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EFFECT OF THE EXPLOSION PRETREATMENT ON THE THERMAL SOFTENING AND 
MELTING OF ESTERIFIED WOOD 

S .  V .  Lonikar ,  N.  S h i r a i s h i  and T. Yokota 

Department of  Wood Science  and Technology, Kyoto Universi ty  
Sakyo-ku, Kyoto 606, Japan 

M. Tanahashi and T .  Higuchi 

Wood Reserch I n s t i t u t e ,  Kyoto Univers i ty  
U j i ,  Kyoto 611, Japan 

SYNOPSIS 

The explos ion  t rea tment  has  been used with t h e  o b j e c t i v e  of 
i n c r e a s i n g  t h e  a c c e s s i b i l i t y  of  wood. After t h e  explos ion  
t rea tment  wood meal was e s t e r i f i e d .  Acyl groups introduced were 
a c e t y l ,  caproyl  and l a u r o y l .  Caproylat ion w a s  c a r r i e d  o u t  by t h r e e  
d i f f e r e n t  methods - PCA c a t a l y s t  method, TFAA c a t a l y s t  method and 
DMF/PY/acid c h l o r i d e  method. The PCA c a t a l y s t  method was n o t  used 
f o r  l a u r o y l a t i o n  s i n c e  i t  is n o t  an e f f e c t i v e  procedure f o r  i n t r o -  
ducing h igher  a c y l  groups. The DMF/PY/acid c h l o r i d e  method could 
n o t  be used s u c c e s s f u l l y  f o r  a c e t y l a t i o n .  Thermal s o f t e n i n g  and 
apparent  melting behaviour of t h e  exploded-es te r i f ied  wood meal was 
s t u d i e d  by fo l lowing  t h e  c o l l a p s e  o f  a column of powder under a 
c o n s t a n t  load i n  a g l a s s  c a p i l l a r y  tube 3 mm i n  diameter  a t  a 
programmed ra te  of  hea t ing .  

Samples exploded a t  v a r i o u s  c o n d i t i o n s  and e s t e r i f i e d  by t h e  
DMF/PY/acid c h l o r i d e  method showed thermal flow i n  n e a r l y  t h e  same 
temperature  range.  The thermal  flow was observed a t  cons iderably  
lower temperature  f o r  t h e  corresponding samples acyla ted  by TFAA 
c a t a l y s t  method. Also, t h e  thermal  s o f t e n i n g  or apparent  mel t ing  
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LONIKAR ET AL. 112 

temperature  ( f low tempera ture)  of t h e  samples acyla ted  by TFAA 
method was found t o  be dependent on t h e  c o n d i t i o n  of  explos ion .  
The more s e v e r e  t h e  explos ion  t r e a t m e n t ,  t h e  lower was t h e  flow 
temperature .  I n  o t h e r  words, an i n c r e a s e  i n  t h e  explosion 
temperature  or d u r a t i o n  a t  a p a r t i c u l a r  tempera ture  r e s u l t e d  i n  a 
decrease  i n  t h e  thermal  s o f t e n i n g  or mel t ing  temperature .  This  
fact has  been a t t r i b u t e d  t o  t h e  loosening  of wood t e x t u r e  i n  
combination wi th  t h e  a c t i o n  of  t r i f l u o r o a c e t i c  a c i d  (TFA) formed 
dur ing  t h e  a c y l a t i o n  by t h e  TFAA method. 

The l a r g e r  t h e  s i z e  of  t h e  a c y l  group in t roduced  t h e  lower t h e  
f low temperature  became. 

INTRODUCTION 

Nowadays i n c r e a s i n g  s h o r t a g e s  demand an e f f e c t i v e  u t i l i z a t i o n  

of organic  r e s o u r c e s .  As f a r  as t h e  f o r e s t  i n d u s t r y  i s  concerned,  

t o t a l  u t i l i z a t i o n  o f  wood waste  products  such as saw d u s t  and wood 

remnants from t h e  f o r e s t  is d e s i r a b l e .  And wi th  i r r e g u l a r  s u p p l i e s  

of petroleum and o i l ,  e f f o r t s  need t o  be d i r e c t e d  towards deve- 

lop ing  new or modifying e x i s t i n g  p l a s t i c s  i n  o r d e r  t o  a t  least  i n  

p a r t ,  r e p l a c e  or  reduce t h e  dependence on petroleum-based p l a s t i c s .  

