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ABSTRACT 

S t u d i e s  are r e p o r t e d  on t h e  chemical n a t u r e  and mechanism of  
format ion  o f  t h e  components o f  t h e  o i l  f r a c t i o n  obta ined  by t h e  
a l k a l i - c a t a l y z e d  l i q u e f a c t i o n  of  aspen  p o p l a r  wood and s e p a r a t e l y  
o f  c e l l u l o s e .  Along w i t h  t he  smaller molecular  weight compounds 
r e p o r t e d  e a r l i e r  (5)  evidence h a s  been obta ined  f o r  t h e  presence 
of polymeric  f r a c t i o n s  i n v o l v i n g  ether l i n k a g e s  and which shou a 
bimodal p a t t e r n  of  molecular  weights .  Using a p p r o p r i a t e  model 
s u b s t a n c e s ,  some evidence h a s  been obta ined  f o r  t he  product ion  and 
involvement o f  one- and tuo-carbon fragments  as w e l l  as  ketene-  
type  i n t e r m e d i a t e s  i n  t he  l i q u e f a c t i o n  process .  Examination of  
t h e  role o f  pH d u r i n g  t h e  convers ion  p r o c e s s  s u g g e s t s  t h a t  t h e  
i n i t i a l l y  a l k a l i n e  medium is  r e q u i r e d  t o  degrade t h e  c e l l u l o s e  t o  
smaller fragments ,  i n c l u d i n g  p o s s i b l e  s a c c h a r i n i c  a c i d s ,  w i t h  a 
cor responding  d e c r e a s e  i n  pH. Then a t  a n  a p p r o p r i a t e  pH (now 
a c i d i c )  and temperature  t h e  r e s u l t i n g  degrada t ion  products  are 
conver ted  t o  components of  t h e  f i n a l  o i l .  

J. F.  Mathews' c u r r e n t  address  is: Department of Chemical 
Engineer ing,  Monash U n i v e r s i t y ,  Clayton,  V i c t o r i a ,  
A u s t r a l i a  3168. 
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INTRODUCTION 

PEPPER ET A L .  

In r e c e n t  y e a r s  c o n s i d e r a b l e  a t t e n t i o n  h a s  been g iven  t o  t h e  

p o t e n t i a l  use o f  biomass as a raw material fo r  t h e  p r e p a r a t i o n  of 

alternate P u e l s  t o  augment the f o s s i l  hydrocarbons. I n  t h e s e  

laboratories r e s e a r c h  h a s  been d i r e c t e d  towards t h e  a l k a l i  

c a t a l y z e d  l i q u e f a c t i o n  o f  l o c a l  a s p e n  p o p l a r  (Populus t remulo ides  , 
michx.). 

t h e n  a semi-cont inuous r e a c t o r  and fiMlu a cont inuous  r e a c t o r  , 
a n  o i l  w a s  produced i n  y i e l d s  of -35-40 p e r c e n t  of t h e  i n i t i a l  

wood and which had a h i g h e r  h e a t i n g  v a l u e  o f  -35 MJ/kg. A major 
p o r t i o n  o f  the wood was, a t  t h e  same time, converted t o  water- 

s o l u b l e  products .  An examinat ion o f  t h e  wood degrada t ion  products  

as found i n  both t h e  aqueous l a y e r 4  and t h e  o i l  f r a c t i o n 5  h a s  

r e v e a l e d  the presence  of a l a r g e  number o f  d i f f e r e n t  compounds o f  
m u l t i p l e  f u n c t i o n a l i t y .  S i m i l a r  r e s u l t s  have been repor ted  by 

other workers u s i n g  d i f f e r e n t  l i q u e f a c t i o n  procedures6 ' 7 .  These 

data i n d i c a t e  the complexi ty  of t h e  chemical r e a c t i o n s  involved 

d u r i n g  t h e  l i q u e f a c t i o n  of t h e  o r i g i n a l  c e l l u l o s e ,  hemice l lu loses  

and l i g n i n  components o f  t h e  wood. T h i s  paper  i s  concerned w i t h  

t h e  r e s u l t s  of exper iments  des igned  to  examine these conversion 

p r o c e s s e s  and t o  o f f e r  some e x p e r i m e n t a l  ev idence  i n  suppor t  of 

t h e  t e n t a t i v e  e x p l a n a t i o n s  o f  the mechanisms involved. 

1 In s u c c e s s i v e  s t u d i e s  u s i n g  i n i t i a l l y  a ba tch  r e a c t o r  , 
2 3 

RESULTS AND DISCUSSIONS 

S i n c e  t h e  y i e l d s  of i d e n t i f i e d  low molecular  weight  compounds 

t h a t  are p a r t  of t h e  o i l  f r a c t i o n  o r  a n  Pound i n  t h e  aqueous 

l a y e r  are low, t h e  larger and s t r u c t u r a l l y  p o s s i b l y  more s i g n i f i -  
c a n t  p o r t i o n s ,  e s p e c i a l l y  o f  the  o i l ,  are n o t  amenable t o  de tec-  

t i o n  and a n a l y s i s  by s imple g a s  l i q u i d  chromatography under t h e  

c o n d i t i o n s  used. They may be l a r g e r  f ragments  o f  t h e  o r i g i n a l  

polymeric  wood components. In an earlier p u b l i c a t i o n 5  t h e  o i l  

o b t a i n e d  by l i q u e f a c t i o n  of pure  c e l l u l o s e ,  used so tha t  p r o d u c t s  

would be f ree  of t h e  d i f f e r e n t  compounds t h a t  may arise from the 

h e m i c e l l u l o s e s  and l i g n i n ,  was s e p a r a t e d  by s i l i ca  g e l  chromato- 
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LIQUEFACTION OF CELLULOSE 493 

graphy. Following removal of a n-pentane-soluble f r a c t i o n ,  two 

subsequent  f r a c t i o n s  (IV and V )  o b t a i n e d  u s i n g  methylene c h l o r i d e  

and e t h y l  acetate r e s p e c t i v e l y ,  t o g e t h e r  represented  -50 percent  

