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RAPID STEAM HYDROLYSIS/EXTRACTION OF MIXED HARDWOODS 
AS A BIOMASS PRETREATMENT 

Chr i s tophe r  J. Biermann, Tor P. S c h u l t z ,  and Gary D. McGinnis 

M i s s i s s i p p i  Fo res t  Products  U t i l i z a t i o n  Labora tory  
M i s s i s s i p p i  S t a t e  U n i v e r s i t y  

M i s s i s s i p p i  S ta te ,  M i s s i s s i p p i  39762 

ABSTRACT 

Rap id  steam h y d r o l y s i s  o f  wood c h i p s  w i t h  c o n t i n u o u s  
c o n d e n s a t e / p r o d u c t  r emova l  was i n v e s t i g a t e d  as  a b i o m a s s  
p re t r ea tmen t  similar t o  steam explos ion .  Steam was i n t r o d u c e d  a t  
t h e  t o p  o f  a p r e s s u r i z e d  r e a c t o r  c o n t a i n i n g  mixed s o u t h e r n  
hardwood c h i p s  whi le  steam condensate and p a r t i b l e  p r o d u c t s  were 
removed a t  t h e  bo t tom o f  t h e  r e a c t o r .  A r e a c t i o n  time o f  one  
m i n u t e  was employed for i so the rma l  s teaming runs  from 160-280%. 
F r a c t i o n a t i o n  o f  wood o c c u r r e d  a t  t e m p e r a t u r e s  above  200oC as 
hemice l lu lose  and l i g n i n  began t o  appea r  i n  t h e  steam c o n d e n s a t e  
f r a c t i o n ,  l e a v i n g  a c e l l u l o s e - r i c h  f r a c t i o n  i n  t h e  s t e a m i n g  
r e a c t o r .  A t  h igh  tempera tures  c e l l u l o s e  was n o t  d e g r a d e d  a s  much 
a s  i t  was i n  steam exp los ion  a t  t h e  same tempera ture ,  presumably 
d u e  t o  t h e  r emova l  o f  a c e t i c  a c i d  as  i t  i s  formed.  L i g n i n  
e x t r a c t e d  from t h e  s o l i d  r e s idue  appeared p a r t i c u l a r l y  r e a c t i v e  as 
d e t e r m i n e d  by n i t r o b e n z e n e  o x i d a t i o n  and  p y r o l y s i s / g a s  
chromatography. Lignin c o l l e c t e d  i n  t h e  steam condensa te  was a l s o  
very  r e a c t i v e ,  presumably due  t o  i t s  r a p i d  c o o l i n g  a f t e r  b e i n g  
removed from t h e  r eac to r .  

INTRODUCTION 

Biomass c o n v e r s i o n  by f e r m e n t a t i o n  o f  l i g n o c e l l u l o s i c  

ma te r i a l s  t o  e t h a n o l ,  a c e t i c  a c i d ,  and o t h e r  chemica ls  u t i l i z e s  

111 
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112 BIERMANN, SCHULTZ, AND MC GINNIS 

the glucose formed by the hydrolysis of cellulose. New 
developments in fermentation technology may also allow 
fermentation of carbohydrates obtained from the hemicelluloses. 1 

It is important that lignin and hemicellulose be converted t o  

useful products in order to increase the commercial viability of 
biomass conversion in general, since these fractions make up about 
50 percent Fractionation of the 
lignocellulosic material early in a conversion scheme benefits 
biomass conversion by allowing separate processing of each 
fraction. 

of the plant material. * *  3 

The objective of a biomass pretreatment is to fractionate the 
wood o r  other lignocellulosic material as well as to reduce the 
high molecular weight and crystallinity of cellulose responsible 
for its difficult hydrolysis. Lowering the molecular weight of 
lignin, and partially removing it from the substrate, greatly 
enhances the rate of enzymatic hydrolysis of the cellulose. 
Removal of lignin by pretreatment before acid hydrolysis of the 
cellulose ie beneficial because lignin subjected to elevated 
temperatures in the presence of acid solutions may become highly 
condensed and unreactive (e.g. Klason lignin) . 

Pretreatments such as autohydrolysis and steam explosion use 
only water and heat, making these processes relatively 
inexpensive. Additionally, if reaction temperatures and times are 
kept moderate, there is a minimum of carbohydrate degradation. 
Steam explosion, first developed by Mason in 1925, has been used 
extensively by the hardboard industry.4 In 1978, Iotech 
Corporation Ltd. of Canada began using steam explosion to produce 
ruminant feed. Consequently, steam explosion ia an established 
technology. 