In  our previous  work') w e  have r e p o r t e d  on t h e  thermoplast i -  

c i z a t i o n  of c e l l u l o s e  and wood by g r a f t  copolymerizat ion and acyl-  

a t i o n  i n  combination with graf t  copolymerizat ion.  We have a l s o  

repor ted  on t h e  t h e r m o p l a s t i c i z a t i o n  o f  wood by chemical modifica- 

t i o n s  us ing  non-aqueous c e l l u l o s e  s o l v e n t s  and s p e c i a l  s o l v e n t  

systems l i k e  N 0 DMF-pyridine 2'3) and DMsO-PF~).  The chemical ly  

modified wood w a s  shown t o  f low under h e a t  and pressure .  The 

p r e s e n t  work w a s  aimed t o  enhance t h e  t h e r m o p l a s t i c  p r o p e r t i e s  of 

wood. I t  i s  known t h a t  any t rea tment  t h a t  changes t h e  s t a t e  of 

interpolymer bonds among wood components and, a t  t h e  same t ime,  

reduces t h e  c r y s t a l l i n i t y  o f  c e l l u l o s e  i n  wood r e s u l t s  i n  remark- 

a b l e  t h e r m o p l a s t i c i z a t i o n  of  wood. The chemical modi f ica t ions  do 

achieve t h i s  purpose. I t  w a s  thought  t h a t  a t rea tment  which 

r e s u l t s  i n  t h e  loosening  of  t h e  morphological t e x t u r e  of wood, i n  

combination wi th  chemical m o d i f i c a t i o n s ,  might improve t h e  thermo- 

p l a s t i c  p r o p e r t i e s  of wood. 

2 4- 
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EXPLOSION PRETREATMENT 113 

Wayman and Lora') e x t e n s i v e l y  s t u d i e d  t h e  au tohydrolys is  of 

wood with steam a t  e l e v a t e d  tempera tures .  The au tohydrolys is  of  

wood is ca ta lyzed  by t h e  organic  a c i d s  formed from t h e  wood 

components dur ing  t h e  h y d r o l y s i s .  The temperature  and d u r a t i o n  of 

au tohydrolys is  of  wood de termine  t h e  changes tak ing  p lace  i n  t h e  

main c o n s t i t u e n t s  o f  wood. A small p a r t  of c e l l u l o s e  is rendered 

water s o l u b l e .  Hemicel luloses  are degraded t o  s o l u b l e  sugars  and 

under more d r a s t i c  c o n d i t i o n s  p a r t l y  converted t o  f u r f u r a l  and 

hydroxymethyl f u r f u r a l  by dehydra t ion .  Lignin,  a t  t h e  i n i t i a l  

s t a g e s ,  is depolymerized t o  ol igomers  which can be e x t r a c t e d  by 

us ing  organic  s o l v e n t s .  However, under prolonged d u r a t i o n  t h e s e  

ol igomers  repolymerize and form highly  condensed unext rac tab le  

l i g n i n .  There i s  an optimum t i m e  a t  each au tohydrolys is  

temperature  f o r  maximum l i g n i n  s o l u b i l i t y .  They a r e  about  80 min 

a t  175OC, 60 min a t  185OC, 25 min a t  195OC and 1 6  min a t  205OC and 

4 min a t  215OC. 

We have used t h e  IOTECH explos ion  process ' ) ,  but  a t  milder  

c o n d i t i o n s ,  t o  i n c r e a s e  t h e  a c c e s s i b i l i t y  of wood towards chemical 

r e a c t i o n s .  In  l i g h t  of  Wayman and L o r a ' s  r e s u l t s ,  i t  can be s a i d  

t h a t  t h e  explosion t rea tment  employed i n  t h e  p r e s e n t  work involves  

mainly t h e  f i r s t  f a s t  r e a c t i o n  - t h e  breaking of l i g n i n  - 
carbohydrate  bonds as w e l l  as t h e  depolymerizat ion of l i g n i n  thus  

r e s u l t i n g  i n  t h e  loosening  of  wood t e x t u r e .  This  has been 

supported by our r e c e n t  work . Thus, it was a n t i c i p a t e d  t h a t  t h e  

exploded wood meal wi th  its modified morphology would al low smooth 

and uniform i n t r o d u c t i o n  o f  a c y l  groups. 

7) 

EXPERIMENTAL 

Explosion Treatment The wood s p e c i e s  used i n  t h e  p r e s e n t  

r e s e a r c h  was White Birch (Betu la  p l a t y p h y l l a  var .  j a p o n i c a ) .  

S ince  our aim was t o  r e n d e r  t h e  whole wood thermoplas t ic ,  t h e  wood 

meal without  any p r e t r e a t m e n t  was s u b j e c t e d  t o  explosion process .  

We p r e f e r r e d  wood meal t o  wood c h i p s  because a t  lower temperature  

and s h o r t e r  d u r a t i o n s  t h e  l a t t e r  d id  n o t  r e s u l t  i n  a powder of a 

s i z e  s u i t a b l e  f o r  subsequent  chemical modi f ica t ion .  Wood meal of 
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LONIKAR ET AL. 114 

40 - 80 mesh was steam exploded a t  a r b i t r a r i l y  determined 

tempera tures  for d e f i n i t e  times wi th  a r a p i d  decompression. 

Temperatures s e l e c t e d  were 21OoC, 190°C and 17OoC f o r  f o u r  

d i f f e r e n t  d u r a t i o n s  15 ,  10, 5 ,  and 2 min a t  each temperature .  

After explos ion  t h e  whole of  t h e  sample i n c l u d i n g  water formed from 

t h e  steam used f o r  explosion w a s  c o l l e c t e d ,  wi thout  i s o l a t i n g  o r  

removing any f r a c t i o n ,  and then f reeze-dr ied .  

