 52%. This  

shows that t h e  water s o l u b l e  m a t e r i a l  d e r i v e d  from t h e  a c i d  

impregnated aspenwood, is somewhat less t o x i c  t o  t h e  tes t  micro- 

organisms - an impor tan t  p o i n t  as  t h e  presence  of l ignosulphonates  

from t h e  SO2 impregnated samples might have been p a r t i c u l a r l y  p o t e n t  

i n h i b i t o r s  - but  n e v e r t h e l e s s  t h e  t o x i c  components i n  t h e  water 

s o l u b l e  f r a c t i o n  remains a problem t h a t  should be  addressed .  

CONCLUSIONS 

The b e n e f i c i a l  e f f e c t s  of a c i d  impregnat ion p r i o r  t o  steam 

e x p l o s i o n  of  aspenwood are observed as a decrease  i n  carbohydra te  

d e g r a d a t i o n  and a n  i n c r e a s e  i n  enzymatic s u s c e p t i b i l i t y  of t h e  

s u b s t r a t e s  produced i . e .  a more e f f e c t i v e  p r e t r e a t m e n t .  The 

e a s e  w i t h  which gaseous SO2 can  be  added t o  t h e  wood and t h e  

apparent  even d i s t r i b u t i o n  of t h e  gas  make th i s  an a t t r a c t i v e  

p r o p o s i t i o n  commercially. 

i s  d i f f i c u l t L 2 ,  i s  a more c o r r o s i v e  chemical  t o  handle  and r e s u l t s  

i n  w e t t e r  wood s u b s t r a t e s .  As t h e  water i n  the wood s t r u c t u r e  

consumes a l a r g e  p r o p o r t i o n  of the steam energy r e q u i r e d  i n  

steam explos ion  s a t u r a t e d  s u b s t r a t e s  are t o  b e  avoided. 

I n  c o n t r a s t  s u l p h u r i c  a c i d  impregnat ion 

Impregnation of aspenwood w i t h  SO2 o r  H2S04, and steam 

explos ion  of t h e  impregnated wood under  c o n d i t i o n s  t h a t  were 
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424 MACKIE ET AL. 

e q u a l l y  e f f e c t i v e  i n  removing pentosan  on subsequent  water  washing, 

gave products  of  e s s e n t i a l l y  e q u a l  enzymatic  d i g e s t i b i l i t y ,  i n  which 

e q u a l  f r a c t i o n s  of t h e  l i g n i n  were water -so luble .  

t h e  major p a r t  of t h e  l i g n i n  remained i n  t h e  water - inso luble  f r a c t i o n  

a f t e r  water washing. 

w i t h  d i l u t e  a l k a l i ,  o r  w i t h  e t h a n o l ,  r e s u l t e d  i n  t h e  removal of much 

more l i g n i n  from t h e  SO2- t h a n  from t h e  H2S04- d e r i v e d  m a t e r i a l .  

Both t h e  water -so luble  and w a t e r - i n s o l u b l e  l i g n i n  from t h e  SO2- 

d e r i v e d  material conta ined  bound SO2, presumably as s u l f o n i c  a c i d  

groups.  Although t h e s e  s u l f o n i c  a c i d  groups d i d  n o t  i n c r e a s e  t h e  

amount of the water -so luble  l i g n i n ,  t h e y  may conce ivably  have 

c o n t r i b u t e d  t o  t h e  a l c o h o l -  and e s p e c i a l l y  t o  t h e  a lka l i -  

s o l u b i l i t y .  Whether t h i s  g r e a t e r  s o l u b i l i t y  r e s u l t e d  from t h e  

presence  of t h e s e  groups ,  o r  from a lower molecular  weight of 

t h e  l i g n i n ,  cannot  be concluded w i t h o u t  f u r t h e r  work. 

In both  cases 

E x t r a c t i o n  of 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  

ACKNOWLEDGEMENTS 

The t e c h n i c a l  a s s i s t a n c e  of E.K.C.  Yu and L. D e s c h a t e l e t s  i n  

t h e  CHF assessments  i s  g r e a t f u l l y  acknowledged. 

REFERENCES 

1. N.A. Mi l l e t ,  A . J .  Baker and L.D. S a t t e r ,  Biotechnol .  Bioeng. 
Symp., 6, 193 (1975). 

2 .  R . E .  Brooks, T.M. Su. J.M. Brennan, J. F r i c k  and M. Lynch, 
F i n a l  r e p o r t  t o  D.O.E.  Cont rac t  No. EG-77-C-02-4147 by 
General  E l e c t r i c  Company, 1979. 

3 .  H. Mamers and 0. Menz, Appi ta ,  21, 644 (1984). 

4 .  H.H. Brownell and J.N. Saddler ,  Bio technol .  Bioeng. 
Symp., L (1984) I n  p r e s s .  

5. P. Foody. F i n a l  r e p o r t  t o  D.O.E. C o n t r a c t  No. IB-1-9343-1 
by I o t e c h  Corp., 1982. 

6 .  D. Knappert, H. G r e t h l e i n ,  and A. Converse, Biotech.  and 
Bioeng. XXII, 1449 (1980). 

7. D.M. Whalen, Tappi ,  z, 110 (1975) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



STEAM EXPLOSION OF ASPEWOOD 425 

8. M. Lever, Biochem. Med., I, 274 (1973).  

9. E.K.C. Yu, L. D e s c h a t e l e t s  and J . N .  Saddler ,  Biotechnol .  
Bioeng. Symp., L (1984) In p r e s s .  

10. R . G .  Ackman, J. Chromatogr. S c i . ,  lo, 560 (1972).  

11. T.E.  T i m e l l ,  Wood S c i .  Technol . ,  r, 45 (1967).  

1 2 .  R.W. S c o t t ,  T.H. Wegner and J . F .  Harris, J. Wood Chem. 
Technol . ,  3, 245 (1983).  

13 .  E .L .  Spr inger  and J . F .  Harris, Sven. P a p p e r s t i d n . ,  E, 
R152  (1982).  

14.  M. Wayman, A .  Tallevi and B .  Winsborrow, Biomass, i, 183 
(1984).  

15. E.  West, A . S .  MacInnes and H .  H i b b e r t ,  J. Am. Chem. SOC. 
65, 1187 (1943).  

16 .  D . W .  Glennie ,  L ignins ,  p.  597-637, K.V.  Sarkanen and C . H .  Ludwig 
( e d . ) ,  I n t e r s c i e n c e ,  New York, 1971.  

17 .  A . H .  Conner, Biotech.  L e t t . ,  2, 439 (1980).  

18 .  J . K . N .  Jones ,  C . B .  Purves and T . E .  T i m e l l ,  Can. J .  Chem., 
39, 1059 (1961).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


