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REACTION MECHANISMS I N  CELLULOSE 

PYROLYSIS : A LITERATURE REVIEW 

I. INTRODUCTION 

During some o f  t h e  v e r y  e a r l i e s t  work i n  Organic  Chemis t ry ,  

performed d u r i n g  t h e  l a t t e r  h a l f  of  t h e  n i n e t e e n t h  c e n t u r y ,  t h e  

p y r o l y s i s  o f  c e l l u l o s e  and c e l l u l o s i c  m a t e r i a l s  was a  prominent  

f i e l d  o f  i n v e s t i g a t i o n .  Methods w e r e  developed f o r  t h e  p y r o l y s i s  

o f  wood i n  p a r t i c u l a r ,  t o  make methanol ,  a c e t i c  a c i d ,  c h a r c o a l ,  

wood p r e s e r v a t i v e s ,  and o t h e r  m a t e r i a l s .  With t h e  adven t  o f  t h e  

F i scher -Tropsch  p r o c e s s  on t h e  one hand, and a c c e s s  t o  cheap 

pe t ro leum on t h e  o t h e r ,  t h e s e  p r o c e s s e s  r a p i d l y  became o b s o l e t e .  

Consequen t ly ,  r e s e a r c h  t o  e l u c i d a t e  t h e  r e a c t i o n  mechanisms 

and pathways i n  c e l l u l o s e  p y r o l y s i s  was l a r g e l y  abandoned, e x c e p t  

i n  a  p u r e l y  academic s e n s e ,  s i n c e  t h e r e  was no l o n g e r  any incen-  

t i v e  t o ,  f o r  i n s t a n c e ,  i n c r e a s e  t h e  y i e l d  o f  methanol  o b t a i n e d  

from wood. Al though t h e r e  was a  b r i e f  r e v i v a l  o f  i n t e r e s t  i n  

nonpetroleum s o u r c e s  o f  f u e l  and chemica l s  d u r i n g  t h e  Second 

World War, t h i s  was c o n c e n t r a t e d  main ly  on t h e  development o f  

p roducer  gas -opera ted  v e h i c l e s  ( i n  Germany), and subsequen t ly  

on t h e  manufac tu re  o f  methanol  by t h e  F i scher -Tropsch  p r o c e s s  

( i n  S. A f r i c a ) .  

With t h e  r e a l i z a t i o n  t h a t  pe t ro leum s u p p l i e s  a r e  runn ing  

low and may be  i n t e r r u p t e d ,  and w i t h  t h e  e v e r - i n c r e a s i n g  amounts 

o f  urban and a g r i c u l t u r a l  w a s t e  b e i n g  g e n e r a t e d ,  t h e r e  ha s  

r e c e n t l y  been a r e s u r g e n c e  o f  i n t e r e s t  i n  t h e  p y r o l y s i s  o f  cel-  

l u l o s e - c o n t a i n i n g  m a t e r i a l s  ( e . g . ,  wood, manure, and p a p e r )  a s  

a  s o u r c e  o f  b o t h  chemica l s  and f u e l ,  and t o  r educe  s o l i d  was t e  

d i s p o s a l  problems.  A number o f  p r o c e s s e s  f o r  p y r o l y s i s ,  n o t a b l y  

t h e  G a r r e t t  P r o c e s s ,  a r e  i n  v a r i o u s  s t a g e s  o f  commerc i a l i z a t i on .  

I t  seems a lmos t  i n e v i t a b l e  t h a t  more importance  w i l l  b e  a t t a c h e d  

t o  such  p r o c e s s e s  i n  t h e  f u t u r e ,  s i n c e  t h e  problems which t h e y  

are des igned  t o  a l l e v i a t e  w i l l  o n l y  become more a c u t e  w i t h  

i n c r e a s i n g  i n d u s t r i a l  and urban development.  





I n  p a r a l l e l  w i t h  t h e  h i s t o r y  o f  c e l l u l o s e  u se  a s  a  f u e l ,  

t h e  u se  of c e l l u l o s e - d e r i v e d  f i b e r s  i n  t e x t i l e s  h a s  been ex t ended  

and many advances  have been made i n  t h e  knowledge of  t h e  s t r u c t u r e ,  

p r o p e r t i e s ,  and combust ion c h a r a c t e r i s t i c s  of  c e l l u l o s e .  I n  a d d i -  

t i o n ,  m e c h a n i s t i c  s t u d i e s  have been performed on t h e  r e a c t i o n s  of 

c e l l u l o s e  w i t h  w a t e r ,  a l k a l i ,  and o t h e r  s u b s t a n c e s .  

S i n c e  t h e  r e p o r t  of Hoppe-Seyler i n  1871,  (') t h e r e  h a s  been 

much i n t e r e s t  i n  t h e  v a r i o u s  decompos i t ion  r e a c t i o n s  of c e l l u l o s e ,  

u n t i l  a t  t h e  p r e s e n t  t i m e  t h e r e  i s  a  voluminous l i t e r a t u r e  on  

t h e  s u b j e c t .  U n f o r t u n a t e l y ,  t h e  rev iew l i t e r a t u r e  h a s  n o t  k e p t  

pace w i t h  t h e  f i e l d ;  t h e r e  a r e  comprehensive and competent  r ev iews  

i n  s e v e r a l  r e s t r i c t e d  a r e a s  o f  c e l l u l o s e  p r o p e r t i e s ,  such a s  t h o s e  

of MacKay and David,  ( 2 )  S h a f i z a d e h ,  ( 3 )  and Bro ido  and K i l z e r ,  ( 4 )  

d e a l i n g  w i t h  v a r i o u s  a s p e c t s  of  t e x t i l e  f lameproof  i n g ,  and t h a t  

o f  Weiss ( 5 )  d e a l i n g  w i t h  t h e  c o n v e r s i o n  o f  c e l l u l o s e  t o  l i q u i d  

f u e l s ,  b u t  t o  o u r  knowledge t h e r e  h a s  been o n l y  one a t t e m p t  t o  

r ev i ew  t h e  r e a c t i o n  mechanisms i n v o l v e d  i n  t h e  decompos i t ion  of 

c e l l u l o s e  and r e l a t e d  c a r b o h y d r a t e s .  ( 6 )  T h i s  i s  u n f o r t u n a t e ,  s i n c e  

more d e t a i l e d  u n d e r s t a n d i n g  of t h e s e  mechanisms cou ld  l e a d  t o  con- 

s i d e r a b l e  s a v i n g s  i n  r e s e a r c h  and development c o s t s  f o r  t h e  v a r i o u s  

i n d u s t r i a l  p r o c e s s e s  now b e i n g  con templa ted ,  p o i n t  o u t  new a r e a s  

where b a s i c  r e s e a r c h  would be o f  u s e ,  and i n  a d d i t i o n  b e  of con- 

s i d e r a b l e  i n t r i n s i c  s c i e n t i f i c  i n t e r e s t .  