of t h e  o r i g i n a l  o i l .  By g a s  chromatography a series o f  low 

molecular  weight  phenols ,  naphthols  and a l c o h o l s  wem i d e n t i f i e d  

b u t  a s i g n i f i c a n t  p o r t i o n  was n o t  amenable t o  such an a n a l y s i s  and 

was presumably o f  too h i g h  a m o l e c u l a r  weight. It was t h e r e f o r e  

o f  i n t e r e s t  t o  examine t h e  n a t u r e  o f  t h i s  f r a c t i o n  by an at tempted 

d e g r a d a t i o n  u s i n g  two methods t h a t  had proved u s e f u l  i n  s t u d i e s  o f  

c o a l  degrada t ion ,  namely, o x i d a t i o n  u s i n g  a l k a l i n e  c u p r i c  oxide 

and e t h e r  c leavage  u s i n g  z i n c  c h l o r i d e  i n  benzene . I s o l a t e d  

l i g n i n s  had a l s o  been degraded u s i n g  a l k a l i n e  c u p r i c  ox ide  . 

8 
9 

10 

To t h i s  end combined f r a c t i o n s  I V  and V were d i s s o l v e d  i n  

methylene c h l o r i d e  and e x t r a c t e d  w i t h  5 p e r c e n t  sodium hydroxide 

t o  remove t h e  low molecular  weight phenol ic  and water-soluble  

components. "he r e s i d u a l  o i l  (53%) was brownish-black, ana lyz ing  

f o r  C ,  76.4; H ,  7.8; 0 (by d i f f e r e n c e ) ,  15.8%. I n f r a r e d  and 

13C-NMR s p e c t r a  were s i m i l a r  t o  those o f  t h e  o r i g i n a l  o i l ,  t h u s  

i n d i c a t i n g  t h a t  it w a s  polymeric i n  nature and contained f r e e  

phenol ic  groups. Molton' ' had sugges ted  t h a t  t h e  r e s i d u e  he had 

o b t a i n e d  a f t e r  vacuum d i s t i l l a t i o n  of a n  o i l  der ived  from c e l l u -  

l o s e  was probably a cross- l inked  phenol ic  and/or  f u r a n  polymer. 

Oxidat ion of t h e  r e s i d u a l  o i l  wi th  t h e  a l k a l i n e  c u p r i c  ox ide  

r e s u l t e d  i n  s e v e r a l  e t h e r - s o l u b l e  degrada t ion  products  inc luding  

pentanoic  acid,  phenol ,  cresol, e thylphenol ,  benzoic acid, 

methylbenzoic  a c i d  and hydroxybedzoic acid. S i m i l a r l y ,  t r e a t m e n t  

of t h e  r e s i d u a l  o i l  i n  benzene wi th  z i n c  c h l o r i d e  a t  360' f o r  one 

h o u r  gave r ise t o  a product  i n  ,795 y i e l d .  This was s e p a r a t e d  

i n t o  a n  a l k a l i - s o l u b l e  f r a c t i o n  r e p r e s e n t i n g  -16% of t h e  o r i g i n a l  

o i l  r e s i d u e  and which was shown t o  c o n t a i n  phenols  and naphthols  

and a n  a l k a l i - i n s o l u b l e  f r a c t i o n  r e p r e s e n t i n g  -44% of t h e  o i l  and 

which was shown by gc-ms a n a l y s i s  t o  c o n t a i n  t h e  fo l lowing  poly- 

c y c l i c  d e r i v a t i v e s :  indan, methyl- and dimethyl indan,  t e t r a l i n ,  
metny 1-, dime t h y  1- and e t h y l t e  t r a l i n ,  methyl-, dime thy l- and 

trine t h y  h a p  h t h a l e n e  , and d i p  heny h e  thane.  
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494 PEPPER ET AL. 

These r e s u l t s  suggest t h a t  tine r e s i d u a l  o i l  had a highly 

cross-linked s t r u c t u r e  involving ether l inkages,  the oxygens of 

which a r e  most l i k a l y  bonded t o  a phenyl or naphthyl group. 

Oxidative cleavage of a benzyl e the r  would yield the benzoic acid 

fragments. Such s t r u c t u r e s  must a r i s e  Prom cellulosa by an 

i n i t i a l  degradation t o  reactive u n i t s  and subsequent recombination 

t o  the more cclnplex s t ructures .  

Having now recognized the  presence in the o r ig ina l  o i l  

derived from ce l lu lose  of a polymeric f r a c t i o n  an a t t e m p t  was made 

t o  examina its molecular weight d i s t r i b u t i o n  pattern.  Gel 

permeation s t u d i e s  were conducted using either Sephadex LH-20 and 

LH-60 or using HPSEC with columns of  Zorbax porous s i l i c a  micro- 

sphere 60 S and 1000 S. Several  pure reference compounds (I 3 V) 
a s  well a s  a s e r i e s  of polystyrene standards of molecular weights 

50,000, 17,500, 9,000, 4,000, 2,000 and 800 were used f o r  

ca li b rat ion. 
OH CH2CH2CH3 

I 

OH 

I .  Mw 94 11. MW 166 

OCH3 

@ CH2 
HO 

111. Mw 260 IV. MW 378 
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Figure 1. Gel-permeation chmmatograms of  ( a )  c e l l u l o s e  o i l s  and 
( b )  model compounds on Sephadex LH-60. 

I n  both cases  bimodal d i s t r i b u t i o n  p a t t e r n s  were obtained 

with t h e  major f r a c t i o n  i n  the  molecular weight range of ,200 - 
400 and some components over 50,000 as seen i n  Figure 1 .  A 

similar p r o f i l e  was obtained12 i n  a study of K r a f t ,  s y n t h e t i c  and 

Brauns na t ive  l i gn in .  