Acylat ion by PCA C a t a l y s t  Method The exploded - f r e e z e  d r i e d  

samples were f u r t h e r  d r i e d  i n  a vacuum oven a t  4OoC f o r  24 h.  The 

completely d r i e d  wood meal was p r e t r e a t e d  wi th  a mixture of  a c e t i c  

a c i d  and a c e t i c  anhydride a t  room temperature  f o r  15 h.  The 

a c y l a t i n g  mixture  c o n t a i n i n g  a l i p h a t i c  a c i d  anhydride and c a t a l y s t  

PCA ( p e r c h l o r i c  a c i d )  was added and allowed t o  s tand  a t  room 

temperature  for 1 h followed by shaking a t  3 5 O C  f o r  3 h. The 

r e a c t i o n  was stopped by adding an a c e t i c  a c i d  s o l u t i o n  of potassium 

carbonate  (1.03%) and shaking a t  35 C was cont inued f o r  a f u r t h e r  

30 min. The e s t e r i f i e d  wood meal was recovered and d r i e d .  

0 

Acylat ion by TFAA C a t a l y s t  Method Acyla t ion  by TFAA (tr i-  

f l u o r o a c e t i c  anhydride)  c a t a l y s t  method w a s  c a r r i e d  o u t  i n  t h e  same 

manner as d e s c r i b e d  i n  a previous  report') except  t h a t  no s o l v e n t  

w a s  used in t h e  p r e s e n t  case .  

Acylat ion by DMF/PY/Acid Chlor ide  Method Caproylat ion and 

l a u r o y l a t i o n  of wood meal were c a r r i e d  o u t  a t  100°C f o r  7 h ,  us ing  

DMF (dimethylformamide) as a s o l v e n t .  The r e a c t i o n  products  were 

recovered and d r i e d .  Other  experimental  c o n d i t i o n s  were s i m i l a r  t o  

t h o s e  d e s c r i b e d  i n  an earlier r e p o r t  . 9) 

Determinat ion of Thermal S o f t e n i n g  and Apparent Melting P o i n t  

(Flow Temperature) About 20 mg of  t h e  exploded-esterified-dried 

wood meal w a s  used f o r  t h i s  purpose. Thermal s o f t e n i n g  and 

apparent  mel t ing  p o i n t  ( f low tempera ture)  were observed as t h e  

c o l l a p s e  of a column of powder under a c o n s t a n t  p r e s s u r e  of  3 kg 

p e r  square  c e n t i m e t e r  a t  a programmed ra te  of h e a t i n g  1°C/min. The 

thermomechanical a n a l y z e r  used was Sinku Rico Co. Ltd. ,  TM 3000. 

The measurements were conducted a u t o m a t i c a l l y  a t  temperatures  

ranging  from 20 t o  35OOC.  

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



EXPLOSION PRETREATMENT 115 

C r y s t a l l i n i t y  Measurements P o r t i o n s  (0.5g) of  t h e  exploded- 

d r i e d  samples were compressed under 3.0 ton/cm2 p r e s s u r e  t o  g ive  

p e l l e t s  o f  2.0 cm diameter .  The d i f f r a c t i o n  p a t t e r n s ,  using t h e s e  

p e l l e t s ,  were measured from 40' t o  3' values  of 2 8 with 

N i - f i l t e r e d  Cu-Kc r a d i a t i o n  a t  35 kV and 20 mA. The instrument  

used was Rigaku Denki Geiger Flex 2011 B wide-angle X-ray 

d i f f r a c t o m e t e r .  The o p e r a t i n g  c o n d i t i o n s  were t h e  same as 

descr ibed  i n  a previous  r e p o r t  . 
C r y s t a l l i n i t y  indexes were c a l c u l a t e d  from t h e  d i f f rac tograms 

by an empir ica l  method based on t h a t  of Segal  e t  a l .  11) I n  t h i s  

method, t h e  d i f f rac togram h e i g h t  a t  t h e  p o s i t i o n  of t h e  002 peak ( 2  

€I = 22.6') and a t  s u i t a b l e  l o c a t i o n s  f o r  t h e  amorphous background 
0 ( 2  8 = 19.0 ) were used t o  c a l c u l a t e  t h e  percentage  of  c r y s t a l l i n e  

material from t h e  r e l a t i o n .  

10 1 

I002 - Iam 

I002 

% C r  = x 100 

This  method g i v e s  only  a r e l a t i v e  s e t  o f  v a l u e s ,  bu t  is u s e f u l  i n  

r a t i n g  a series of samples with r e s p e c t  t o  one a n o t h e r .  

RESULTS AND DISCUSSION 

The r e s u l t s  obtained can be d iv ided  i n t o  t h r e e  groups depend- 

i n g  upon t h e  method of a c y l a t i o n  as shown i n  Table 1. None of t h e  

samples e s t e r i f i e d  with PCA c a t a l y s t  method show a complete thermal  

flow except  t h e  one which was exploded a t  21OoC fo r  15 min and 

a c e t y l a t e d .  Fig.  1 A  shows thermograms of t h e  samples exploded a t  

210°C fo r  15  and 10 min and a c e t y l a t e d ,  a long  with t h e  one exploded 
a t  21OoC f o r  15 min and caproyla ted .  These thermograms were 

obtained by p l o t t i n g  deformation of t h e  sample a g a i n s t  temperature .  