11. STRUCTURE OF CELLULOSE 

The pr imary chemica l  s t r u c t u r e  of  c e l l u l o s e  i s  t h a t  of a  

l i n e a r  polymer of  g lucopyranose  u n i t s ,  d e s c r i b e d  more a c c u r a t e l y  

a s  poly-  (6-1 ,4-glucopyranose)  - : 

Other  c a r b o h y d r a t e s ,  and c h a i n  b r anch ing  may o c c u r  t o  a  ve ry  

minor e x t e n t  i n  n a t u r a l  c e l l u l o s e .  The d e g r e e  of  p o l y m e r i z a t i o n  (DP) 





v a r i e s  w ide ly  a c c o r d i n g  t o  t h e  c e l l u l o s e  s o u r c e  and method of  

i s o l a t i o n .  Hamilton and M i t c h e l l  ( 7 )  have  summarized some of t h e  

a v a i l a b l e  d a t a  on c e l l u l o s e  s t r u c t u r e .  These a u t h o r s  no t ed  t h a t  

n a t u r a l  ( n a t i v e )  c e l l u l o s e  may have a  DP between 3,500 and 

10 ,000 ,  w h i l e  t r e a t e d  chemica l  c o t t o n s  a r e  s i g n i f i c a n t l y  degraded  

(DP 200-2,100).  Regenera ted  c e l l u l o s e s  and c e l l u l o s e  d e r i v a -  

t i v e s  such  a s  n i t r o c e l l u l o s e  and c e l l u l o s e  a c e t a t e  have  DP v a l u e s  

o f  between 175 and 550. Apa r t  from t h e  wide  v a r i a t i o n  i n  t h e  DP 

of  v a r i o u s  forms of c e l l u l o s e ,  t h e r e  a r e  a l s o  major  d i f f e r e n c e s  

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

f e r e n t  samples .  Basch and Lewin ( * )  have shown i n  a  v e r y  thorough 

s t u d y  t h a t  many of t h e  r e p o r t e d  l i t e r a t u r e  d i f f e r e n c e s  i n  t h e  

behav io r  o f  c e l l u l o s e  on vacuum p y r o l y s i s  may b e  a t t r i b u t e d  t o  

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

a s  t o  v a r i a t i o n s  i n  t h e  DP. 

A s  w i l l  be shown i n  t h e  f o l l o w i n g  pages ,  t h e  p u r i t y  and 

o r i g i n  of t h e  c e l l u l o s e  used i n  any r e a c t i o n  mechanism r e s e a r c h  

i s  of  c r i t i c a l  impor tance ,  p a r t i c u l a r l y  s i n c e  many of  t h e  m a t e r i a l s  

commonly t h o u g h t  o f  a s  b e i n g  r e l a t i v e l y  p u r e  c e l l u l o s e  may c o n t a i n  

s i g n i f i c a n t  amounts o f  l i g n i n ,  h e m i c e l l u l o s e ,  s a l t s ,  and o t h e r  

m a t e r i a l s  which a f f e c t  t h e  p y r o l y s i s  mechanisms. 
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1. I n i t i a l  P roduc t  I d e n t i f i c a t i o n  

I t  h a s  been e s t a b l i s h e d  by many a u t h o r s  (9-31) t h a t  t h e  major  

p r o d u c t  formed d u r i n g  c e l l u l o s e  p y r o l y s i s  i s  l evog lucosan  

(B-1,6-(D)-anhydroglucopyranose), - and t h a t  t h i s  p r o d u c t  i s  o b t a i n e d  

i n  y i e l d s  v a r y i n g  between 3  and 63% by we igh t .  I n i t i a l l y  t h i s  

appea r s  somewhat s u r p r i s i n g ,  s i n c e  a  d i r e c t  d e h y d r a t i o n  o f  a  

g l u c o s e  u n i t  would have been  e x p e c t e d ,  g i v i n g  a n  u n s a t u r a t e d  

p roduc t .  However, c o n s t r u c t i o n  and examina t i on  o f  a  mo lecu l a r  

model of  t h i s  compound shows a n  e a s y  j u x t a p o s i t i o n  of  t h e  1- and 

6-hydroxyl  g roups ,  w i t h  t h e  r e s u l t  t h a t  l o s s  of w a t e r  between 

t h e s e  two g roups  i s  f a c i l e .  F u r t h e r  examina t i on  o f  t h e  g l u c o s e  

s t r u c t u r e  shows t h a t  a l l  of t h e  r i n g  hydroxy l  g roups  a r e  i n  a  





t r a n s  p o s i t i o n  r e l a t i v e  t o  one a n o t h e r ;  o n l y  by i n v e r s i o n  a t  a  

ca rbon  atom can t h e  r e q u i r e d  c o n d i t i o n  of t h e  hydroxy l  be ing  t r a n s  

t o  a  hydrogen atom on t h e  a d j a c e n t  ca rbon  atom b e  s a t i s f i e d .  

Because o f  t h e  r e l a t i v e  d i f f i c u l t y  of  i n v e r s i o n  w i t h i n  t h e  r i n g ,  

d e h y d r a t i o n  between t h e  hyd roxy l s  a t  p o s i t i o n s  1- and 6- i s  

f a v o r e d ,  and l evog lucosan  i s  t h e  p r o d u c t  o b t a i n e d .  

2. Mechanism of I n i t i a l  Format ion of Levoglucosan from C e l l u l o s e  

The d e h y d r a t i o n  of c e l l u l o s e  t o  l evog lucosan  may occu r  e i t h e r  

a f t e r  t o t a l  depo lymer i za t i on  t o  g l u c o s e ,  i n  t h e  undegraded c e l l u -  

l o s e  i t s e l f ,  o r  a t  some i n t e r m e d i a t e  s t a g e  d u r i n g  depolymeriza-  

t i o n .  The q u e s t i o n  ha s  been r e s o l v e d  by a  number of d e t e r m i n a t i o n s ,  

i n c l u d i n g  t h e  e f f e c t  of m i ld  h e a t i n g  on t h e  DP of c e l l u l o s e ,  and 

t h e  y i e l d s  of l evog lucosan  o b t a i n e d  by p y r o l y s i s  o f  g l u c o s e ,  

c e l l o b i o s e ,  and c e l l u l o s e .  

I t  has  been e s t a b l i s h e d  t h a t  c e l l u l o s e  i s  very  s e n s i t i v e  

t o  m i ld  h e a t  and mechan ica l  t r e a t m e n t  (Tab l e  l ) ,  and t h a t  t h e  

DP d e c r e a s e s  v i a  a  second-order  r e l a t i o n s h i p  w i t h  t i m e  of  h e a t -  

i n g .  (32) I t  was found t h a t  c e l l u l o s e  w i t h  an i n i t i a l  DP of 800, 

a f t e r  h e a t i n g  a t  202OC i n  t h e  absence  of  a i r ,  degraded t o  a  p ro -  

d u c t  w i t h  a  c o n s t a n t  D P  o f  300. T h i s  v a l u e  was r eached  a f t e r  

30 h r  h e a t i n g ,  and d i d  n o t  a l t e r  w i t h  a n o t h e r  25 h r  of h e a t i n g .  

The same c e l l u l o s e ,  t r e a t e d  a t  186OC r e q u i r e d  100 h r  of  h e a t i n g  

b e f o r e  approach ing  t h e  300 DP v a l u e  a s y m p t o t i c a l l y .  The e f f e c t  

of t empe ra tu r e  was shown f u r t h e r  by a  sample w i t h  a n  i n i t i a l  D P  

of 600, which i n  10 h r  a t  2 3 0 ' ~  had r eached  a  c o n s t a n t  DP of 300. 

Cont inued h e a t i n g  f o r  up t o  50 h r  d i d  n o t  a l t e r  t h i s  f i n a l  D P  

va lue .  