It was now apparent t h a t  under t h e  a l k a l i n e  r eac t ion  condi- 

t i o n s ,  c e l l u l o s e  is  rap id ly  degraded t o  r eac t ive  species, some of 

which are s t a b i l i z e d  and a p p e a r  a a  water-soluble components, 

o t h e r s  as low-molecular weight o i l  components and o t h e r s  recombine 

o r  polymerize t o  oligomeric substances.  To ga in  f u r t h e r  i n s i g h t  

i n t o  t h e  poss ib l e  na ture  of these  complex reac t ions ,  a s tudy  was 

made of t h e  r eac t ions  of pure model compounds t h a t  were treated 

under similar condi t ions  t o  those  used for  the  ce l lu lose .  
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496 PEPPER ET AL. 

Earlier i n  t h e s e  l a b o r a t o r i e s 4  s e v e r a l  r u n s  had been made 

u s i n g  model s u b s t a n c e s  (g lucose ,  xy lose ,  f r u c t o s e  and c e l l u l o s e )  

i n  a s tudy  of t h e  water -so luble  p r o d u c t s  r e s u l t i n g  from t h e  l i q u e -  

f a c t i o n  process .  As r e p o r t e d  then ,  an o i l  f r a c t i o n  was a l s o  

produced as a r e s u l t  of these r e a c t i o n s  and, s i n c e  these o i l s  w e r e  

a v a i l a b l e ,  i t  was o f  i n t e r e s t  t o  compare them t o  t h a t  ob ta ined  

from c e l l u l o s e .  The gas-chromatographic  p r o f i l e s ,  u s i n g  a SP-1200 

packed column, o b t a i n e d  f r o m  t he  5% sodium bicarbonate-so luble  

f r a c t i o n  of these o i l s  and of  t h a t  from c e l l u l o s e  were very 

similar i n d i c a t i n g  t h a t  these monosaccharides gave rise t o  t h e  

same t y p e s  o f  p h e n o l i c  compounds as  d i d  c e l l u l o s e .  

T h i s  o b s e r v a t i o n  then  r a i s e d  the  q u e s t i o n  a s  t o  whether the  

f i v e -  a n d / o r  s ix-carbon u n i t s  r e p r e s e n t e d  t h e  l e v e l  of degrada t ion  

of c e l l u l o s e  p r i o r  t o  convers ion  t o  t he  recognized products  or 
whether f u r t h e r  f ragmenta t ion  occurred.  To test t h e  p o t e n t i a l  

r o l e  of  one-, two-, o r  three-carbon u n i t s  a series o f  r u n s  was 

made, under t h e  same c o n d i t i o n s  of l i q u e f a c t i o n .  The fo l lowing  

compounds were used : formaldehyde, ace ta ldehyde ,  g lycola ldehyde ,  

g l y c e r o l  and e t h y l e n e  g l y c o l .  The y i e l d s  of an o i l  f r a c t i o n  t h a t  

r e s u l t e d  were 29, 45,  23,  5 and 0 percent  r e s p e c t i v e l y .  A11 t he  

o i l s  were shown t o  c o n t a i n  phenol ic  components. It may be s i g n i -  
f icant  t o  n o t e  t h a t  only t h e  a l i p h a t i c  a ldehydic  compounds, or 
t h o s e  capable  of producing such a f u n c t i o n a l  group by dehydrat ion,  

were involved i n  o i l  formation. A similar o b s e r v a t i o n  had been 

made when i t  was shown t h a t  f r u c t o s e  had behaved q u i t e  d i f f e r e n t l y  

t o  g l u c o s e  i n  g i v i n g  mainly a c h a r - l i k e  product  under  s tandard  

l i q u e f a c t i o n  c o n d i t i o n s  . There is a n  i n d i c a t i o n  as w e l l  t h a t  

s i g n i f i c a n t  d e g r a d a t i o n  of the polymeric c e l l u l o s e  t o  small  u n i t s  
may occur  p r i o r  t o  the i r  convers ion  t o  a romat ic  and other 

l i q u e f a c t i o n  products .  

I, 

On t h e  o t h e r  hand the i n i t i a l  product ion  of low molecular  

weight  k e t o n e s  may l e a d  t o  t h e  product ion  of t h e  water -so luble  

compounds such  as the  a l i p h a t i c  a l c o h o l s  and a c i d s .  

sugges ted  t h a t  a c e t o n e  may be one of  the major i n t e r m e d i a t e s  i n  

c e l l u l o s e  l i q u e f a c t i o n .  However, i n  t h i s  l a b o r a t o r y ,  t he  

Molton13 has  
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LIQUEFACTION OF CELLULOSE 497 

t r e a t m e n t  o f  a c e t o n e  under  s t a n d a r d  c o n d i t i o n s  d i d  not  g i v e  rise 

t o  a n  o i l  f r a c t i o n  a l though o t h e r  lower-boi l ing products  may have 

been formed (acetic acid was so i d e n t i f i e d )  b u t  removed d u r i n g  t h e  

d r y i n g  process .  Such a convers ion  can  be v i s u a l i z e d  through t h e  

mechanism o f  k e t e n e  format ion  fol lowed by hydrat ion.  

Under similar c o n d i t i o n s  i t  was shown t h a t  o t h e r  methyl ke tones ,  

namely 2-butanone and 3-methyl-2-butanone, gave rise t o  t h e  

p r e d i c t e d  e t h a n o i c  and propanoic  a c i d s  i n  t h e  first case and 

TEMPERATURE, O C  

Figure  2. E f f e c t  o f  temperature  on t h e  pH o f  t h e  aqueous phase 
d u r i n g  c e l l u l o s e  l i q u e f a c t i o n .  
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498 PEPPER ET AL. 