In the commercial process for hardboard production, a 

vertical cylinder is filled with wood chips and sealed. Saturated 
steam pressurizes the vessel up to 1000 psi for short periods of 
time, usually less than five minutes. During this time, chemical 
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RAPID STEAM HYDROLYSIS/EXTRACTION 113 

and phys ica l  changes occur  i n  t h e  wood. The bottom o f  t h e  c y l i n d e r  

i s  then  suddenly opened, caus ing  d e f i b r a t i o n  o f  t h e  c h i p s  d u r i n g  

t h e i r  e x p u l s i o n .  S team e x p l o s i o n  o f  wood as  a b i o m a s s  

p re t r ea tmen t  has  been shown t o  g ive  a h igh ly  r e a c t i v e  l i g n i n  w i t h  

a m o l e c u l a r  w e i g h t  o f  600-10 ,000 ,5  p a r t i a l l y  depo lymer i ze  t h e  

h e m i c e l l u l o s e s  t o  water s o l u b l e  p r o d u c t s , 6  and i n c r e a s e  t h e  

a c c e s s i b i l i t y  o f  c e l l u l o s e  t o  enzymatic hydro lys i s .7  

A u t o h y d r o l y s i s  a l s o  p r o d u c e s  low m o l e c u l a r  w e i g h t  l i g n i n  

deg rada t ion  p roduc t s ,8  but  t h e  l i g n i n  p roduc t s  tend  t o  condense by 

f o r m i n g  c a r b o n - c a r b o n  bonds  d u r i n g  au tohydro lys i s .9  Wayman and 

Lora lO  f o u n d  t h a t  add ing  2-naphthol and o t h e r  a romat i c  compounds 

d u r i n g  a u t o h y d r o l y s i s  a i d e d  d e l i g n i f i c a t i o n  by l i m i t i n g  

c o n d e n s a t i o n  r e a c t i o n s .  I n t e r e s t i n g l y ,  t h e  n a t u r a l l y  o c c u r r i n g  

p-hydroxy benzoic a c i d ,  p re sen t  as an  e s t e r ,  o f  a s p e n  a l s o  a c t s  

as  a b l o c k i n g  a g e n t  t o  l i g n i n  condensa t ion l l  and c o n t r i b u t e s  t o  

t h e  r e l a t i v e  ease of  p r e t r e a t i n g  t h i s  spec ie s .  

The p u r p o s e  o f  t h i s  s tudy  is t o  develop a method t o  r a p i d l y  

steam wood c h i p s  ( 1  .O minute) wi th  p r o v i s i o n s  t o  remove c o n d e n s e d  

steam a l o n g  w i t h  water s o l u b l e  and v o l a t i l e  p roduc t s  as they  are 

formed.  C o n t i n u o u s  p r o d u c t  r emova l  and s h o r t  r e a c t i o n  times 

s h o u l d  a l l o w  p a r t i a l  breakdown o f  t h e  wood f r a c t i o n s  w i t h  a 

r e l a t i v e l y  small amount of secondary r e a c t i o n s  s u c h  as  condensa -  

t i o n  o f  l i g n i n .  We have chosen t h e  acronym RASH f o r  RApid Steam 

Hydrolys is  t o  name t h e  process .  

Low g r a d e  s o u t h e r n  hardwood chips!* were s t u d i e d ,  s i n c e  

t h i s  material o f f e r s  t h e  b e s t  p o t e n t i a l  o f  woody b i o m a s s  i n  t h e  

s o u t h e a s t e r n  U n i t e d  S t a t e s .  A l s o ,  t h e s e  r e s u l t s  c a n  t h e n  be  

compared t o  work invo lv ing  o t h e r  biomass convers ion  p r e t r e a t m e n t s  

c a r r i e d  o u t  a t  our  l a b o r a t o r y  us ing  t h e  same m a t e r i a l .  

METHODS AND MATERIALS 

Wood c h i p s  c o n t a i n i n g  m o s t l y  oak and gum s p e c i e s  were  

o b t a i n e d  f rom a commerc ia l  wood y a r d  and  s t o r e d  a c c o r d i n g  t o  
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114 BIERMA", SCHULTZ, AND MC GINNIS 

S c h u l t z  e t  a1.6 The chips  were a i r  d r i ed ,  ground t o  pass a 6-mm 

screen,  and the  f i n e s ,  less than 2 mm, which was about 15 p e r c e n t  
o f  t h e  m a t e r i a l ,  were removed t o  p r e v e n t  obs t ruc t ing  the steam 

condensate removal l i ne .  The moisture con ten t  o f  t h e  6-mm c h i p s  

was a p p r o x i m a t e l y  15 p e r c e n t  p r i o r  t o  b e i n g  added t o  the  RASH 

r e a c t o r .  Chemical a n a l y s i s  of  t h e  wood c h i p s  showed them t o  

c o n s i s t  o f  41 -44 p e r c e n t  c e l l u l o s e ,  22-24 percent  hemicel lulose,  
and 26-28 p e r c e n t  Klason l i g n i n  based on t h e  c o r r e s p o n d i n g  

ovendry weight. 