Thus, c e l l u l o s e  depo lymer izes  w i t h o u t  l o s s  i n  we igh t  u n t i l  

a  s t a b l e  p l a t e a u  i s  reached  a t  a  D P  of a b o u t  300. R e s u l t s  o b t a i n e d  

by o t h e r  a u t h o r s  (Tab l e  1) u s i n g  a  wide v a r i e t y  of c e l l u l o s e  sam- 

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

v a l u e s  between 100 and 700 w e r e  o b t a i n e d .  The f a c t  t h a t  t h e  





TABLE 1. I n i t i a l  Depolymer iza t ion  of  C e l l u l o s e  on Hea t ing  

Cellulose 

Cellulose 

Cellulose 

Cellulose 

F;bod aellulose 

Cellulose 

TRFA- CONDITICYIJS AND RESULT 
I 

PWI'ERIAL INITm DP 

Cotton I 

FINAL DP 

Dry aellulose 

Cellulose 

Cottm cellulose 

Cellulose 

Heating for  4 - 12 hr  in  an agate 
ba l l  m i l l  

Heating fo r  2 h r  a t  250°C 

Heating for  4 h r  a t  250°C 

Ultraviolet Radiatim 

Mild oxidatim 

Heating fo r  5 min a t  76 - 20°C with 
A1C13 in El4 

Heating a t  150 - 250°C for  0.25 t o  I 

30 min 

Heating a t  300°C. A sharp increase in  j 
levoglucosan yield was obsenred a t  a DP 1 
of 200 I 

i 

d The f i na l  DP was temperature independen, 

Heating in boiling 10% sulfur ic  acid 

Heating in kerosene a t  200°C f o r  180 t o  
360 m i n  





TABLE 1. ( C o n t i n u e d )  

MATERIAL INITlAL DP FINAL DP 1 T R E A m  CONDITICNS AND RESULT REFEmCE 

Mercerized oellulose 1537 

I 
Cottm cel lulose 1 1000 

i 

wood ce l lu lose  
I 
1 800 
I 

Wood cel lulose 1 800 1 300 

Wood ce l lu lose  1 600 300 
I I 
I 

Cot tm Linters  1 1842 145 
I j 

Decrystallized 
ce l lu lose  

Cellulose 

Deltapine m t t o n  I 3083 
1 213 
I 

Pima cotton I 3082 i 235 
E r o e r i z e d  Pima 
cotton 

Ramie 

Cellulose 

Cellobiose 

Heating in kerosene a t  200°C f o r  
180 to 360 min 

Acid hydrolysis; 50-638 of levoglu- 
cosan was obtained f m  t h e  l o w  DP 
material 

Heating f o r  55 hr a t  202OC 

Heating f o r  100 hr a t  186OC 

Heating f o r  50 hr a t  230°C 

Ethanolys is 

Heating a t  225OC 

Heating a t  225OCl 

Heating a t  251°C f o r  150 min 

Heating a t  251°C f o r  150 min 

Heating a t  251°C f o r  150 m i n  

Heating a t  251°C f o r  150 m i n  

Gave a 54-60% y ie ld  of 1evog.lucosan 
on heating 

Gave a maximum y ie ld  of 3 - 4% of 
levoqlumsan on heatinq 





depo lymer i za t i on  occu r s  w i t h o u t  a p p r e c i a b l e  l o s s  i n  we igh t  

( i . e . ,  w i t h o u t  s imu l t aneous  decompos i t ion)  was conf i rmed by 

Broido e t  a l . ,  (33)who found a  DP d e c r e a s e  from 2650 i n i t i a l l y  

t o  375 f i n a l l y  on h e a t i n g  c e l l u l o s e ,  w i t h  a  we igh t  l o s s  du r ing  

t h i s  p r o c e s s  of  less than  1%. However, i n  f u r t h e r  d e c r e a s i n g  

t h e  DP from 375 t o  350, a  f u r t h e r  5.7% weigh t  l o s s  o c c u r r e d ,  

i n d i c a t i n g  t h e  o n s e t  of decomposi t ion.  

The d a t a  i n  Tab le  1 show q u i t e  c l e a r l y  t h a t  t h e  i n i t i a l  

r e a c t i o n  o f  c e l l u l o s e  on h e a t i n g  i s  one o f  c h a i n  c l e a v a g e  t o  

u n i t s  of  DP i n  t h e  range  200 - 400 g e n e r a l l y ,  w i t h  a  subsequen t  

f o rma t ion  of some l evog lucosan  on con t inued  p y r o l y s i s .  Basch 

and Lewin ( 8 )  found t h a t  t h e  r e a c t i o n  r a t e ,  a s  de te rmined  by 

we igh t  l o s s ,  was i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of  

t h e  DP, and t h a t  t h e  i n i t i a l  and subsequen t  r e a c t i o n  r a t e s  were 

a l s o  p r o p o r t i o n a l  t o  t h e  c r y s t a l l i n i t y  o f  t h e  sample.  Much of 

t h e  work on c e l l u l o s e  decomposi t ion was performed u s i n g  d i f -  

f  e r e n t i a l  t he rma l  a n a l y s i s  (DTA) and thermogravime t r y  (TGA). S ince  

t h e s e  methods do n o t  p rov ide  chemica l  s t r u c t u r e s  f o r  t h e  p roduc t s ,  

it can on ly  b e  presumed t h a t  t h e  depo lymer i za t i on  d i d  n o t  l e a d  

d i r e c t l y  t o  l evog lucosan  fo rma t ion  by s p l i t t i n g  o u t  of  a  g l u c o s e  

u n i t  from c e l l u l o s e .  I f  c h a i n  c l e a v a g e  was fo l lowed  by g l u c o s e  

fo rma t ion  and subsequen t  d e h y d r a t i o n  t o  l evog lucosan ,  i t  would 

f o l l o w  t h a t  t h e  p y r o l y s i s  of  g l u c o s e  shou ld  g i v e  h i g h e r  o r  e q u a l  

y i e l d s  of l evog lucosan  t o  t h o s e  o b t a i n e d  from c e l l u l o s e .  There  

i s  ample ev idence  t h a t  t h i s  i s  n o t  t h e  c a s e .  For  example, 

Gard iner  (11) r e p o r t e d  d a t a  on t h e  p y r o l y s i s  o f  a  wide r ange  o f  

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

Molar y i e l d s  were r e p o r t e d  f o r  a l l  p r o d u c t s  i d e n t i f i e d ,  and 

i nc luded  y i e l d s  of l evog lucosan  from c e l l u l o s e ,  c e l l o b i o s e  and 

g l u c o s e  of 38.5, 22.7,  and 19 .8%,  r e s p e c t i v e l y .  

Thus i t  would appea r  t h a t  c e l l u l o s e  decomposes t o  l evoglucosan  

v i a  - an i n i t i a l  p a r t i a l  depo lymer i za t i on ,  w i t h  l evog lucosan  forma- 

t i o n  o c c u r r i n g  d i r e c t l y  from t h e  s h o r t e n e d  c a r b o h y d r a t e  c h a i n  





and n o t  p r i m a r i l y  from e i t h e r  g lucose  o r  c e l l o b i o s e .  Gard iner  (11) 

sugges ted  t h a t  l evoglucosan  may be formed by a  double  i n t e r n a l  

n u c l e o p h i l i c  a t t a c k  by hydroxyl ,  w i t h  i n i t i a l  fo rmat ion  of a  

1,2-epoxide and l o s s  of one end of  t h e  c e l l u l o s e  c h a i n  fol lowed 

by a  c leavage  of t h e  epoxide wi th  format ion  of t h e  1 , 6 -  

anhydroglucose l i n k a g e .  Subsequent h y d r o l y s i s  o r  r e p e t i t i o n  of  

t h i s  on t h e  a d j a c e n t  g lucose  monomer u n i t  would l e a d  t o  f r e e  

levoglucosan  format ion .  This  mechanism i s  t h u s  a  combination of 

i n t e r n a l  c h a i n  c leavage  w i t h  end- te rmina l  c leavage  of a  s i n g l e  

u n i t .  F i g u r e  1 d e p i c t s  t h e  r e a c t i o n s  involved .  