e t h a n o i c  and 2-methylpropanoic  a c i d s  i n  the second case. Similar 
r e a c t i o n s  u s i n g  e t h a n o l  i n s t e a d  of water gave rise t o  t h e  c o r r e s -  

ponding e t h y l  esters. The presence  t h e n  of a l i p h a t i c  a c i d s  in t h e  

aqueous phase of a l i q u e f a c t i o n  r e a c t i o n  may arise v i a  ke tene  

i n t e r m e d i a t e s .  The increased a c i d i t y  t h u s  genera ted  may be impor- 

t a n t  in t h e  o v e r a l l  oil product ion  p r o c e s s  as w i l l  be d i s c u s s e d  

la ter .  
A more d e t a i l e d  examinat ion o f  t h e  p r o d u c t s  of l i q u e f a c t i o n  

was i n i t i a t e d  by a m o d i f i c a t i o n  o f  t h e  r e a c t o r  such  t h a t  samples 

o f  b o t h  t h e  gaseous  phase and t h e  l i q u i d  phase could  be c o l l e c t e d  

s e p a r a t e l y ,  through p o r t s  i n  t h e  head o f  t h e  r e a c t o r ,  a t  s p e c i f i c  

tempera tures  and p r e s s u r e s  throughout  t h e  per iod  of hea t ing .  The 

condensable  components o f  t h e  gaseous phase were c o l l e c t e d  u s i n g  a 

l i q u i d  n i t r o g e n  t r a p .  An i n i t i a l  examinat ion by gas- l iqu id  

chromatography o f  t h e  e t h e r - s o l u b l e  e x t r a c t s  o f  t h e  gaseous and 

l i q u i d  phases  c o l l e c t e d  a t  -230, ,250, ,300 and ,36OoC revea led  a 

marked s i m i l a r i t y  i n  t h e i r  p r o f i l e s  and wi th  only minor d i f f e r -  

e n c e s  i n  t h e  r e l a t i v e  abundance o f  t h o s e  compounds r e p r e s e n t e d  by 

t h e  m u l t i p l e  peaks. S i m i l a r  r e s u l t s  w e r e  ob ta ined  u s i n g  g lucose  

and c e l l u l o s e  and i n d i c a t e  t h a t  t h e  product ion  of t h e  low-mole- 

c u l a r  weight  compounds as described earlier , o c c u r s  a t  a rela- 

t i v e l y  low tempera ture .  

4 

Role of pH i n  the L i q u e f a c t i o n  Process  

It had been observed c o n s i s t e n t l y  t h a t  i n  any t y p i c a l  c e l l u -  

l o s e  or wood l i q u e f a c t i o n  experiment  t h e  pH of t h e  aqueous phase, 

i n i t i a l l y  a t  -11.5 due t o  t h e  a d d i t i o n  of t h e  sodium bicarbonate ,  

was f i n a l l y  a t  -7. It was o f  in te res t  t o  fo l low t h i s  change i n  pH 

as t h e  r e a c t i o n  tempera ture  was increased .  To t h i s  end a l i q u o t s  

o f  t h e  l i q u i d  phase were c o l l e c t e d ,  using t h e  modified a p p a r a t u s  

referred t o  above, a t  s e v e r a l  t empera ture  i n t e r v a l s  d u r i n g  a 

t y p i c a l  r u n  s t a r t i n g  a t  ,50°C and - 4  MPa p r e s s u r e  up t o  36OoC and 

-29 MPa p r e s s u r e .  These data a l o n g  wi th  some v i s u a l  o b s e r v a t i o n s  

are g i v e n  i n  Table  1 and p l o t t e d  i n  Figure  2. 
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LIQUEFACTION OF CELLULOSE 499 

TABLE 1: Effect of Temperature on t h e  pH of t h e  Aqueous Phase 
from C e l l u l o s e  L i q u e f a c t i o n  

Temperature 
o f  the PH of Aqueous Colour o f  

LiquefactAon 
Process ( C )  

25+ 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

3 25 

360 

360 for  1 h r  
and c o o l i n g  
down 

Phase 

11.3 

11 .o 

10.9 

10.7 

10.3 

9.3 

8.0 

7.5 

6.4 

5.4 

4.5 

4.7 

5 - 1  

7.3 

6.6 

S o l u t i o n  

c o l o u r l e s s  

l i g h t  yellow 

II 

l i g h t  brown 

brown 

deep brown 

n 

golden yellow 

It 

n 

yellow 

n 

black 

brownish black 

black 

Characteristics of 
t h e  Aqueous Phase 

t r a n s p a r e n t  

n 

n 

n 

n 

n 

n 

c loudly  w i t h  some 
undissolved materials 

n 

cloudy wi th  some o i l  

clear with some oil 

clear w i t h  some 
undissolved char 

n 

n 

clear 

* Time r e q u i r e d  t o  reach  360°C was - t h r e e  hours  

t I n i t i a l l y  c e l l u l o s e  was mixed wi th  Na2C03 s o l u t i o n  a t  room 
tempera ture  and the pH measured. 
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&-A- 

0 CO, H 2 0  and Na2CO3 

0 N 2 , H 2 0  a n d  N a z C O s  

A CO and H20 

0 100 200 300 
TEMPERATURE, "C 

Figure  3 .  E f f e c t  o f  temperature  and i n i t i a l  gas phase on t h e  pH 
o f  t h e  aqueous phase.  

It was becoming clear that an i n i t i a l l y  a l k a l i n e  medium was 

r e s p o n s i b l e  f o r  t h e  c e l l u l o s e  degrada t ion  but  t h a t  t h e r e  was a 

c o n c u r r e n t  product ion  o f  a c i d i c  f ragments  t o  lower t h e  pH. O i l  

fo rmat ion  began t o  a p p e a r  only after t h e  medium had become a c i d i c .  

I n  s u p p o r t  of t h i s  conclus ion  i t  was shown t h a t  i n  a two-step 

procedure whereby g lucose  was first r e f l u x e d  f o r  one hour  i n  a 

sodium carbonate  medium o f  pH -11.5 and t h e n  t h e  r e s u l t i n g  s o l u -  

t i o n  of pH -7 was t r e a t e d  under s tandard  l i q u e f a c t i o n  c o n d i t i o n s  

some oil and some c h a r  were obta ined  similar i n  n a t u r e  t o  t h o s e  

p r o d u c t s  from t h e  d i r e c t  l i q u e f a c t i o n  of glucose.  However t h e  

e x p l a n a t i o n  of t h e  i n i t i a l l y  i n c r e a s i n g  and u l t i m a t e l y  d e c r e a s i n g  
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LIQUEFACTION OF CELLULOSE 501 

a c i d i t y  was n o t  y e t  clear, nor was t h e  r o l e  o f  pH i n  t h e  f i n a l  

product ion of t h e  o i l  subs tance .  