R e a c t o r  S e t u p  and Operation. A schematic diagram of t h e  r e a c t o r  

s e tup  is shown i n  Figure 1. A 7.5 L Pa r r  r e a c t o r  p r o v i d e d  s t eam 

up t o  a t e m p e r a t u r e  o f  3 O O O C  which was t r a n s f e r r e d  t o  a 300 mL 

Autoclave r e a c t o r  by a 1/8" OD s t a i n l e s s  s tee l  l i n e .  (More recent  

e x p e r i m e n t s  have employed a 1/4" t r a n s f e r  l i n e  and a 600 mL P a r r  

r e a c t o r  as the r eac t ion  vesse l  t o  g ive  faster h e a t  up t i m e s . )  A 

thermocouple  wire  connected t o  a d i g i t a l  thermometer was used t o  

measure t h e  temperature of both r e a c t o r s .  The steam c o n d e n s a t e  

removal l i n e  c o n s i s t e d  of 1/8" s t a i n l e s s  s tee l  tubing 1.5 meters 
l o n g  c o i l e d  i n  a b u c k e t  o f  c o l d  wa te r .  The f r e e  end of  t h e  

c o n d e n s a t e  l i n e  r e s t e d  o u t s i d e  t h e  b u c k e t  o v e r  a 1 L f l a s k  t o  
c o l l e c t  t he  steam condensate .  The o t h e r  end o f  t h e  c o n d e n s a t e  

l i n e  ex tended  t o  t h e  bottom of the r eac t ion  vesse l  below a l a y e r  

of g l a s s  wool, t o  prevent obs t ruc t ion  of wood chips.  

I n  a t y p i c a l  r u n ,  t h e  steam gene ra to r  was se t  a t  t he  higher  

of  2500 or 20oC above t h e  t a r g e t  t e m p e r a t u r e  i n  t h e  s t e a m i n g  

reactor .  Approximately 25 grams of  wood ch ips  were p laced  i n  t h e  

s t e a m i n g  r e a c t o r ,  and t h e  r e a c t o r  s e a l e d .  The v a l v e  on t h e  

condensate l i n e  was opened s l i g h t l y  t o  a l l o w  a manageable  s t eam 

flow. The v a l v e  on the  steam t r a n s f e r  l i n e  was opened s l i g h t l y ,  
t o  preheat t he  r e a c t o r  t o  about lO5oC, and then opened completely;  

within 40 seconds the  steaming r e a c t o r  was up t o  t e n p e r a t u r e .  The 

s t eam t r a n s f e r  v a l v e  was a d j u s t e d  a s  necessa ry  t o  maintain the  
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116 BIERMA", SCHULTZ, AND MC GINNIS 

d e s i r e d  tempera ture  2 3oC f o r  1.0 minute. The p r e s s u r e  was about  

90 percent  of t h e  vapor p re s su re  of steam f o r  t h e  t e m p e r a t u r e  o f  

t h e  r u n .  C o o l i n g  was r a p i d l y  e f f e c t e d  by  c l o s i n g  t h e  steam 
t r a n s f e r  va lve  and completely opening t h e  steam condensa te  v a l v e .  

T y p i c a l l y ,  200-400 m l  o f  steam c o n d e n s a t e  was c o l l e c t e d  f o r  

r e a c t i o n  tempera tures  o f  160-280% r e s p e c t i v e l y .  

Sample Analysis.  The RASH s e p a r a t i o n  scheme i s  shown i n  F igu re  2. 

P r i o r  t o  a n a l y s i s ,  t h e  s o l i d s  were a i r  d r i e d ,  weighed, and ground. 