Although G a r d i n e r ' s  mechanism appears  t o  be p l a u s i b l e ,  i t  

has n o t  been d e f i n i t e l y  proven,  and mechanisms invo lv ing  e i t h e r  

carbonium i o n s  o r  f r e e  r a d i c a l s  cannot  be r u l e d  o u t .  C e r t a i n l y ,  

c e l l u l o s e  i r r a d i a t e d  by u l t r a v i o l e t  l i g h t  w i l l  decompose by a  

f r e e  r a d i c a l  mechanism, a s  demonstra ted by Hon. (43 ,44)  Hon found 

t h a t  l i g h t  of  wavelengths g r e a t e r  t han  330-340 nm d i d  n o t  cause  

r a d i c a l  fo rmat ion ,  wh i l e  l i g h t  of s h o r t e r  wavelength r e s u l t e d  i n  

f r e e  r a d i c a l  fo rma t ion  a s s o c i a t e d  w i t h  hydrogen g e n e r a t i o n .  The 

format ion  of r a d i c a l s  was very s e n s i t i v e  t o  t h e  presence  of 

wa te r ,  ( 4 4 )  i n d i c a t i n g  t h a t  t h e  decomposit ion of  c e l l u l o s e  by 

t h i s  r o u t e  could invo lve  an  i n t e r a c t i o n  of t h e  c e l l u l o s e  molecule  

w i t h  wate r .  Thus, t h i s  mechanism would n o t  n e c e s s a r i l y  apply  

t o  complete ly  anhydrous c e l l u l o s e .  Bos ( 4 5 )  found t h a t  t h e  hydroxyl  

groups which were r e s p o n s i b l e  f o r  hydrogen p roduc t ion  on i r r a d i a -  

t i o n  were t h o s e  which were l e a s t  hydrogen-bonded. F i n a l l y ,  it 

was found t h a t  fo rmat ion  of photo-induced r a d i c a l s  i n  c e l l u l o s e  

a l s o  r e s u l t e d  i n  g l y c o s i d i c  bond c leavage .  ( 4 6 )  Th is  l a t t e r  work 

would suppor t  t h e  theory  t h a t  c e l l u l o s e  may decompose a  f r e e -  

r a d i c a l  mechanism, a l though  no s p e c i a l  p r e c a u t i o n s  t o  d ry  t h e  

samples were r e p o r t e d .  

3. Levoalucosan Formation from Re la t ed  Com~ounds 

Apar t  from i t s  format ion  a s  a  primary d e g r a d a t i o n  produc t  

of c e l l u l o s e ,  l evoglucosan  i s  formed by thermal  decomposi t ion 
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FIGURE 1. I n t e r n a l  Nuc leoph i l i c  At tack Mechanism f o r  t h e  Con- 
v e r s i o n  of C e l l u l o s e  D i r e c t l y  t o  Levoglucosan( l8)  





of a  v a r i e t y  of  r e l a t e d  compounds. These a r e  l i s t e d  i n  Tab l e  2 .  

The most comprehensive r e p o r t  of  t h e  f o r m a t i o n  of l evog lucosan  

from ca rbohydra t e s  r e l a t e d  t o  c e l l u l o s e  i s  t h a t  of  Houminer 

and P a t a i .  ( 2 4 )  These a u t h o r s  hoped t o  g a i n  i n s i g h t  i n t o  t h e  

decomposi t ion mechanism of c e l l u l o s e .  They r e p o r t e d  t h e  somewhat 

s u r p r i s i n g  r e s u l t  t h a t  t h e  y i e l d  of  l evog lucosan  dec rea sed  w i t h  

i n c r e a s e d  DP from 1 ( g l u c o s e )  th rough  c e l l o t e t r a o s e  (DP=4) t o  -- 
c e l l u l o s e .  T h i s  may perhaps  be e x p l a i n e d  on t h e  b a s i s  of i n c r e a s e d  

mo lecu l a r  s t a b i l i t y  t o  h e a t  w i t h  i n c r e a s i n g  DP, s i n c e  t h e i r  o p e r a t -  

i n g  t empe ra tu r e  was 250°c,  r a t h e r  low f o r  c e l l u l o s e  decompostion.  

From t h e  r e s u l t s  shown i n  Tab le  2 ,  i t  c a n  be  s e e n  t h a t  t h e  

fo rma t ion  o f  anhydrosugars  by p y r o l y s i s  i s  a  common one;  g lyco-  

s i d e s  normal ly  c l e a v e  t o  t h e  ag lycone  i n  t h e  p r o c e s s  of g e n e r a t -  

i n g  l evoglucosan  o r  t h e  e q u i v a l e n t  anhydro-sugar.  I t  i s  d i f f i c u l t ,  

however, t o  d i s c e r n  any t r e n d s  o r  m e c h a n i s t i c  i m p l i c a t i o n s  i n  

t h e s e  d a t a .  

The on ly  a v a i l a b l e  q u a n t i t a t i v e  d a t a  on l evog lucosan  f  orma- 

t i o n  from v a r i o u s  g l y c o s i d e s  a r e  r e p o r t e d  i n  2 a r t i c l e s .  (11,241 

The a p p r o p r i a t e  d a t a  a r e  t a b u l a t e d  (Tab le  3 )  . There  i s  an  appar-  

e n t  d i s c r epancy  i n  t h e  y i e l d s  of l evog lucosan  r e p o r t e d  by h e a t i n g  

v a r i o u s  compounds - i n  vacuo which may be  a t t r i b u t e d  t o  t h e  d i f -  

f e r e n t  t e m p e r a t u r e s  (420°C i n  r e f e r e n c e  11, and 250°c i n  r e f -  

e r e n c e  24) and t i m e s  o f  h e a t i n g .  However, t h e  fo rmat ion  o f  l evo-  

g lucosan  by p y r o l y s i s  o f  any compound c o n t a i n i n g  g lucose  i s  e s t a b -  

l i s h e d ,  a l t hough  t h e  a v a i l a b l e  i n fo rma t ion  does  n o t  appear  t o  

impa r t  any s i g n i f i c a n t  i n s i g h t  i n t o  t h e  decomposi t ion mechanism 

invo lved .  

4 .  Decomposition o f  C e l l u l o s e  t o  Other  Com~ounds 

Although l evog lucosan  i s  a  f r e q u e n t l y  observed  p roduc t  o f  

c e l l u l o s e  decompos i t ion ,  it i s  n o t  t h e  o n l y  one;  i ndeed  i n  some 

c a s e s  it i s  n o t  even t h e  p r imary  o r  major  p r o d u c t .  The fo rma t ion  

o f  l evog lucosan  from c e l l u l o s e  p y r o l y s i s  seems beyond doubt .  