Only i n  t h e  case of t h e  sample exploded a t  210' f o r  15 min and ace- 

t y l a t e d  d i d  t h e  deformation reach a va lue  of 1.0 which means a 

complete flow occurs .  The PCA c a t a l y s t  method of  a c y l a t i o n  i s  a 

mild one and is known as an inadequate  procedure f o r  in t roducing  
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EXPLOSION PRETREATMENT 117 

higher  a c y l  groups.  This has  been confirmed by determining t h e  

degree of  s u b s t i t u t i o n .  F i r s t ,  t h e  samples were analyzed f o r  ester 

conten t12)  and us ing  t h i s  v a l u e  t h e  degree  of s u b s t i t u t i o n  was 

c a l c u l a t e d  assuming t h a t  one gram of  t h e  wood meal c o n t a i n s  13 mMol 

of  hydroxyl groups13) .  The degree of  s u b s t i t u t i o n  was found t o  be 

76% and 40% f o r  t h e  a c e t y l a t e d  and caproyla ted  samples, respec t ive-  

l y .  That is why, t h e  sample exploded a t  21OoC f o r  15 min and 

caproyla ted  does n o t  show f low behaviour though t h e  sample exploded 

u n d e r  t h e  same c o n d i t i o n  and a c e t y l a t e d  f lows a t  around 30OoC. 

Hence, t h i s  method was n o t  used f o r  i n t r o d u c i n g  l a u r o y l  groups.  

F ig .  18 shows t h e  p l o t s  of deformation r a t e  a g a i n s t  temperature  f o r  

t h e  same samples .  

Malm and co-workers9) prepared a series of  organosoluble  

c e l l u l o s e  esters from t h e  propionate  through t h e  p a l m i t a t e  by t h e  

a c i d  ch lor ide-pyr id ine  procedure. They used 1 , U  dioxane as a 

s o l v e n t  and c a r r i e d  o u t  t h e  r e a c t i o n s  a t  steam-bath temperatures  

for 20-24 h r .  S u f f i c i e n t  a n a l y t i c a l  d a t a  were furn ished  t o  show 

t h a t  t h e  h igher  homologues of c e l l u l o s e  esters t h u s  prepared were 

f u l l y  e s t e r i f i e d  and had s u b s t a n t i a l l y  t h e  same degree of 

polymer iza t ion  as t h e  o r i g i n a l  c e l l u l o s e .  However, i t  is known 

that  t h e  use of a c e t y l  c h l o r i d e  and p y r i d i n e  does not  y i e l d  

s a t i s f a c t o r y  c e l l u l o s e  a c e t a t e s ,  because of s i d e  r e a c t i o n s .  Acetyl 

c h l o r i d e  and p y r i d i n e  r e a c t  t o  form a s t a b l e  a d d i t i o n  compound 

which t a k e s  p a r t  i n  t h e  subsequent r e a c t i o n  r e s u l t i n g  i n  t h e  

i n t r o d u c t i o n  of c h l o r i n e  and n i t rogen  i n t o  t h e  f i n a l  p roduct .  

Hence, a c e t y l a t i o n  by t h e  pyr id ine-ace ty l  c h l o r i d e  method was n o t  

a t tempted.  The l a u r o y l a t i o n  and caproyla t ion  w a s  c a r r i e d  o u t  a t  

100°C f o r  7 h as descr ibed  i n  t h e  experimental  s e c t i o n .  Samples 

c a p r o y l a t e d  or l a u r o y l a t e d  by t h i s  method showed a complete flow. 

However, t h e  flow temperature  of a l l  t h e  samples ,  though it depends 

upon t h e  s i z e  of  a c y l  group in t roduced ,  was only s l i g h t l y  a f f e c t e d  

by t h e  explos ion  c o n d i t i o n s .  For t h e  caproyla ted  samples it ranges  

from 2U5OC ( f o r  t h e  sample exploded a t  21OoC f o r  1 5  min) t o  275OC 

( t h e  sample exploded a t  170°C fo r  5 min) and for t h e  l a u r o y l a t e d  

samples i t  ranges  from 195OC t o  215OC. To i l l u s t r a t e  t h i s ,  t h e  
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Fig .  1 A  Deformation as a f u n c t i o n  of  temperature  f o r  the samples 
a c y l a t e d  by PCA method. o expioded a t  21OoC f o r  15 min- 
a c e t y l a t e d ;  0 exploded a t  210 C f o r  10 min-acetylated; 
R exploded a t  21OoC f o r  15 min-aproylated 
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Fig.  18 Deformation rate as  a f u n c t i o n  of temperature  f o r  t h e  
samples shown i n  Fig.  1 A  

thermograms of  t h e  samples exploded a t  d i f f e r e n t  condi t ions  and 

l a u r o y l a t e d  a r e  shown i n  F ig .  2 A  (deformation a g a i n s t  temperature)  

and 2B (deformation rate a g a i n s t  t empera ture) .  From these  f i g u r e s  