Moisture c o n t e n t s  were taken  be fo re  and a f t e r  g r i n d i n g  and used t o  
c a l c u l a t e  y i e l d s  b a s e d  on  t h e  o r i g i n a l  o v e n d r y  mater ia l .  The 

v a r i o u s  s o l i d  p o r t i o n s  and l i q u i d  steam condensa te  were analyzed 

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

s u l f u r i c  a c i d  h y d r o l y s i s .  So lub le  l i g n i n  was determined from t h e  

steam c o n d e n s a t e s  by UV s p e c t r o p h o t o m e t r y  a t  205 nm, u s i n g  a n  
a d s o r b t i v i t y  of 110 1 g-1 cm-1.23 

L i g n i n  and  t o t a l  carbohydra tes  o f  t h e  s o l i d s  were determined 

by s u l f u r i c  a c i d  h y d r o l y s i s .  A p o r t i o n  o f  t h e  h y d r o l y z a t e  was 

a n a l y z e d  by GC f o r  carbohydra tes ,  a f t e r  t h e  a d d i t i o n  of g l u c i t o l  

as a n  i n t e r n a l  s t a n d a r d ,  by t h e  method o f  Chen and McGinnis.13 

Another a l i q u o t  of l i q u i d  was n e u t r a l i z e d  wi th  N a O H  s o l u t i o n  a n d  

a n a l y z e d  f o r  g l u c o s e  on a YSI model 23A glucose  ana lyze r .  The 

i n s o l u b l e  l i g n i n  was c o l l e c t e d  i n  a t a r e d  g l a s s  f i l t e r  c r u c i b l e ,  

d r i e d ,  and  weighed .  One hundred  m l  o f  steam c o n d e n s a t e  was 

h y d r o l y z e d  w i t h  f i v e  m l  o f  c o n c e n t r a t e d  H$O4 by r e f l u x i n g  f o r  

f o u r  hours  and ana lyz ing  as above. 

Ace tone  e x t r a c t i o n  o f  t h e  a i r - d r i e d  p r e t r e a t e d  s o l i d s  was 

performed a t  room t e m p e r a t u r e  by r i n s i n g  t h e  s o l i d s  i n  a g l a s s  

f i l t e r  c r u c i b l e  and  a n a l y z i n g  t h e  s o l i d s  as  above  a f t e r  

c a l c u l a t i n g  the  amount e x t r a c t e d .  D i l u t e  a l k a l i  e x t r a c t i o n  ( two  

p e r c e n t  NaOH r e f l u x i n g  f o r  one h r ) ,  a c i d  h y d r o l y s i s  k i n e t i c s  (20 

p e r c e n t  H2SO4, 105OC, f o r  s i x  hour s ) ,  and p r e p a r a t i o n  of samples 

f o r  e l e c t r o n  microscopy have been p rev ious ly  desc r ibed  .6 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



W I D  STEAM HYDROLYSIS/EXTRACTION 117 

SEPFIRFITION SCHENE FOR RFIPID STEFlPl HYDROLYSIS (RFISHI 

2% NaOH EXTRFICTION 
i s @ c  I i HR. 

FICETONE EXT. I 
I I 

* FINFILYZED FOR LIGNIN/CQRBOHYDRQTES 
S FICIWENZYTWTIC HYDROLYSIS RFITES DETERMINED 

Figure  2. S e p a r a t i o n  scheme f o r  r a p i d  steam h y d r o l y s i s  and  
product  a n a l y s i s .  

Enzymatic h y d r o l y s i s  was c a r r i e d  o u t  w i th  Meicelase b r a n d  

c e l l u l a s e  (Mei j a  S e i k a  K a i s h a ,  J a p a n )  d e r i v e d  from Trichoderma 

v i r i d e .  The enzyme so1u t io .n  c o n s i s t e d  o f  1.000 g c e l l u l a s e  p e r  

l i t e r  of 0.1 M sodium acetate buf fe red  t o  a pH of 5.0 w i t h  3.2 g 

of  a c e t i c  a c i d ,  and  0.32 g of sodium azide as a p r e s e r v a t i v e .  To 

be tween 0.12 -0.14 g o f  s o l i d s  p r e t r e a t e d  b y  RASH,  10 m l  o f  

enzyme s o l u t i o n  were a d d e d ,  and t h e  m i x t u r e  was i n c u b a t e d  a t  

4O.OOC i n  a s h a k e r  b a t h .  A t  6 and 24 hours ,  20 c t l  samples were 

a n a l y z e d  u s i n g  t h e  YSI g l u c o s e  a n a l y z e r .  Each  r u n  was 

s t anda rd ized  wi th  f i l t e r  paper  (Whatman # I ) .  A 120 mg Whatman No. 

1 f i l t e r  paper  c i r c l e  w i t h  10 m l  o f  enzyme s o l u t i o n  g a v e  0.033 
mg/ml/min o f  g l u c o s e ,  o r  0.033 f i l t e r  paper  reducing  s u g a r  u n i t s  

a f t e r  1 h o u r .  The r e p o r t e d  v a l u e s  a r e  b a s e d  on  t h e  t o t a l  

a v a i l a b l e  g lucose  i n  t h e  s o l i d s .  