TABLE 2. Format ion  of Anhydrosugars  by P y r o l y s i s  

Compound P y r o l y z e d  P r o d u c t  ( s )  I Xe fe rence  
Anhydrosugar /aglycone ' 

Glucose  i Levoglucosan I 47 

S u c r o s e  

/ Levoglucosan 
I 

4 8 
I 

I Isosaccharosan,C12H20010; I 
i 

49 

I c a r a m e l a n ,  C 2 4 H 3 6 ~ 1 8 i  : 
I I 

1 Caramelene,  C 3 6 H 5 0 0 2 5  
I 
j 

S u c r o s e  (a-D-glucopyranosyl-  
B - D - f r u c t ~ f u r a n o s i d e )  

I 

- I I Levoglucosan 
H 0 Mal tose  (4-0-a-D-glucopyranosyl- Mal tosan t  C12 2 0  

~ - ~ l u c o ~ ~ r a n o ~ e )  

L a c t o s e  (4-O- B-D-galacto- 
pyranosy~-~-giucopyranos e 

Rhamnose 

i 
L a c t o s a n  ( B-ga lac tosy l -  52 1 g a l a c t o s a n r  ! 

Rhamnosan 
I 

D u l c i  to1 1 D u l c i t a n ,  C 6 H 8 0  ( O H )  I 54 
! , 

F r u c t o s e  1 Levulosan  I 55 I 

Levulose  1 ~ e v u l o s a n  10 
I 

, 
G a l a c t o s e  1 G a l a c t o s a n  I 56 

M a n n i t o l  

Manni to l  

1 Isomannide ,  C H 0 
I 

6 10 4 
57 

1 

Manni tan ,  C 6 H 8 0 ( O H ) 4  58 

S a l i c i n  ( 2  ' -Hydroxymethyl- 
I 

Levoglucosan + s a l i r e t i n  59 
phenoxy-B-D-glucopyranoside - I I 
A r b u t i n  (E-Methoxyphenoxy- ) Levoglucosan + h y d r o q u i n o l  

i 
59 

B-D-glucopyranoside) - 
I 

I 
i P h l o r h i z i n  ( 3  ' , 5  ' -dihydroxy- 1 Levoglucosan + phloro-  1 5 9 

phenoxy-B-D-glucopyranoside) - g l u c i n o l  + p h l o r e t i c  a c i d  ~ 
I 

D i g i t o x i n  (C42H66013.0.5H20) Anhydrod ig i toxose  ( C H  0 ) i  6 0 , 6 1  
1 6 1 0 3 ,  

L i c h e n i n  / ' L i c h o s a n '  I 
i 6  2  

I 
L i c h e n i n  a c e t a t e  1 ' L i c h o s a n  a c e t a t e '  6 3  

I n u l i n  / T r i f r u c t o s a n ,  d i f r u c t o s a n  : 6 4 
! 

S t a r c h  i Levoglucosan 65-67 





TABLE 3 .  Yie ld  o f  L e v o g l u c o s a n  f r o m  P y r o l y s i s  o f  C a r b o h y d r a t e s  

Condit ions:  Gardiner - 420°C, 10-20 mn Hg,  t ime  n o t  stated; 
Haminer and Patai, 250°C, 30 min., nm Hg 

* - Not done. # - Heated f o r  20 min. only .  
1 7  

w d  

Mylose 

Anylopectin 

C e l l u l o s e  

C e l l o t e t r a o s e  

C e l l o t r i o s e  

Ce llobiose 

Glucose 

Maltose 

Trehalose  

Lactose 

PklLbiose 

Sucrose 

Raf f inose 

3,6-Anhydroglucose 

Galactose 

Fruc tose  

Mannose 

S o p h o r s e  

Gent iab iose  

a - M e t h y l g l u c s i d e  - 
8 - D ~ t h y l g l u c o s i d e  - 
B -D-phenylglucoside - 

1 , 2  s - i sop ropy l idene -  
a -mlucofu ranose  - 

- 
£ran  Gardiner (111 £ram H a m i n e r  and P a t a i  (24) 

28.8% -* 

24.7 

38.5 

- 

0 

- 

- 

22.7 

19.8 

L 1.7 

3.2 

6.2 

- 

29.4 1 0 

23.7 8.6 

27.2 5 0.6 

22.3 0.8 

18.2 2.8 

17.0 - 
0 

0 

0 

0 

- 

- 
- 
- 

- 
- 
- 
- 

- 

- 

2.6 

3.3 

1.0 # 

trace # 

5.4: 

0.8 # 





b u t  t h i s  d o e s  n o t  mean t h a t  c e l l u l o s e  c a n n o t  decompose by r o u t e s  

which do  n o t  i n v o l v e  l e v o g l u c o s a n .  I n  f a c t  i t  i s  p o s s i b l e ,  

though u n l i k e l y ,  t h a t  l e v o g l u c o s a n  i s  a m a j o r  p r o d u c t  s i m p l y  

b e c a u s e  i t  i s  more s t a b l e  t h a n  a n o t h e r  p r o d u c t  which  d e g r a d e s  

f a s t e r .  The b u l k  o f  t h e  a v a i l a b l e  e v i d e n c e  s u p p o r t s  t h e  hypo the -  

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

p l a c e  w i t h  l e v o g l u c o s a n  as t h e  f i r s t  p r o d u c t ,  b u t  o t h e r  p r o d u c t s  

h a v e  been  o b s e r v e d .  One o f  t h e s e  i s  1,6-anhydro-8-D-glucofuranose, - 
which  G a r d i n e r  (11) e n v i s a g e s  as  b e i n g  formed t h r o u g h  an  e n e r -  

g e t i c a l l y  u n f a v o r e d  r o u t e  invo1vin .g  a n  i n i t i a l  c h a i r / b o a t  con- 

f o r m a t i o n  change ,  f o l l o w e d  by a s u c c e s s i o n  o f  t h r e e  i n t e r n a l  

n u c l e o p h i l i c  d i s p l a c e m e n t s ,  be tween  h y d r o x y l  g r o u p s  a t  p o s i t i o n s  

4  -+ 1 ( c l e a v i n g  t h e  g l u c o s e  r e s i d u e  f r o m  t h e  c e l l u l o s e  c h a i n ) ,  

2  - 1, and 6  -+ 1, r e s p e c t i v e l y .  T h e s e  c h a n g e s  are shown i n  

F i g u r e  2. P e r h a p s  n o t  s u r p r i s i n g l y ,  1,6-anhydro-6-D-glucofuranose - 
i s  a minor  p r o d u c t  f rom c e l l u l o s e  p y r o l y s i s ,  a l t h o u g h  i t s  forma- 

t i o n  a g a i n  seems t o  b e  beyond d o u b t .  I t  h a s  b e e n  i s o l a t e d  and  

i d e n t i f i e d  by 1) g a s  ch romatography ,  2)  as a  c h e i n i c a l  d e r i v a t i v e ,  

a n d  3 )  by m a s s  s p e c t r o m e t r y .  (10 -12114124168169)  Other carbohydrate 

d e r i v a t i v e s  are fo rmed  f rom c e l l u l o s e  a n d  h a v e  b e e n  i d e n t i f i e d  

by v a r i o u s  means. They i n c l u d e  b o t h  a-  and  B-D-glucose, 
(10114)  -. - - 

1, 6-anhydro-3,  4-dideoxy-aJ-8-~-pyranosen-2-one - ( l e v o g l u c o s e -  

none )  , ( 7 0 f  71) 1 , 4  : 3,6-dianhydro-a-D-glucopyranose, - (11f12) gluco- 
- 

e s a c c h a r i n i c  a c i d ,  ( 3 9 )  3-deoxy-D-erythrohexoseulose , (14 ,721  
1 7 ? \  

3 - d e o x y p e n t o s e u l o s e ,  and  3-deoxy-D-glyceropentoseulose. l I L )  