and Table 1 it can b e  s a i d  t h a t  though t h e  flow temperature is i n  

t h e  same range i r r e s p e c t i v e  o f  t h e  explosion c o n d i t i o n s  it tends  t o  

decrease  s l i g h t l y  as t h e  explos ion  becomes more severe .  But t h e  

e f f e c t  of  explosion c o n d i t i o n s  on t h e  thermal behaviour of  t h e  

samples exploded and e s t e r i f i e d  by DMF/PY/acid c h l o r i d e  method is 

not conspicuous. 
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Fig. 2 A  Deformation as a function of temperature for the samples 
lauroylated by DMF/P5/acid chloride method. Explosion 
conditions were o 210 C/5 min, 190°C/10 min and a 170' 
C/10 min 
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Fig. 28 Deformation rate as a function of temperature for the 
samples shown in F i g .  2 A  
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A l l  samples a c e t y l a t e d  by t h e  TFAA method showed a complete 

flow except  t h e  samples exploded a t  t h e  mi lder  c o n d i t i o n s  of 1 7 O o C  

f o r  5 and 2 min (Table  l), and t h e  f low occured i n  t h e  r e l a t i v e l y  

small range of  275OC t o  29OoC. On t h e  o t h e r  hand, t h e  flow 

temperature  of t h e  samples c a p r o y l a t e d  and lauroyla ted  by TFAA 

method seems t o  be a f f e c t e d  by t h e  explos ion  c o n d i t i o n s .  That is ,  

as t h e  explos ion  c o n d i t i o n  became more s e v e r e  t h e  sample melted a t  

lower temperature .  This  phenomenon is shown i n  F i g .  3A and 38. 

Fig.  3 A  shows t h e  p l o t s  of  deformation a g a i n s t  temperatures  f o r  

products  exploded a t  21OoC, 190°C and 1 7 O o C  but  f o r  same d u r a t i o n  - 
15 min, followed by l a u r o y l a t i o n  with TFAA method. I n  a l l  c a s e s  

t h e  deformation reaches  a va lue  of 1 .0  i n d i c a t i n g  a complete f low.  

But t h e  f low temperature  was d i f f e r e n t  i n  a l l  t h e s e  t h r e e  c a s e s .  

I t  w a s  12OoC, 1 5 O o C  and 1 7 O o C  f o r  t h e  samples exploded a t  210°C, 

190°C and 1 7 O o C ,  r e s p e c t i v e l y .  This  means, t h e r e  is a s teady  

decrease  i n  t h e  f low tempera ture  as t h e  explos ion  is c a r r i e d  o u t  a t  

i n c r e a s i n g  temperature .  Thermograms obta ined  by p l o t t i n g  deformat- 

ion  rate a g a i n s t  t empera ture  f o r  t h e  same samples are shown i n  F i g .  

38. The explos ion  d u r a t i o n  also p l a y s  a similar r o l e  i n  

determining t h e  flow temperature  i n  c a s e  of  t h e  samples caproyla ted  

or l a u r o y l a t e d  by TFAA method. The r e s u l t s  a r e  shown i n  F ig .  4A 

and 4B. Fig.  4A shows t h e  p l o t s  of deformation a g a i n s t  temperature  

while deformation ra te  a g a i n s t  temperature  i s  depic ted  i n  F i g  4B 

f o r  t h e  samples which were exploded a t  210°C f o r  d i f f e r e n t  

d u r a t i o n s  15, 1 0 ,  5 and 2 min followed by l a u r o y l a t i o n  with TFAA 

method. The f low temperature  seems t o  be i n v e r s e l y  r e l a t e d  t o  t h e  

explosion d u r a t i o n .  I t  was 12OoC, 12SoC, 145OC and 16OoC f o r  t h e  

s a m p l e s  exploded at 21OoC for 15, 10, 5 and 2 min, r e s p e c t i v e l y .  

Thus, i t  seems t h a t ,  f o r  t h e  samples caproyla ted  ( T a b l e  1) or 

l a u r o y l a t e d  ( F i g .  3 A ,  39,  4A, 49 and t a b l e  1) by TFAA method, t h e r e  

is a s teady  d e c r e a s e  i n  f low temperature  a t  i n c r e a s i n g  explos ion  

temperature  or longer  d u r a t i o n  a t  a p a r t i c u l a r  temperature .  

The above exper imenta l  resu l t s  obtained on t h e  thermal  

behavior  of t h e  wood a c y l a t e d  by t h e  TFAA method can be expla ined  

i n  terms of t h e  effects of t h e  explos ion  pre t rea tment  and a l s o  i n  
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EXPLOSION PRETREATMENT 123 

terms of t h e  apparent  mel t ing  tempera tures  of  acyla ted  wood 

components. As was shown i n  our previous  report ' ) ,  the  explosion 

pre t rea tment  employed i n  t h e  p r e s e n t  work r e s u l t s  i n  t h e  loosening  

of wood t e x t u r e .  Baldwin and Goring 14) a l s o  showed t h a t  

steam-cooked c h i p s  y i e l d e d  thermomechanical pulp with a low g l a s s  

t r a n s i t i o n  temperature ,  and t h e  a c t i o n  o f  steaming was i n t e r p r e t e d  