N i t r o b e n z e n e  o x i d a t i o n  was c a r r i e d  o u t  a t  160% f o r  t h r e e  

hours i n  a f l u i d i z e d  bed r eac to r .  Ninety mg o f  l i g n i n  was added  

t o  1 2  ml o f  2 N N a O H  and  0.8 ml o f  n i t r o b e n z e n e .  T h i r t y  mg 
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118 BIERMA", SCHULTZ, AND MC GINNIS 

s y r i n g a l d e h y d e  and 2 0  mg o f  v a n i l l i n  were used as c o n t r o l s .  

Cont inuous c h l o r o f o r m  e x t r a c t i o n  o f  t h e  r e a c t i o n  m i x t u r e  was 

c a r r i e d  out f o r  t h r e e  h o u r s  and t h e  c h l o r o f o r m  d i s c a r d e d .  The 

s o l u t i o n  was t h e n  a c i d i f i e d  and e x t r a c t e d  f o r  20 h o u r s  w i t h  

chloroform. The i n t e r n a l  standard benzophenone was added t o  t h e  

c h l o r o f o r m ,  and t h e  c h l o r o f o r m  concentrated and a c e t y l a t e d  with 

s i x  m l  of a c e t i c  anhydr ide ,  and 1 / 2  m l  p y r i d i n e  was added as  a 

c a t a l y s t .  Analysis was performed by CC using an OV-17 column.14 

I n f r a r e d  s p e c t r a  o f  l i g n i n s  were t a k e n  on a Pe rk in -E lmer  

model 257 i n f r a r e d  g r a t i n g  spectrophotometer. Lignin obtained by 

a c i d i f y i n g  the base e x t r a c t i o n  l i q u i d  and l i g n i n  obtained d i r e c t l y  

from t h e  steam c o n d e n s a t e  were compared t o  Klason l i g n i n  i n  KBr 
p e l l e t s .  

P y r o l y s i s  of l i g n i n  was c a r r i e d  ou t  a t  6OO0C f o r  t e n  seconds 
i n  a CDS c o i l  Pyroprobe i n t e r f a c e d  t o  a CC equipped with a n  O V - 1 7  
column. 

RESULTS AND DISCUSSION 

The y i e l d  of s o l i d  material, based  on t h e  o r i g i n a l  ovendry  

weight, after pretreatment is shown i n  Figure 3. For a 1.0 minute 

s t e a m i n g  t ime,  t h e  wood chips  begin t o  q o l u b i l i z e  at  2OO0C while 

50 p e r c e n t  of t he  weight i s  removed a t  275OC. Most of the  weight 
loss is  due t o  removal o f  l i g n i n  and h e m i c e l l u l o s e  by t h e  s t eam 

condensate. 

L i g n i n  appea red  i n  t h e  steam condensate a t  21OoC and above, 

a s  shown i n  Figure 4. More than h a l f  o f  t h e  l i g n i n  a p p e a r e d  i n  

t h e  s team c o n d e n s a t e  a t  s t eaming  t e m p e r a t u r e s  o f  275OC. The 

l i g n i n  must have been dissolved o r  a t  l e a s t  suspended i n  the  steam 
c o n d e n s a t e  and c a r r i e d  o u t  of the r eac to r .  About 20 percent  of 

t h e  l i g n i n  i n  t h e  s team c o n d e n s a t e  from t h e  275OC run remained 

s o l u b l e  a f t e r  a c i d  h y d r o l y s i s .  The t o t a l  amount o f  l i g n i n  

i n c r e a s e d  s l i g h t l y  above 25OOC. T h i s  was p r o b a b l y  due t o  

condensation of carbohydrate degradation products with l i gn in .  
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Figure 3. P e r c e n t a g e  o f  material  ( b a s e d  on o r i g i n a l  ovendry  
weight) remaining i n  the  steaming r e a c t o r  as a f u n c t i o n  
o f  steaming temperature. 
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Figure 4.  The p e r c e n t  o f  l i g n i n  i n  t h e  p r e t r e a t e d  s o l i d s  and 
steam condensate as a func t ion  o f  steaming temperature ,  
based on o r i g i n a l  ovendry weight of wood. 
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120 BIERMA",  SCHULTZ, AND MC GINNIS 