Levog lucosenone  was o r i g i n a l l y  i d e n t i f i e d  as - cis-4,5-epoxy-2-  

p e n t e n a l  ( 7 3 )  i n  c e l l u l o s e  p y r o l y s a t e s .  The y i e l d  w a s  marked ly  

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

L i p s k a  and  McCasland ( 7 4 )  r e a s s i g n e d  t h e  i d e n t i t y  o f  l e v o g l u c o s e n o n e  

as 1,5-anhydro-2,3-dideoxy-B-D-pent-2-enofuranose - , b u t  t h i s  w a s  - 
l a t e r  changed  a g a i n  t o  1 ,6-anhydro-3 ,  4-dideoxy-A '- - ~ - ~ - ~ ~ r a n o s e n -  

2-one. ( 7 0 )  The l a t t e r  r e s u l t  would a p p e a r  t o  b e  t h e  m o s t  r e l i a b l e ,  

s i n c e  a t h o r o u g h  s t r u c t u r a l  i n v e s t i g a t i o n  w a s  pe r fo rmed  u s i n g  a 

w i d e  v a r i e t y  o f  t e c h n i q u e s .  The  3 s t r u c t u r e s  a r e  shown i n  

F i g u r e  3 f o r  compar i son .  
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F I G U R E  3 .  S t r u c t u r e s  P r o p o s e d  f o r  L e v o g l u c o s e n o n e  





Levoglucosenone i s  a  l o g i c a l  p r o d u c t  of t h e  f u r t h e r  decomposi- 

t i o n  of  l evog lucosan ,  b u t  a s  l evog lucosenone  po lymer izes  r a p i d l y  

a t  room t e m p e r a t u r e  i t  canno t  be  c o n s i d e r e d  a s  a  p r e c u r s o r  t o  

t h e  many o t h e r  p r o d u c t s  of c e l l u l o s e  p y r o l y s i s .  The r o u t e  from 

l evog lucosan  t o  l evog lucosenone  may i n v o l v e  a carbonium i o n  

mechanism c a t a l y z e d  by hydrogen i o n ,  and i n v o l v i n g  c h a r g e  r e a r r a n g e -  

ment of  t h e  i n i t i a l l y - f o r m e d  carbonium i o n  from p o s i t i o n  $ 3  t o  2,  

fo l lowed  by d e h y d r a t i o n .  ( 7 0 )  C e r t a i n l y  some such r ea r r angemen t  

i s  nece s sa ry  f o r  t h i s  t r a n s f o r m a t i o n ,  a s  o t h e r w i s e  t h e  r e q u i r e d  

geometry f o r  E l  e l i m i n a t i o n  o f  w a t e r  c anno t  b e  ach i eved .  No 

work h a s  y e t  been  r e p o r t e d  on t h e  decompos i t ion  of  t h e  l evog luco-  

senone polymer; t h u s  any a t t e m p t  t o  e x p l a i n  t h e  mechanism would 

be pu re  s p e c u l a t i o n .  

Among t h e  o t h e r  d e g r a d a t i o n  p r o d u c t s  of c e l l u l o s e  a r e  a  

number of  . f u r an  d e r i v a t i v e s  and s i m p l e  a l i p h a t i c  a ldehydes  and 

ke tones .  For  conven ience ,  t h e s e  a r e  t a b u l a t e d  (Tab l e  4 ) .  The 

amounts of  t h e s e  m a t e r i a l s  formed from c e l l u l o s e  a r e  minor ;  t h u s  

i t  i s  n o t  p o s s i b l e  based  o n  p r e s e n t  ev idence  t o  d e c i d e  whether  

t hey  a r e  genu ine  c e l l u l o s e  pr imary d e g r a d a t i o n  p r o d u c t s ,  o r  

whe ther  they  a r i s e  from o t h e r  i n t e r m e d i a t e s  ( l e v o g l u c o s a n  o r  

l evog lucosenone)  i n  t h e  c e l l u l o s e  d e g r a d a t i o n  pathway. They 

may even  r e s u l t  from some comple t e ly  i ndependen t  d e g r a d a t i o n  

r o u t e .  One s u g g e s t e d  r o u t e  f o r  t h e  f o r m a t i o n  of c a r b o n y l  c o m -  

pounds i n v o l v e s  t h e i r  d i r e c t  f o rma t ion  f rom c e l l u l o s e ' b y  c l e a v a g e  

o f  a  g l u c o s e  r i n g  (12,471 ( F i g u r e  4 )  . 
Some i n s i g h t  i n t o  t h i s  problem h a s  been p rov ided  by 

S h a f i  zadeh,  ( 6 )  who r e p o r t e d  expe r imen t s  on  t h e  p y r o l y s i s  of  

pheny l  - 0-D-glucopyranoside, c e l l u l o s e ,  l evog lucosan ,  3-deoxy- 

D-erythro-hexosulose ,  and o t h e r  compounds. The i n i t i a l  depoly-  

m e r i z a t i o n  r e a c t i o n  of c e l l u l o s e  was found t o  be  t h e  r e s u l t  of  

t r a n s g l y c o s y l a t i o n  r e a c t i o n s ,  g i v i n g  m i x t u r e s  of anhydro-sugars  

(e.  g .  , l evog lucosan  from c e l l u l o s e )  , and randomly l i n k e d  





TABLE 4 .  Non-Carbohydrate M a t e r i a l s  Formed i n  t h e  
P y r o l y s i s  o f  C e l l u l o s e  

I P r o d u c t  I d e n t i f i e d  j R e f e r e n c e  

2-Furaldehyde I 9 , 1 0 , 7 4 ,  
(Fur f  u r a l )  76-79, 

81-86 

5-Hydroxymethyl-2- 1 9-12,74,77 
f  u r a l d e h y d e  1 
2-Fury1 Hydroxymethyl 1 1 , 1 2  
k e t o n e  1 

I 

5-Methy l -2 -ace ty l fu ra  ' 87* 

3-Hydroxymethylfuran 
? 

i 7 8  1 M e t h y l f u r o i c  a c i d  l 87* 
( 5- ethyl-2-f u r a l d e h y d e  1 0 , 7 4 , 7 6 ,  

I ! 77,82 
I 
I 

1 ~ y c l o p e n t a n o n e  1 74,77 

2-Hydroxymethylfuran 
( ~ u r f u r y l  a l c o h o l )  

Cyc lohexanone 

74 ,76 ,77  

B u t y r o l a c t o n e  I 1 7 4 , 7 6 , 7 7  
I 

1 4-Hydroxy-2-pentenoic 1 87* 
! a c i d  & - l a c t o n e  
I - I 

P r o d u c t  I d e n t i f i e d  

C y c l o o c t a t e t r a e n e  

P e n t e n e  

'Hydrocarbons  ' 

Formaldehyde 

Ace ta ldehyde  

Glyoxa l  

P r o p a n a l  
( P r o p i o n a l d e h y d e )  

B u t a n a l  
(n-Butyra ldehyde)  - 

P e n t a n a l  
(n -Va le ra ldehyde)  - 

2-Butenal  
(Cro tona ldehyde)  