as loosening  t h e  in te rpolymer  bonds between c e l l u l o s e ,  hemi- 
51 c e l l u l o s e  and l i g n i n  macromolecules i n  wood. Wayman and Lora 

have s t u d i e d  t h e  a u t o h y d r o l y s i s  of aspen wood meal over a wide 

range of temperature  (175-215OC) f o r  vary ing  d u r a t i o n ,  as mentioned 

i n  t h e  i n t r o d u c t i o n  s e c t i o n .  Our c o n d i t i o n s  of explosion t rea tment  

would cause cons iderable  breaking  of l ignin-carbohydrate  bonds and 

a l s o  depolymerizat ion,  e s p e c i a l l y  of hemice l lu lose  and l i g n i n  

wi th in  t h e  wood. Because of  chemical degrada t ion  of hemicel lulose 

and l i g n i n  caused by t h e  explos ion  t r e a t m e n t ,  t h e  apparent mel t ing 

temperature  of t h e  a c y l a t e d  wood t h u s  prepared  tends t o  be  governed 

by t h a t  of t h e  c e l l u l o s e  a c y l a t e  as t h e  major component i n  t h e  

a c y l a t e d  wood. This  t r e n d  becomes more conspicuous as t h e  

c o n d i t i o n s  of t h e  explos ion  t rea tment  became more severe.  Then, 

accord ingly ,  a conspicuous d i f f e r e n c e  was noted between t h e  thermal 

behavior  of a c e t y l a t e d  wood and caproyla ted  or  lauroyla ted  wood. 

In t h e  c a s e  of a c e t y l a t e d  wood, t h e  apparent  mel t ing temperature of 

c e l l u l o s e  a c e t a t e  gave t h e  h i g h e s t  va lue  among t h e  a c e t y l a t e d  wood 

components. In f a c t ,  t h e  apparent  mel t ing  poin t  of c e l l u l o s e  

t r i a c e t a t e  is around 300°C, whereas t h a t  of ace ty la ted  hardwood 

l i g n i n  and a c e t y l a t e d  hemice l lu lose  ( x y l a n )  are 140 OC and 21OoC, 

r e s p e c t i v e l y  . T h i s  is t h e  reason  why a s e r i e s  of  samples 

a c e t y l a t e d  by TFAA method have almost  t h e  same apparent  mel t ing 

temperature  i n  t h e  range of 275-295OC. The s l i g h t  lowering i n  t h e  

mel t ing  temperature  compared with t h a t  of  c e l l u l o s e  a c e t a t e ,  i n  

this c a s e ,  i s  cons idered  t o  be caused from the  " e x t e r n a l  

p l a s t i c i z a t i o n "  e f f e c t  of degraded and a c e t y l a t e d  l i g n i n .  The 

occurence of  mutual i n t e r a c t i o n  and p l a s t i c i z a t i o n  among a c e t y l a t e d  

wood components has  a l r e a d y  been proved15). On t h e  o t h e r  hand, i n  

t h e  c a s e s  of caproyla ted  and l a u r o y l a t e d  wood, t h e  apparent  mel t ing 

15) 
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EXPLOSION TEMP. 'C 
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TEMPERATURE, O C  

Fig .  3A Effect of t h e  explos ion  temperature  on t h e  thermal behaviour  
of t he  samples l a u r o y l a t e d  by TFAA method. Explosion 
d u r a t i o n  : 15 min, explos ion  tempera ture  : o 210°C,e1900C 
and a 17OoC 
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F i g .  30 Deformation ra te  as a f u n c t i o n  o f  t empera tu re  f o r  t h e  
samples shown i n  F i g .  3A 
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I 
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Fig.  4 A  Effect of the explosion duration on the thermal behaviour of 
the samples  lauroylated by TFAA method. Explosion tempera- 
ture : 21OoC,  explosion duration : o 15 min; 0 10 min; 0 5 
min and. 2 min 
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Fig. 48 Deformation rate as a function of temperature for the 
samples shown in Fig. 4 A  
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t empera tures  of  t h e  c e l l u l o s e  a c y l a t e s  gave lower va lues  than those  

of  t h e  corresponding a c y l a t e d  l i g n i n s .  Actua l ly ,  t h e  apparent  

mel t ing  p o i n t s  a r e  i'n t h e  v i c i n i t y  o f  l l O ° C  and 115OC f o r  c e l l u l o s e  

t r i c a p r o a t e  and c e l l u l o s e  t r i l a u r a t e ,  r e s p e c t i v e l y  . These 

va lues  a r e  lower than any of  t h e  apparent  mel t ing  temperatures  of  

t h e  correspondihg caproyla ted  or l a u r o y l a t e d  woods, found i n  t h i s  

s tudy  ( T a b l e  1) .  This  proves t h a t  t h e  apparent  mel t ing  tempera- 

t u r e s  of t h e s e  c e l l u l o s e  a c y l a t e s  a r e  lower than those  of t h e  

corresponding a c y l a t e d  l i g n i n .  This  is t h e  reason why samples 

caproyla ted  o r  l a u r o y l a t e d  by TFAA method a f t e r  t h e  explosion 

pre t rea tment  show a s t e a d y  decrease  i n  f low temperature  with 

i n c r e a s i n g  explos ion  temperature  or d u r a t i o n  a t  temperature .  