The h e m i c e l l u l o s e  f r a c t i o n  was mon i to red  by measuring t h e  

f r e e  xylose and mannose t h a t  were obtained by a c i d  h y d r o l y s i s  o f  

t h e  v a r i o u s  f r a c t i o n s .  I t  is  shown i n  F i g u r e  5 t h a t  t h e  

hemicellulose appeared i n  t h e  steam c o n d e n s a t e  a t  t e m p e r a t u r e s  

above  20OoC. A t  t h e  same t e m p e r a t u r e ,  t h e  t o t a l  amount o f  

recovered x y l o s e  d e c r e a s e d  due t o  dec-omposi t ion o f  t h e  x y l o s e  

u n i t s  t hemse lves .  N e v e r t h e l e s s ,  o v e r  60 percent  of t he  xylans 

appea red  i n  t h e  s t eam c o n d e n s a t e  a t  24OoC, o v e r  20 p e r c e n t  

remained i n  the s o l i d s ,  l eav ing  less t h a n  20 p e r c e n t  decomposi- 
t i o n .  T h i s  shows t h e  a b i l i l t y  o f  r a p i d  s t eam h y d r o l y s i s  t o  

f r a c t i o n a t e  hardwoods. Glucomannans ( a s  mannose) a c c o u n t e d  for 

a b o u t  f i v e  p e r c e n t  o f  t h e  m a t e r i a l ,  and a p p e a r e d  t o  behave 
s i m i l a r l y  t o  the  xylans. 

The c e l l u l o s e  f r a c t i o n ,  on t h e  o t h e r  hand, remained i n  the  

RASH r e a c t o r  w i t h  l e s s  t h a n  20 p e r c e n t  d e c o m p o s i t i o n  even a t  

275oC. The r e m a i n i n g  s o l i d s  were e n r i c h e d  i n  c e l l u l o s e  as t h e  

l i g n i n  and h e m i c e l l u l o s e  were removed. Above 260OC, the  s o l i d s  

Figure 5. The o c c u r r e n c e  o f  x y l a n s  ( a s  xylose)  i n  both steamed 
wood c h i p s ,  t h e  s team c o n d e n s a t e  t h e  t o t a l  x y l a n s  
r e c o v e r e d ,  and x y l a n s  i n  a l k a l i - e x t r a c t e d  s teamed 
so l id s .  
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RAPID STEAM HYDROLYSIS/EXTRACTION 121 

conta ined  over  70 percent  c e l l u l o s e ,  as monitored by g lucose  af ter  

a c i d  h y d r o l y s i s .  S c h u l t z  e t  a1.6 no t i ced  some decomposition o f  

c e l l u l o s e  when wood c h i p s  were steam exploded from 220-240° f o r  

one  m i n u t e .  Decompos i t ion  d i d  n o t  o c c u r  u n t i l  much h i g h e r  

t e m p e r a t u r e s  u s i n g  RASH as a p r e t r e a t m e n t .  The e x p l a n a t i o n  

probably l i es  i n  t h e  format ion  o f  a c e t i c  ac id .  A u t o h y d r o l y s i s  o f  

wood o c c u r s  as a c e t y l  groups o f  t h e  hemice l lu loses  are hydrolyzed 

a t  e l eva ted  tempera tures  i n  t h e  presence  o f  water t o  g i v e  a c e t i c  

a c i d ,  l o w e r i n g  t h e  pH t o  3-4,  wh ich  p e r m i t s  h y d r o l y s i s  o f  t h e  

h e m i c e l l u l o s e s .  15  Fur thermore ,  secondary r e a c t i o n s  are p o s s i b l e ,  

depending on t h e  concen t r a t ion  o f  a c i d  and t h e  t e m p e r a t u r e ,  s u c h  

as t h e  p r o d u c t i o n  o f  f u r f u r a l  ( f r o m  t h e  p e n t o s e s )  and  

hydroxymethyl fur fura l  ( f r o m  t h e  h e x o s e s )  , which  may b e  f u r t h e r  

c o n v e r t e d  t o  l e v u l i n i c  acid.16 The removal o f  acetic a c i d  i n  t h e  

RASH p rocess  reduces  t h e  amount o f  decomposition. To v e r i f y  t h a t  

a c e t i c  a c i d  would degrade c e l l u l o s e ,  a run wi th  4.5 pe rcen t  a c e t i c  

a c i d  i n  t h e  steam a t  260OC degraded ove r  20 p e r c e n t  t h e  c e l l u l o s e .  

A l k a l i  e x t r a c t i o n  of t h e  s o l i d s  removed low m o l e c u l a r  w e i g h t  

l i g n i n  and  h e m i c e l l u l o s e  f r a g m e n t s .  S u r p r i s i n g l y ,  as shown i n  

F igu re  6, ove r  30 percent  o f  t h e  c e l l u l o s e  c o u l d  be removed f rom 

t h e  s o l i d s  o f  wood c h i p s  p r e t r e a t e d  a t  t h e  h i g h e r  tempera tures .  