Four experiments  w e r e  t h u s  designed and run t o  assess t h e  

r o l e  of t h e  carbon monoxide, water and a l k a l i  i n  a n  a t t e m p t  t o  

understand t h i s  pH change. 

phase w e r e  c o l l e c t e d  u s i n g  t h e  modif ied r e a c t o r  and t h e  pH 

measured a t  d i f f e r e n t  tempera tures  ranging  from 50 C and 4 MPa 

p r e s s u r e  through 360°C and 29 MPa pressure .  

i n  F igure  3 .  It would a p p e a r  t h a t  only i f  carbon monoxide is 

p r e s e n t  i n i t i a l l y  is t h e r e  any s i g n i f i c a n t  lowering of  t h e  pH and 

only if the  original s o l u t i o n  is a l k a l i n e  does  t h e  pH subsequent ly  

i n c r e a s e  a t  t h e  e l e v a t e d  temperatures .  For f u r t h e r  c l a r i f i c a t i o n  

a n o t h e r  series of r u n s  was made involv ing  carbon monoxide i n  

a l k a l i n e  or n o n - a l k a l i n e  media. The approximate analyses o f  t h e  

r e s i d u a l  g a s e s  is g i v e n  i n  Table 2. 

I n  each  case a l i q u o t 3  of t h e  aqueous 

0 

The r e s u l t s  are g iven  

From t h e  f i n a l  gaseous composition i t  is clear t h a t  t h e  water 

gas s h i f t  r e a c t i o n  (CO + H O+ CO + H has  occurred a t  t h e  

h i g h e r  temperature .  The r e s u l t i n g  high p a r t i a l  p ressure  of carbon 

d i o x i d e  may be r e s p o n s i b l e  Por t h e  reduct ion  i n  pH o f  t h e  aqueous 

phase". Therefore  if it were only a n  a c i d i c  pH t h a t  was r e q u i r e d  

f o r  c e l l u l o s e  convers ion  t o  o i l  then  a two-step r e a c t i o n  i n v o l v i n g  

2 2 2  

TABLE 2. Approximate Analys is  of Residual  Cases from t h e  Run 
w i t h  CO/H20/Alka l i  

Run Mole Percentage 

co 2 H2 co 

Cellulose/Na CO /CO/H20 
(Standarg  r a n )  2 65 33 

Na2C03/CO/H20 (360 OC for 1 h r )  -- 55 45 

Na CO /CO/H20 (250  OC f o r  1 h r )  99 -- 

CO/H20 (360  OC for 1 h r )  25 20 55 

1 

NaOH/CO/H20 (360  OC f o r  1 hr) -- 40 60 

2 3  
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502 PEPPER ET AL. 

i n i t i a l l y  t h e  g e n e r a t i o n  of a n  a c i d i c  aqeuous medium t o  which, in 
a second s t e p ,  c e l l u l o s e  were added and heated t o  36OoC f o r  one 

hour  should m s u l t  i n  o i l  formation.  Tuo such experiments  

i n v o l v i n g  t h e  p r e p a r a t i o n  o f  an aqueous phase by h e a t i n g  sodium 

carbonate ,  water and carbon monoxide a t  250 C f o r  one hour  or a t  

36OoC f o r  one hour  produced i n i t i a l  aqueous phases  o f  pH -4 and -7 
r e s p e c t i v e l y .  The subsequent  r e a c t i o n  o f  t h e s e  s o l u t i o n s  w i t h  

c e l l u l o s e  a t  360' for one h o u r  r e s u l t e d  i n  most ly  a c h a r r y  
product .  It was becoming more e v i d e n t  that  a n  i n i t i a l l y  a l k a l i n e  

medium was necessary  t o  e f f e c t  c e l l u l o s e  d e g r a d a t i o n  b u t  tha t  the  

convers ion  of these d e g r a d a t i o n  p r o d u c t s  was c a t a l y z e d  by an 

a c i d i c  medium. 

0 

A t t e n t i o n  was t h e n  d i r e c t e d  t o  t h e  n a t u r e  of t h e s e  i n i t i a l  

c e l l u l o s e  d e g r a d a t i o n  products .  An examinat ion of t h e  

non-vola t i le  water -so luble  r e s i d u e s  c o l l e c t e d  a t  s e v e r a l  
t empera tures  i n  a manner d i s c u s s e d  ear l ie r  w a s  made by pass ing  the  

aqueous phase through a c a t i o n  exchange column (Rexyn 101 

r e s i n ( H ) )  t o  remove t h e  sodium i o n s  p r i o r  t o  evapora t ion  of t h e  

water a t  7OoC. The r e s i d u e s  were reddish-brown syrups.  The 

e f fec t  o f  t h e  reactor tempera ture  on the  y i e l d s  of  these syrups  is 

por t rayed  i n  F igure  4. These data s u p p o r t  f u r t h e r  t h e  b e l i e f  t h a t  

t h e  c e l l u l o s e  is i n i t i a l l y  degraded under a l k a l i n e  c o n d i t i o n s  t o  a 

water-soluble  f r a c t i o n )  but ,  a t  the  same time, t h e  pH is being 

lowered u n t i l  around 2OO0C t h e  c o n d i t i o n s  become s u i t a b l e  f o r  

convers ion  of t h e s e  s o l u b l e  components i n t o  t h e  o i l  product .  
These n o n - v o l a t i l e  syrups  had carbon and hydrogen c o n t e n t s  of  

-42-45 and -6.55 r e s p e c t i v e l y  i n d i c a t i n g  t h a t  they  were still o f  a 
carbohydra te  na ture .  They were s o l u b l e  i n  water  t o  g i v e  a 

s o l u t i o n  of  pH 3-4, and s p a r i n g l y  s o l u b l e  i n  methanol. The 

i n f r a r e d  spectrum showed broad a b s o r p t i o n  bands due t o  both  

hydroxyl  and carbonyl  f u n c t i o n a l  groups. 