16) 

There is another  apparent  anomaly i n  t h e  e f f e c t  of  t h e  

explos ion  c o n d i t i o n s  on t h e  thermal s o f t e n i n g  or mel t ing  tempera- 

t u r e '  of exploded-acylated wood meals. The samples exploded and 

caproyla ted  or l a u r o y l a t e d  by DMF/PY/acid c h l o r i d e  method show no 

s i g n i f i c a n t  d i f f e r e n c e  i n  t h e i r  apparent  mel t ing  temperature .  On 

t h e  o t h e r  hand, t h e  flow temperature  of  t h e  samples exploded and 

caproyla ted  or l a u r o y l a t e d  by TFAA method depends upon t h e  

explos ion  c o n d i t i o n s .  Because i n  both r e a c t i o n  systems,  t h e  

explos ion  c o n d i t i o n s  were t h e  same, t h i s  apparent  anomaly can be 

a t t r i b u t e d ,  a t  l e a s t ,  t o  t h e  a c t i o n  of t r i f l u o r o a c e t i c  a c i d  formed 

i n  t h e  r e a c t i o n  medium d u r i n g  a c y l a t i o n  by TFAA method. 

The e f f e c t  of t h e  explos ion  c o n d i t i o n s  on t h e  thermal  

s o f t e n i n g  and f low temperature  of  t h e  samples acyla ted  by TFAA 

method i s ,  i n  f a c t ,  a combined e f f e c t  of  t h e  explosion t rea tment  

and t h e  a c t i o n  of  t r i f l u o r o a c e t i c  a c i d  formed dur ing  t h e  subsequent  

a c y l a t i o n  by TFAA method. T r i f l u o r o a c e t i c  a c i d  i s  known t o  c l e a v e  

benzyl-aryl  e t h e r  bonds i n  a d d i t i o n  t o  es ter  bonds. Marsh and 

Goodman17) have r e p o r t e d  on t h e  s e l e c t i v e  f i s s i o n  of  t h e  benzylary l  

e t h e r  bonds by t h e  a c t i o n  of t r i f l u o r o a c e t i c  a c i d  a t  room 

temperature .  Hence, it might be p o s s i b l e  t h a t  t h e  0-benzyl a r y l  

groups p r e s e n t  i n  l i g n i n ,  t h a t  i s ,  (1-0-4 bonds, a r e  c leaved by 

t r i f l u o r o a c e t i c  a c i d  which r e s u l t s  i n  f u r t h e r  loosening  of  wood 

t e x t u r e .  T r i f l u o r o a c e t i c  a c i d  also a c t s  as a s o l v e n t  f o r  c e l l u l o s e  
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and c e l l u l o s e  acyla te18)  and a l s o  f o r  t h e  degraded and a c y l a t e d  

l i g n i n .  Hence, t h e  a c i d  causes  p a r t i a l  d i s s o l u t i o n  of a c y l a t e d  

wood components dur ing  t h e  a c y l a t i o n ,  r e s u l t i n g  i n  t h e  s e p a r a t i o n  

o f  wood components and increased  loosening  of  wood t e x t u r e .  

In  fac t ,  t h e  apparent  mel t ing  temperature  of  t h e  samples 

exploded a t  t h e  most s e v e r e  c o n d i t i o n  ( 2 1 0 O C  and 1 5  min) and 

acyla ted  by t h e  TFAA method approached t h a t  of t h e  corresponding 

c e l l u l o s e  a c y l a t e .  Furthermore, as t h e  explos ion  condi t ion  became 

more s e v e r e ,  due t o  t h e  loosening  of  morphological t e x t u r e ,  wood 

became more s u s c e p t i b l e  t o  t h e  a c t i o n  of  t r i f l u o r o a c e t i c  a c i d .  

Thus, due t o  t h e  combined e f f e c t  of t h e  explos ion  pre t rea tment  and 

t r i f l u o r o a c e t i c  a c i d ,  samples exploded a t  21OoC for 15 min and 

caproyla ted  or l a u r o y l a t e d  by TFAA method, have apparent  mel t ing  

temperatures  as low as 135OC and 12OoC, r e s p e c t i v e l y .  

I t  might be p o s s i b l e  t h a t  l i g n i n  ol igomers  formed dur ing  t h e  

explosion t rea tment  undergo a recondensa t ion  r e a c t i o n  i n i t i a t e d  by 

t h e  a c i d i c  medium of t h e  a c y l a t i n g  system. I n  an ear l ier  r e p o r t  w e  

have shown t h a t  t h e  a d d i t i o n  of  nuc leophi les  i n  the  a c y l a t i n g  

system i n h i b i t s  t h e  recondensa t ion  of l i g n i n  oligomers and t h e  

r e s u l t a n t  exploded-acetylated wood meal showed flow p r o p e r t i e s  . 
Wayman and Lora') have a l s o  found recondensat ion r e a c t i o n s  of  

l i g n i n  ol igomers  dur ing  t h e  a c i d i c  medium of t h e  au tohydrolys is  