A l k a l i  e x t r a c t i o n  o f  t h e  x y l a n s  p r o c e e d e d  a t  much l o w e r  

t e m p e r a t u r e s  o f  pre t rea tment .  Th i s  i s  t o  be expec ted  s i n c e  xy lans  

and  mannans a re  more e a s i l y  h y d r o l y z e d  and  a r e  much smaller 

m o l e c u l e s  than  c e l l u l o s e .  Even though no xylans were observed i n  

t h e  steam c o n d e n s a t e  a t  pre t rea tment  tempera tures  of 200OC, ove r  

50 percen t  of  t h e  xy lans  were removed by d i l u t e  a l k a l i  e x t r a c t i o n .  

C a s e b i e r  e t  a l . 1 7  s t u d i e d  removal  o f  x y l a n s  i n  sou the rn  ye l low 

p i n e  c h i p s  d u r i n g  a u t o h y d r o l y s i s  f rom 1 0 0 - 1 8 O O C  f o r  up t o  two 

h o u r s .  T h e i r  work i n d i c a t e d  t h a t  xy lans  up t o  a molecular  weight 

of 3100 could d i f f u s e  through t h e  c e l l  wall. Thus  r a p i d  s t e a m i n g  

a t  t e m p e r a t u r e s  below 2OO0C may p a r t i a l l y  hydro lyze  t h e  xy lans ;  

they  may no t  appear  i n  t h e  steam condensate simply because they  do 

n o t  have time t o  d i f f u s e  through t h e  c e l l  wall. 
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Figure 6. C e l l u l o s e  r ema in ing  i n  the steamed s o l i d s  both before  
and af ter  a l k a l i  extract ion.  

A s  shown i n  Figure 7,  a l k a l i  e x t r a c t i o n  o f  s o l i d s  removed a 

c o n s t a n t  amount of  l i g n i n .  Acetone e x t r a c t i o n  of the s o l i d s  a t  

ambient  t e m p e r a t u r e  removed a b o u t  t e n  p e r c e n t  o f  t h e  l i g n i n  

p r e s e n t  i n  t h e  o r i g i n a l  wood without removing much carbohydrate 

ma te r i a l ,  a s  the carbohydrates a r e  not  so lub le  i n  acetone. 

The r e s u l t s  of  t h e  a c i d  and enzymat i c  h y d r o l y s i s  o f  t h e  

steamed s o l i d s  are shown i n  Table 1 .  The percent  y i e l d s  h e r e  a r e  

based  on t h e  t o t a l  a v a i l a b l e  glucose p re sen t  i n  the s o l i d s .  The 

rate o f  ac id  hydrolysis  a c t u a l l y  decreased s l i g h t l y  f o r  t h e  s o l i d  

m a t e r i a l  which was steamed above 250%. This suggests  t h a t  t h e r e  

was no decrease i n  the c r y e t a l l i n i t y  o f  c e l l u l o s e  d u r i n g  r a p i d  

steaming. Consequently, t he  r a t e  of ac id  hydrolysis  i s  not  g r e a t l y  

a f f e c t e d .  M a r c h e s s a u l t ,  e t  a1.18 d i d  n o t  d e t e c t  a l o s s  i n  

c r y s t a l l i n i t y  o f  aspen chips  which were steam exp loded .  On t h e  

o the r  hand, the rate of enzymatic hydrolysis  was g r e a t l y  enhanced, 

p robab ly  due t o  d i s r u p t i o n  of  t h e  l i g n i n  network.  Wood c h i p s  

steamed a t  25OoC o r  above a r e  hydrolyzed a t  a r a t e  similar t o  t ha t  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



RAPID STEAM HYDROLYSIS/EXTRACTION 
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Figure  7. L i g n i n  c o n t e n t  o f  t h e  s t e a m e d  s o l i d s ,  a f t e r  ace tone  
e x t r a c t i o n ,  and a f te r  a l k a l i  e x t r a c t i o n .  

TABLE 1 

Enzymatic and Acid Hydrolys is  o f  RASH S o l i d s  

Temperature,  OC 

Cont ro l  
220 
230 
240 
250 
260 
270 

F i l t e r  Paper 

6 hours  
2.6 
5.6 
6.4 
7.7 
8.2 

12.8 
13.3 
10.0 

24 hours  
4.0 

10.7 
16.0 

21.5 
24.0 

26.0 

18.5 

23.6 

Acid Hydro lys i s  
17.0 
16.4 
17.1 
16.8 
14.0 

14.8 
14.2 

-- 
A l l  f i g u r e  a r e  p e r c e n t  g l u c o s e  h y d r o l y z e d  b a s e d  on t h e  t o t a l  
g lucose  con ten t .  
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124 BIERMA", SCHULTZ, AND MC GINNIS 

of filter paper. 
case of steam explosion with aspen has previously been shonn.79 18 