( F i g u r e  5 )  i n d i c a t e d  t h e  presence  o f  carbonyl  carbons  o f  

c a r b o x y l i c  acids;  d i f f e r e n t  t y p e s  of a lkoxy carbons  i n c l u d i n g  

-C-0-, -CH-0- and -CH2-O-, and a l k y l  carbons. These data s t r o n g l y  

s u g g e s t  t h a t  t h e  i n i t i a l  a l k a l i n e  degrada t ion  produces s a c c h a r i n i c  

The "C-NMR spectrum 
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I6 
w a 

/ \ !- a 

d l  > 

L 4l- / 't 

0 100 200 300 
TEMPERATURE, OC 

Figure  4.  Effect o f  tempera ture  on t h e  non-vola t i le  r e s i d u e  
t h e  aaueous phase f r o m  c e l l u l o s e  l i q u e f a c t i o n .  

503 

of 

Amount of non-vola t i le  r e s i d u e  i n  t h e  f i n a l  aqueous 
0 I phase a f te r  one hour  a t  360 and cooled. 

a c i d s  which are the i n t e r m e d i a t e s  i n  t he  subsequent  convers ion  to 

o i l .  In suppor t  of t h i s  b e l i e f  t he  aqueous phase (pH 4 )  of  a 

c e l l u l o s e  run made under s t a n d a r d  r e a c t i o n  c o n d i t i o n s  f o r  f i v e  

hours  a t  210 + 10°C (for maximum y i e l d  of non-vola t i le  r e s i d u e  

(Fig.  4 ) )  was then rehea ted  a t  3bO C for one hour i n  t h e  presence 
of carbon monoxide. The products  of t h i s  r e a c t i o n  were a n  o i l  

f r a c t i o n  ( y i e l d ,  4.5%; C, 79.9%; H, 8.7%) and a n  aqueous f r a c t i o n  

of pH 7. In  t h i s  experiment  a t  210 2 lo°C a r e s i d u a l  modif ied 

c e l l u l o s e  r e s i d u e  remained; y i e l d ,  47.75; C,  50.0; H ,  6.4%. In a n  

a t tempt  t o  e n s u r e  g r e a t e r  degrada t ion  of the c e l l u l o s e  i n  t he  

f i r s t  s t e p  a h i g h e r  c o n c e n t r a t i o n  of a l k a l i  (10%) was used ,  
T h i s  s t e p  was conducted i n  carbon monoxide and i n  n i t rogen .  The 

0 
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I 
-F-O- 

1 

I 
2H-0- 

-CH2-0- 

l , , , , l , , , , l , , , , ~ ( , , , ,  

200 I50 100 50 0 
P P M  

.- 
F i g u r e  5. ‘>C-NklR spectrum of t h e  non-vola t i le  a c i d i c  r e s i d u e  of 

t h e  a ueous phase from c e l l u l o s e  d e g r a d a t i o n  a t  
210+10 c. a - 

r e s u l t i n g  n o n - v o l a t i l e  water -so luble  components were isolated 

u s i n g  t h e  c a t i o n  exchange t r e a t m e n t  and subsequent ly  retnated t o  
examine t h e i r  p o t e n t i a l  convers ion  t o  a n  o i l .  These exper iments  

are o u t l i n e d  i n  F igure  6. 
From t h e  above experiments ,  i t  is nou clear t h a t  t h e  a l k a l i n e  

d e g r a d a t i o n  of c e l l u l o s e  produces s a c c h a r i n i c  a c i d s ( ?  1 t h a t  on 

h y d r o p y r o l y t i c  condensa t ion  y i e l d  an o i l  product. The oil 
produced v i a  t h e s e  two s t e p  p r o c e s s e s  conta ined  no char and had 

similar carbon and hydrogen c o n t e n t s  Of -60 and -91 r e s p e c t i v e l y .  

The i n f r a r e d  and nmr s p e c t r a l  f e a t u r e s  o f  t h e  o i l  w e r e  found t o  be 

similar t o  t h o s e  of t h e  oil produced by the  one s t e p  process .  

A l l  these o b s e r v a t i o n s  s u g g e s t  t h a t  t h i s  a l k a l i n e  d e g r a d a t i v e  

r o u t e  would be one p o s s i b l e  mechanism by uhich  t h e  convers ion  of 

c e l l u l o s i c  materials t o  oil could t a k e  place.  

I n  t h i s  s t u d y  of t h e  two-step prQces5es, an o b s e r v a t i o n  was 

made which may be of some s i g n i f i c a n c e  i n  a l k a l i n e  pulping.  
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CELLULOSE ( i o o g  1 

NaOH(60g) ,H20(600mL), a. CO(3.6 MPa) 
b. N2(4 .1  MPa) 

210 10 OC, 5 h r  

I n i t i a l  pH - 14 

I I 
Residual  M o d i f i e d  O i l  a. (-1.59) Aqueou! Phase 

pH a. 6.2, b .  -13 )  
C e l l  u l o s e  b.  None (brown s o l u t i o n ,  
a .  29.0 g 
b .  none 

1 .  c o n c e n t r a t e d  t o  250mL 
2. i o n  exchange column 

3. r o t a r y  e v a p o r a t i o n  
(-70°C) 

I 
N o n - v o l a t i  l e  A c i d i c  

Syrup a. 39.8 g 
b.  68.0 g 

C o l o u r l e i s  aqueous 
condensate a .  pH-3 

b .  pH-3 

A l i q u o t  I 
259 Syrup 

H20(250mL), N2(3.5MPa), 36OoC f o r  1 h r  

a. pH-3 

b. pH-2.8 

Aqueous Phase a. pH-7 
b. pH-5 

* 5 . 6 9  based on 100 g c e l l u l o s e  
# 10.29 based on 100 g c e l l u l o s e  

FIGURE 6. Oil p r o d u c t i o n  v i a  two-step processes 
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Treatment  o f  c e l l u l o s e  i n  s t r o n g  aqueous a l k a l i n e  medium under  

n i t r o g e n  atmosphere r e s u l t e d  i n  a complete degrada t ion  of  c e l l u -  

l o s e  i n t o  water -so luble  components whi le  a f t e r  a s i m i l a r  t rea tment  

u s i n g  CO i n s t e a d  of N2, a n  i n s o l u b l e  r e s i d u a l  c e l l u l o s i c  mass 
remained which r e p r e s e n t e d  29% o f  t h e  o r i g i n a l  c e l l u l o s e .  T h i s  

o b s e r v a t i o n  may be expla ined  on t h e  b a s i s  o f  t h e  p a r t i c i p a t i o n  of  