t rea tment .  The amount of s o l v e n t  e x t r a c t a b l e  l i g n i n  was increased  

by t h e  a d d i t i o n  of some n u c l e o p h i l e s  which i n h i b i t  t h e  recondensat-  

ion  r e a c t i o n .  Hence, t h i s  could  be one of t h e  reasons  f o r  t h e  

h igher  flow temperature  of  samples esterified by DMF/PY/acid 

c h l o r i d e  method even though they  were exploded under more s e v e r e  

c o n d i t i o n s .  However, i n  t h e  c a s e  of samples e s t e r i f i e d  by TFAA 

method, t h e  recondensat ion r e a c t i o n s  of l i g n i n  oligomers are 

overcome by t h e  a c t i o n  of t r i f l u o r o a c e t i c  a c i d .  

19) 

I t  was o f  i n t e r e s t  t o  f i n d  o u t  t h a t  whether t h e  loosening  of 

morphological t e x t u r e  of  wood caused by t h e  explosion t rea tment  i s  

accompanied by an i n c r e a s e  i n  t h e  a c c e s s i b i l i t y  of  c e l l u l o s e .  This  

a s p e c t  has  been s t u d i e d  by t h e  X-ray d i f f r a c t o g r a m s  obtained on t h e  

series of samples exploded under the same condi t ions  used above, 
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Fig. 5 X-ray d i f f rac tograms of the  sample exploded under varying 
condi t ions .  Explosion temperature : A-210°C; B-190°C; 
C-17OoC, explosion dura t ion  : 1-15 min; 2-10 min; 3-5 min; 
4-2 min 
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MPLOSION PRETREATPENT 

TABLE 2 

131 

I n f l u e n c e  of  explos ion  c o n d i t i o n s  on c r y s t a l l i n i t y  
of c e l l u l o s e  i n  wood 

Explosion temp. Explosion d u r a t i o n  C r %  
OC min 

170 
2 51.78 
5 42.0 

10 46.0 
15 50.41 

190 
2 47 
5 50.9 

10 54.03 
1 5  54.23 

210 
2 47 
5 59.39 

10 62.01 
15 61.36 

f r e e z e  d r i e d  without  removing any f r a c t i o n  and d r i e d  f u r t h e r  i n  a 

vacuum oven a t  4OoC. F ig .  5 shows the  X-ray d i f f r a c t o g r a m s  of 

these  samples. C r y s t a l l i n i t y  indexes were c a l c u l a t e d  from t h e  

d i f f rac tograms as descr ibed  i n  t h e  experimental  s e c t i o n  and a r e  

shown i n  Table  2 .  The c r y s t a l l i n i t y  index i s  d i r e c t l y  r e l a t e d  t o  

t h e  explosion temperature  and time a t  temperature  and ranges  from 

42.0 t o  62.01 for  t h e  samples exploded a t  1 7 O o C  f o r  5 min and a t  

210°C f o r  10 min, r e s p e c t i v e l y .  This  means t h a t  t h e  explos ion  

t rea tment  causes  both loosening  of wood t e x t u r e  as w e l l  as an 

i n c r e a s e  i n  c r y s t a l l i n i t y  o f  c e l l u l o s e .  This r e s u l t  is somewhat 

s u r p r i s i n g ,  b u t  s i m i l a r  r e s u l t s  were r e c e n t l y  repor ted  by Tanahashi 

e t .  a l .  20’ 21) They a l s o  found t h a t  t h e  average width of  

m i c r o f i b r i l s  of wood exploded under 28 kg/cm2 f o r  8 min was about  

63 A: This  va lue  is almost  twice t h a t  of u n t r e a t e d  wood which i s  

32 f. Hence, it is p o s s i b l e  t h a t  t h e  p a r a c r y s t a l l i n e  reg ion  

r e a r r a n g e s ,  due t o  t h e  p l a s t i c i z i n g  a c t i o n  of water  dur ing  t h e  high 
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temperature  and p r e s s u r e  of  t h e  s teaming r e s u l t i n g  i n  t h e  i n c r e a s e  

i n  c r y s t a l l i n i t y  of c e l l u l o s e .  

CONCLUSION 

The explos ion  t r e a t m e n t  r e s u l t e d  i n  loosening  of  t h e  morpho- 

l o g i c a l  t e x t u r e  of wood accompanied by an i n c r e a s e  i n  the  

c r y s t a l l i n i t y  of c e l l u l o s e .  Thus t h e  o v e r a l l  e f f e c t  of  t h e  

explos ion  t rea tment  on t h e  f low tempera tures  of t h e  samples 

acyla ted  by DMF/PY/acid c h l o r i d e  method was i n s i g n i f i c a n t .  

However, when t h e  samples were a c y l a t e d  by TFAA method, t h e  j o i n t  

e f f e c t  of t h e  explos ion  t r e a t m e n t  and t r i f l u o r o a c e t i c  a c i d  formed 

dur ing  t h e  a c y l a t i o n ,  w a s  very conspicuous.  Thus, modified wood 

meal f lowable  a t  tempera tures  as low as 12OoC could be obta ined .  
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