The enhanced rate of enzymatic hydrolysis in the 

The removal of polymer fragments through the steam 
condensate, the relatively short reaction times, and the removal 
of acids by the steam condensate, suggested that the lignin 
obtained by RASH should be especially reactive. We have done some 
preliminary experiments on a few of the lignins obtained. In 
rapid steaming, as in steam explosion, the lignin is softened due 
to its thermoplastic nature.19 Electron microscopy of the steamed 
solids (Figure 8) shows a tendency for fiber separation at the 
compound middle lamella, which is highly concentrated in lignin. 
However, there is no physical action, with the RASH process such 
as that which occurs in steam explosion which allow defibration to 
occur on a large scale. At higher temperatures, beads form on the 
fibers. The beads are probably largely composed of lignin (Bb), 
since dioxane-water extraction removes the beads. 

Lignin which precipitates after neutralization of the two 
percent NaOH solution after base extraction of the 22OoC steamed 
solids and lignin which precipitated directly from the steam 
condensate of a 275oC steaming run were compared to lignin in 
untreated wood by nitrobenzene oxidation and pyrolysis (Table 2). 
Carbohydrate analysis of the condensate lignin showed less than 
two percent carbohydrates; also, this lignin was soluble in 

acetone. The condensate lignin (275OC) appears about as reactive 
as HC1 lignin, and the alkali-extracted lignin (220OC) was almost 
as reactive as the native lignin. The yields from the pyrolysis 
were higher than Klason and HC1 lignin from mixed hardwoods.20 
These results are being confirmed by additional studies. 

The Infrared spectra of some lignins were obtained. The 
Klason lignin lacks peaks characteristic of uncondensed guiaicyl 
units (1035 and 1270 CJII-I),~~ p2* while these peaks were apparent 
in the RASH lignins. The RASH lignins also exhibit absorption due 
to carbonyl groups. 
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Figure 8. 

S.aole 

Control-Xixed 

7 

125 

Scann ing  e l e c t r o n  micrograph showing some d e f i b r a t i o n  
o f  wood f i b e r s  i n  " A "  and t h e  rough s u r f a c e  of  t h e  
f i b e r s  believed t o  be caused by l i g n i n  i n  "B". 

TABLE 2 

Product Yield from Y i t r n b e n L s n ~  Oxidat ion .nd P y r o l y s i s  o f  L i g n i n  

Hardwood Chipa 11.9 

Licnrn 220°C 5.5 

2 7 5 %  4.0 

Lignin 5.4 

l o o d l  Lignin  0.1 

Arkall: E x t .  

Condrnwts Lignm 

HCL ( : ' l i ed  Ilacdrood) 

Klason (:l~xed h n l -  

18.3 

17.6 

9.3 

14.3 

0.3 

- - 
0.67 1 .a9 

0.77 1.42 

0.41 1.25 

0.12 0.19 
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126 BIERMAN", SCHULTZ, AND MC GINNIS 

CONCLUSIONS 

Rapid steaming o f  hardwood ch ips  with c o n t i n u o u s  r emova l  o f  

steam c o n d e n s a t e  and products is s i m i l a r  t o  steam explosion with 

some important differences.  Since t h e r e  i s  no e x p l o s i o n  a t  t h e  

end  o f  t h e  p r o c e s s ,  rapid steaming of  wood c h i p s  could be set  up 

as a c o n t i n u o u s  p r o c e s s .  Rapid steam h y d r o l y s i s  i s  a b l e  t o  

f r a c t i o n a t e  wood, l e a v i n g  a c e l l u l o s e - r i c h  f r a c t i o n  i n  t h e  

steaming r eac to r .  P a r t i b l e  products can be removed with the steam 

c o n d e n s a t e  b e f o r e  e x t e n s i v e  s e c o n d a r y  r e a c t i o n s  o c c u r ;  

consequently, degradation of separated components can be kept  t o  a 

minimum. Removal o f  a c e t i c  a c i d  and o t h e r  a c i d s  formed during 

steaming probably account f o r  the increased s t a b i l i t y  of c e l l u l o s e  

i n  s t e a m i n g  compared t o  steam explosion under similar condi t ions.  

Removal of t he  a c i d s  may a l s o  p reven t  c o n d e n s a t i o n  r e a c t i o n s  o f  

l i g n i n .  One disadvantage of  rapid steaming is t h a t  t h e  ch ips  are 

not  de f ib ra t ed  a s  they are i n  steam explosion. 
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