CO i n  lowering t h e  pH o f  t h e  aqeuous medium as d i s c u s s e d  ear l ier  

and c a u s e s  less degrada t ion  o f  c e l l u l o s e .  Added suppor t  for t h i s  

w a s  ob ta ined  from a s i m i l a r  experiment  on t h e  a l k a l i n e  degrada t ion  

o f  c e l l u l o s e  u s i n g  C02 i n s t e a d  of  CO, which, as expec ted ,  showed 

even less degrada t ion .  I n  o r d e r  t o  compare t h e  r e s u l t s ,  similar 
a l k a l i n e  d e g r a d a t i o n  experiments  u s i n g  wood meal under a n i t r o g e n  

atmosphere were also performed. A l l  t h e s e  r e s u l t s  are g iven  i n  

Table  3. 
It is  clear t h a t  a l k a l i n e  d e g r a d a t i o n  of wood under a 

n i t r o g e n  atmosphere r e s u l t e d  i n  complete d e g r a d a t i o n  t o  a lkal i -  

s o l u b l e  products .  In c o n t r a s t  t o  t h e  c e l l u l o s e  degrada t ion  

experiment ,  a water - inso luble  powdery s o l i d  was i s o l a t e d  from the  

wood d e g r a d a t i o n  experiment. The carbon,  hydrogen a n a l y s i s  of 

t h i s  s o l i d  sugges ted  t h a t  t h i s  may have o r i g i n a t e d  from t h e  l i g n i n  

component o f  t h e  wood. 

TABLE 3: A l k a l i n e  Degradat ion of C e l l u l o s e  and Aspen P o p l a r  wood 

Raw I n i t i a l  Condi t ion PH Residue Remarks 
Material 

Water NaOH Gas I n i t i a l  F i n a l  L e f t  
(mL) (g) ( 8 )  

C e l l u l o s e  600 60 N2 14 13.2 ---- 
C e l l u l o s e  600 60 CO 14 6.2 29.0 1.5 g o i l  

C e l l u l o s e  600 60 C02 1 4  7.0 65.0 

Wood 600 60 N2 14 13.0 ---- *8g powder 
is0 l a  t ed 

On n e u t r a l i z a t i o n  of  t h e  aqueous a l k a l i n e  p r o d u c t s  a powdery 
p r e c i p i t a t e  w a s  isolated,  dried and ana lysed  for  carbon and 
hydrogen (C, 66.7 ; H ,  7.1%).  
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LIQUEFACTION OF CELLULOSE 507 

Discuss ion  of Results 

From t h e  above d e s c r i b e d  r e s u l t s ,  a few g e n e r a l  o b s e r v a t i o n s  

a b o u t  t h e  n a t u r e  of the c e l l u l o s e  convers ion  p r o c e s s  may now be 

made. It is t h e  a l k a l i n i t y  of t h e  aqueous medium t h a t  was found 

t o  be e s s e n t i a l  t o  i n i t i a t e  the  l i q u e f a c t i o n  process .  The 
l i q u e f a c t i o n  of c e l l u l o s e  i n  a n  a l k a l i n e  medium occurs  a t  least i n  

p a r t ,  v i a  aqueous s o l u b l e  i n t e r m e d i a t e  p r o d u c t s  produced as a 

r e s u l t  of t h e  d e g r a d a t i o n  of c e l l u l o s e .  Alka l ine  degrada t ion  of 

carbohydra te  materials is  be l ieved  to be a p e e l i n g  p r o c e s s f 5  from 

t h e  end o f  t h e  c e l l u l o s e  cha in  t o  g e n e r a t e  s a c c h a r i n i c  ac ids .  

The a n a l y s i s  o f  t h e  i n t e r m e d i a t e  a c i d i c  products  ob ta ined  

from t h e  d e g r a d a t i o n  of c e l l u l o s e  i n  a l k a l i n e  medium a l s o  

i n d i c a t e d  the  p o s s i b l e  presence o f  t h e s e  a c i d s .  It is now 

reasonable  t o  b e l i e v e  t h a t  the  thermo- chemical  l i q u e f a c t i o n  of 
c e l l u l o s e  i n  a n  i n i t i a l l y  a l k a l i n e  medium o c c u r s  i n  p a r t  v i a  t h e  

f o l l o w i n g  route :  

SACCHARINIC ACIDS- 
AQUEOUS SOLUTION CELLULOSE 

360°C/lh 

The format ion  o f  o i l  from the  degraded c e l l u l o s e  

i n t e r m e d i a t e s  is  f a c i l i t a t e d  i f  t h e  aqueous medium becomes acidic  

d u r i n g  t h e  r u n  (Table 1). The presence  of carbon monoxide a t  

e l e v a t e d  p r e s s u r e s  enhances t h e  decrease o f  pH o f  t h e  aqueous 

phase from t h e  i n i t i a l  a l k a l i n i t y .  T h i s  could be t he  reason t h a t  

carbon monoxide c o n c e n t r a t i o n  a f f e c t e d  the  rate f a s t e r  as  r e p o r t e d  
by Ostermann. 

EXPERIMENTAL 

Standard L i q u e f a c t i o n  Procedure 

A i r - d r i e d  wood meal (-4.5% mois ture ,  100 g) from local aspen  
(Populus  t r e m u l o i d e s ,  michx) or c e l l u l o s e  (Brinkman Ins t ruments  

(Canada) Ltd . ,  100 g )  u a s  placed i n  t h e  r e a c t i o n  v e s s e l  (1410 mL 

c a p a c i t y )  o f  a Model 406-01OA Amino high p r e s s u r e  hydrogenator. 