2-Methy 1-2-butenal  
( T i g l a l d e h y d e )  

cis-4,5-Epoxy-2- - 
p e n t e n a l  

G l y c e r a l d e h y d e  

L R e f e r e n c e  

74,77 
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FIGURE 4. Mechanism of Formation of Carbonyl 
Compounds from Cellulose. (Io7) 





o l i g o s a c c h a r i d e s .  Sha f i zadeh  a l s o  found t h a t  c e l l u l o s e  p y r o l y s i s  

l e d  t o  a  m i x t u r e  of l evo g lucosan ,  1,6-anhydro-8-D-glucofuranose, - 
t r a c e s  of - a- and - B-D-g l u c o s e ,  3-deoxy-D-erythro-hexosulose, and 

o t h e r  p r o d u c t s ,  i n  b road  agreement  w i t h  o t h e r  a u t h o r s .  F u r t h e r ,  

p y r o l y s i s  o f  l evog lucosan  l a b e l e d  w i t h  14c a t  t h e  1-, 2-, o r  6 -  

p o s i t i o n s  p e r m i t t e d  ass ignment  of t h e  p o r t i o n  of t h e  g l u c o s e  

molecu le  from which t h e  d e g r a d a t i o n  p r o d u c t s  were d e r i v e d .  The 

major  d e g r a d a t i o n  p r o d u c t s  from l evog lucosan  p y r o l y s i s  w e r e  

i d e n t i f i e d  a s  2 - fu ra ldehyde ,  2 ,3-butanedione ( d i a c e t y l )  , pyru- 

valdehyde,  a c e t a l d e h y d e ,  and g l y o x a l .  3-Deoxy-D-erythro- 

hexosu lose  w a s  a l s o  i n d i c a t e d  as be ing  a  major  i n t e r m e d i a t e  i n  

t h e  p y r o l y t i c  decompos i t ion  of c e l l u l o s e  t o  f u r a n  d e r i v a t i v e s ,  

l e a d i n g  t o  t h e  fo rma t ion  of  c h a r  ( 38%)  , w a t e r  (18 .5%)  , ca rbon  

d i o x i d e  (12 .5%)  , ca rbon  monoxide ( 4 % )  , and t a r  and v o l a t i l e  

o r g a n i c  m a t e r i a l s  on p y r o l y s i s  a t  5 5 0 ~ ~ .  The v o l a t i l e  o r g a n i c  

m a t e r i a l s  were v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  by c e l l u l o s e  

p y r o l y s i s ,  and c o n s i s t e d  p a r t l y  of 2 - fu ra ldehyde  ( f u r f u r a l )  , 
2-methylfuran,  5-methyl-2-fura ldehyde,  2 - f u r f u r y l  a l c o h o l ,  and 

f u r a n .  

5. Format ion of  Aromat ic  S t r u c t u r e s  on C e l l u l o s e  P y r o l y s i s  

I t  i s  w e l l  known t h a t  any o r g a n i c  m a t e r i a l ,  h e a t e d  s u f f i -  

c i e n t l y  s t r o n g l y ,  w i l l  form a  cha r .  T h i s  c h a r  i s  o f t e n  and 

i n a c c u r a t e l y  c o n s i d e r e d  t o  b e  f a i r l y  p u r e  ca rbon .  Most of t h e  

e a r l i e s t  work on c e l l u l o s e  p y r o l y s i s  was concerned  w i t h  t h e  

compos i t ion  of  t h e  c h a r  o r  " a r t i f i c i a l  c o a l , "  s i n c e  i t  was 

t hough t  t h a t  c o a l  i t s e l f  was formed by t h e  a c t i o n  of h e a t  and 

p r e s s u r e  on c e l l u l o s e  ( t h e  l i g n i n  component of p l a n t  m a t e r i a l  

was i g n o r e d  i n i t i a l l y ) .  The c o n v e r s i o n  of c e l l u l o s e  t o  condensed 

a r o m a t i c  s t r u c t u r e s  and u l t i m a t e l y  t o  c h a r  was d e s c r i b e d  a s  

' c o a l i f i c a t i o n . '  Very l i t t l e  work o f  any impact  h a s  been done on 

t h e  chemica l  mechanisms i nvo lved  i n  t h i s  t r a n s f o r m a t i o n  - even t h e  

mechanism o f ,  f o r  i n s t a n c e ,  l evog lucosan  c o n v e r s i o n  t o  pheno l s  





has  n o t  been s t u d i e d .  Yokokawa e t  a l . ,  (91)  and Tsukashima (92)  

d e a l t  w i t h  t h e  a r o m a t i c  c a r b o x y l i c  a c i d s  which were produced 

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

from a  comment t h a t  r a t h e r  l a r g e r  amounts of p h t h a l i c  a c i d  were  

produced from c e l l u l o s e  t h a n  l i g n i n ,  t h i s  work ( 9 2 )  con£ irmed 

t h e  f a c t  t h a t  t h e  ' c h a r '  c o n t a i n s  a r o m a t i c  s t r u c t u r e s .  Smith 

and Howard (9  4 )  showed t h a t  t h e  c h a r r i n g  of c o t t o n  a t  tempera- 

t u r e s  of between 190-400" C l e d  t o  a  p r o g r e s s i v e  i n c r e a s e  i n  t h e  

ca rbon  c o n t e n t  of t h e  c h a r ,  from 45 t o  86%. Benzene and d i p h e n y l  

were  o b t a i n e d  from t h e  c h a r  a f t e r  i t  was o x i d i z e d  and d e c a r -  

boxy l a t ed .  

An i n f r a r e d  examina t i on  of  t h e  p r o g r e s s i v e  t he rma l  decomposi- 

t i o n  of c e l l u l o s e  and l i g n i n  h a s  been r e p o r t e d .  ( 9 5 )  A r o m a t i c  C-H 

ou t -o f -p lane  de fo rma t ion  a b s o r p t i o n  bands appeared  a t  t e m p e r a t u r e s  

above 4 2 5 " ~ ;  a t  lower  t e m p e r a t u r e s ,  t h e r e  were  changes  a s s o c i a t e d  

w i t h  l o s s  of w a t e r ,  f o r m a t i o n  of aromatic c a r b o n y l  g roups ,  and 

t h e  d i s a p p e a r a n c e  of C-OH g roups .  T h i s  would i n d i c a t e  t h a t  t h e  

mechanism of a r o m a t i z a t i o n  o c c u r s  v i a  i n t e r m e d i a t e  a r o m a t i c  

k e t o n e s ,  a l t hough  t h e  e x a c t  mechanism of  f o r m a t i o n  of t h e s e  i s  

s t i l l  u n c l e a r .  

A d i f f e r e n t  approach t o  t h e  problem was t a k e n  by B e r g i u s ,  (96)  

who ana lyzed  t h e  g a s e s  produced from c e l l u l o s e  ma in t a ined  a t  

2 5 0 " ~  f o r  s e v e r a l  hou r s .  There  w a s  an  i n i t i a l  change i n  e l e m e n t a l  

compos i t ion  co r r e spond ing  t o :  

T h i s  change r a i s e d  t h e  ca rbon  c o n t e n t  of t h e  r e s i d u e  from 44.5 

t o  62 .5%.  Carbon d i o x i d e  and w a t e r  w e r e  o b t a i n e d  on  f u r t h e r  

h e a t i n g ,  t h e  change co r r e spond ing  t o :  

250°C 





TABLE 5. Aromat ic  Hydrocarbons from C e l l u l o s e  P y r o l y s i s  ( a )  

Der ived  from P y r o l y s i s  o f :  
Hydrocarbon C e l l u l o s e  S t a r c h  Glucose O x a l i c  Acid 

Anthracene 337(b)  104 36 30 

F luo rene  584 32 7  3  

Pyrene  219 35 66 2  

3-Methylpyrene 

Acenaphthylene  

F l u o r a n t h r e n e  164 94 45 0  

Anthan threne  10 1 5  0.2 

Coronene 44 3  1 2  

( a )  A f t e r  G i l b e r t  and L indsay .  (97)  