To t h i s ,  10 g of sodium carbonate  d i s s o l v e d  i n  500 mL of water was 
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508 PEPPER ET AL. 

added. Carbon monoxide was in t roduced  t o  an i n i t i a l  p r e s s u r e  o f  

3.45 MPa af ter  f l u s h i n g  o u t  t h e  reactor twice. The r e a c t o r  was 

h e a t e d  with cont inuous  shaking t o  t h e  r e q u i r e d  temperature ,  360°c 
and he ld  a t  t h i s  tempera ture  (25'C) for one hour. 'he  h e a t i n g  was 
s topped  b u t  shaking  cont inued  f o r  a P u r t h e r  l h  and t h e n  allowed t o  
cool overnight .  The e x c e s s  gases were r e l e a s e d  and t h e  reactor 
c o n t e n t s  s e p a r a t e d  by d e c a n t a t i o n  i n t o  a n  oil phase and a n  aqueous 

phase. The r e a c t i o n  v e s s e l  was t h e n  washed w i t h  acetone.  The 

a c e t o n e  was only used t o  get the t o t a l  y i e l d  o f  o i l s  and not  f o r  

a n a l y t i c a l  purposes. The decanted  o i l  phase was d r i e d  i n  a fume 
hood f o r  s e v e r a l  d a y s  u n t i l  its water c o n t e n t  was d e t e m i n e d  to  be 

less t h a n  1% measured by t h e  Karl-Fisher  t i t r a t i o n  method. 

I n  a similar f a s h i o n  c e l l o b i o s e ,  D-glucose, g l y c e r o l ,  

e t h y l e n e  g l y c o l ,  g lycola ldehyde ,  g l y c o l ,  ace ta ldehyde ,  

formaldehyde, and ace tone  were s u b j e c t e d  t o  t h e  same l i q u e f a c t i o n  
process .  

Treatment of Aqueous Phase by Ion  Exchange Technique 

A l l  i o n  exchange r e a c t i o n s  were e f f e c t e d  u s i n g  Rexyn 101 

resin (H) in columns o f  e i ther  1.6 x 58 cm ( 5  mL sample) or 3.4 x 

50 cm (250 mL sample) .  E l u t i o n  a t  3 mL/min was cont inued until 

t h e  e f f l u e n t  was n e u t r a l .  Excess water was removed i n  a r o t a r y  

e v a p o r a t o r  a t  70' and t h e  r e s i d u e  weighed. 

E t h e r  Cleavage of Residual  O i l  

With Zinc C h l o r i d e  - A m i x t u r e  of  r e s i d u a l  o i l  (0 .5  g ) ,  

benzene (20 mL) and ZnC12 ( 3  g) was placed i n  t h e  r e a c t i o n  v e s s e l  

used f o r  t h e  l i q u e f a c t i o n  s t u d i e s .  After p r e s s u r i z i n g  wi th  

hydrogen to  5.1 MPa, it was hea ted  and maintained a t  360' for one 

2 hour. After c o o l i n g  t h e  l i q u i d  l a y e r  was decanted from t h e  ZnCl 

and t h e  e x c e s s  s o l v e n t  removed. 

With Cuprous Oxide - Residual  o i l  (0.25 g )  was oxid ized  w i t h  

a l k a l i n e  c u p r i c  hydroxide ((XI(OH12(1 g) d i s s o l v e d  i n  2M NaOH 
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LIQUEFACTION OF CELLULOSE 509 

(20 mL)) a t  200 - 220' f o r  2 hours i n  t h e  l i que fac t ion  reactor.  

Af t e r  cool ing  t h e  so lu t ion  was a c i d i f i e d  (HC1) and ex t rac ted  w i t n  
e t h e r  t o  y i e ld  t h e  oxida t ion  products (0.15 g )  which were analysed 

by GC-MS. 

Chromatographic Separa t ions  

For t h e  experiments with Sephadex LH-20, a chromatographic 

column (1.5 x 74 cm) was prepared by packing wi th  a s l u r r y  of 

Sephadex LH-20 i n  DUF ( s t i r r e d  f o r  12 h r  before packing). Approx- 

imately 2 mg of o i l  samples/l  mg of  phenolic model compound/30 mg 

of polys tyrene  s tandards ,  d i sso lved  i n  0.5 mL DMF were used and 

e l u t e d  w i t h  DMF. The flow rate was maintained a t  -32 mL/hr .  The 

e l u t e d  subs tances  were monitored us ing  a spectrophotometer 

(Bio-Rad Model 1300) a t  260 nm. For t h e  experiments with Sephadex 

LH-60, t h e  Sephadex materials were s t i r r e d  with DMF f o r  24 hours 

be fo re  being packed i n t o  a column (2.5 x 62 a). 
The HPSEC ana lyses  w e r e  c a r r i e d  out using a Varian l i qu id  

chromatograph Model 5000, equipped with a va r i ab le  wavelength 

d e t e c t o r  (Perkin-Elmer LC-55) set a t  254 m. Columns used were 

Zorbax porous si l ica microsphere 605 and 100%. 

monitored a t  254 nm us ing  THF mobile phase a t  a flow rate of 1 

mL/min. Each sample (-2 m g )  d i sso lved  i n  1 mL THF and i n  each 

case 10 ILL of t h e  s o l u t i o n  were appl ied  t o  t h e  column through a 
10 p L  sample loop. The c a l i b r a t i o n  of t h e  columns was achieved 

using six s tandard  polys tyrenes  (MW 50,000; 17,500; 9,000; 

4,000; 2,000; 800) and t h e  f o u r  phenolic m o d e l  compounds. The 

s t anda rd  samples were i n j e c t e d  as  e i t h e r  p u r e  samples or as 
mixtures  of t w o  or th ree .  

All samples w e r e  

Gas Phase Analysis 

Gas phase a n a l y s i s  was made us ing  a copper column (1/8m x 

15") packed with silica g e l  (60 - 100 mesh), with helium as t h e  

carrier g a s  a t  a flow rate of 18 mL/min. Peak areas for 
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510 PEPPER ET AL.  

i n d i v i d u a l  gases w e r e  measured and t h e i r  abundance determined Prom 

a p r e v i o u s l y  p r e p a r e d  c a l i b r a t i o n  curve.  
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