( b )  I n  micrograms/100 grams a t  650°C. 
(c)  3:4-Benzpyrene h a s  a l s o  been obse rved  by o t h e r s .  (103,104)  

Benzene, t o l u e n e ,  and  o t h e r  a r o m a t i c  compounds have been 
i d e n t i f i e d  a l s o .  ( 74  ,77 ,1°5)  





T h i s  second  p r o d u c t  c o n t a i n e d  508 of c a r b o n y l  oxygen,  which i s  

i n  ag reement  w i t h  t h e  r e s u l t s  of  Hofman e t  a l .  ( 9 4 )  

P r o l o n g e d  h e a t i n g  o f  a l m o s t  any o r g a n i c  s u b s t a n c e  w i l l  

e v e n t u a l l y  y i e l d  s m a l l  amounts of a r o m a t i c  compounds, as 

d e m o n s t r a t e d  by G i l b e r t  and  L indsay .  ( 9 7 )  Some o f  t h e i r  r e s u l t s  

a r e  shown i n  T a b l e  5.  These  a u t h o r s  showed t h e  f o r m a t i o n  from 

c e l l u l o s e  of  a v a r i e t y  o f  c a r c i n o g e n i c  a r o m a t i c  compounds, 

i n c l u d i n g  3 ,4-benzpyrene  and f l u o r e n e .  They a l s o  d e m o n s t r a t e d  

t h e  g e n e r a t i o n  o f  t h e  same compounds from o x a l i c  a c i d ,  a rela-  

t i v e l y  s i m p l e  o r g a n i c  compound. 

A number o f  o t h e r  a r o m a t i c  s u b s t a n c e s  have  been  i d e n t i f i e d  

i n  c e l l u l o s e  p y r o l y s a t e s  . ( T a b l e  6 ) ,  though work on t h e  mechanisms 

f o r  t h e i r  f o r m a t i o n  is  a l m o s t  c o m p l e t e l y  l a c k i n g .  

6 .  P y r o l y s i s  of  Levog lucosan  

I n  t h e  s t u d y  of  c e l l u l o s e  d e c o m p o s i t i o n  mechanisms, t h e r e  

are two o t h e r  g e n e r a l  a p p r o a c h e s  b e s i d e s  the s t u d y  o f  c e l l u l o s e  

d e c o m p o s i t i o n  per - se. One o f  t h e s e  i s  t h e  s t u d y  o f  t h e  decompo- 

s i t i o n  o f  compounds r e l a t e d  t o  c e l l u l o s e  ( e . g . ,  c e l l u l o s e  a c e -  

t a t e s ) ,  and t h e  o t h e r  i s  t h e  s t u d y  o f  d e c o m p o s i t i o n  i n  supposed  

d e c o m p o s i t i o n  p r o d u c t s  o f  c e l l u l o s e ,  s u c h  as l e v o g l u c o s a n .  The 

l a t t e r  work i s  b a s e d  on  t h e  a s s u m p t i o n  t h a t  a n  i n t e r m e d i a t e  i n  

t h e  p y r o l y s i s  pathway w i l l  i t s e l f  y i e l d  q u a l i t a t i v e l y  i d e n t i c a l  

p r o d u c t s  t o  t h e  p a r e n t  m a t e r i a l .  Levog lucosan  and  i t s  d e r i v a t i v e ,  

l e v o g l u c o s e n o n e ,  a r e  n o t  t h e  o n l y  l i k e l y  immedia te  p r o d u c t s  of  

c e l l u l o s e  d e c o m p o s i t i o n  t h a t  have  b e e n , i d e n t i f i e d  w i t h  any d e g r e e  

o f  c e r t a i n t y  t o  d a t e .  F o r  i n s t a n c e ,  S h a f i z a d e h  '6) h a s  r e p o r t e d  

r e s u l t s  of  t h e  p y r o l y s i s  o f  3-deoxy-D-erythro-hexosulose which 

s t r o n g l y  s u p p o r t s  t h e  i d e a  t h a t  t h i s  compound i s  a majo r  i n t e r -  

m e d i a t e  i n  t h e  d e c o m p o s i t i o n  o f  c e l l u l o s e  ( s e e  p . 1 6 ) .  A number 

of  a u t h o r s  have  examined t h e  p r o d u c t s  of  t h e r m a l  d e c o m p o s i t i o n  

o f  l e v o g l u c o s a n  ( 7 7 1 7 9 1 8 9 1 9 6 1 9 8 - 1 0 2 )  and are i n  g e n e r a l  ag reement  





TABLE 6. Phenols Obtained from Cellulose 
Pyrolysates 

Compound Identified Identification Method Reference 

Phenol GC, MS 77,87 

GC only 74 

o-Cresol, - m-Cresol, 
and p-~rescl 

2,5-Dimethylphenol 

3,4-Dimethylphenol 

Paper chromatography, 
GC 

GC, MS 

GC only 

GCI MS 

GC only 

GC, MS 

GC only 

(a) p-Cresol was not identified in this work. 





that these products are the same as those from cellulose pyroly- 

sis. Wodley (77) added the comment that the difference between 

levoglucosan and cellulose pyrolysis consisted of the absence 

from levoglucosan pyrolysates of 2-hydroxymethylfuran, butyro- 

lactone, phenol, cresols, 2,5-dimethylphenol, and one unknown 

compound (present in cellulose pyrolysates), and increased amounts 

of 2 other unknowns. 

Ar seneau ( 9 8 )  visualized the decomposition of cellulose as 

occurring through 2 competing reactions; (1) Dehydration com- 

mencing at 210°C and leading ultimately to the production of char, 

and (2) A competitive reaction leading to depolymerization and 

levoglucosan formation starting to become significant at about 

270°C and increasing rapidly in rate with increased temperature. 

The levoglucosan formed would then lead to the observed decomposi- 

tion products. The only difference between this and other models 

is that the formation of char and levoglucosan would be 

independent. 

The difficulty with Arseneau's rather simplified mechanism 

is that the next decomposition product of levoglucosan may be levo- 

glucosenone, as described earlier (p. 16). Levoglucosenone seems 

to be the primary product of levoglucosan decomposition, itself 

the primary product from cellulose. Unfortunately, levoglucose- 

none polymerizes rapidly even at room temperature, with no change 

in elemental analysis. (70) This raises the complication. of diver- 

gent pathways leading to the ultimate cellulose decomposition 

products - the one pathway through levoglucosenone, which then 
decomposes directly, and the other by the decomposition of the 

levoglucosenone polymer, assuming that this latter decomposition 

is not simply the inverse of the formation reaction. A car- 

bonium ion mechanism has been proposed (70 for the formation of 

levoglucosenone from levoglucosan; applying the same carbonium 

ion type of mechanism to the polymerization reaction in the 





classical manner leads to the complex polymer shown in Figure 5, 

although it should be noted that a free-radical polymerization 

cannot be ruled out and may even be the more probable route to 

this same polymer. There are obviously many ways in which such 

a complex material as levoglucosenone may polymerize, and the 

structure in Figure 5 should only be considered as one possi- 

bility. However, it would seem logical that levoglucosenone 

polymerization would be in competition with its further degrada- 

tion to simpler substances. The use of radioactive tracers 

would shed some light on the mechanisms of levoglucosenone reac- 

tions as ~hafizadeh has already reported for levoglucosan pyroly- 

sis, '6) and could also permit some kinetic data to be obtained 

which might help to establish the relative importance of the 

various possible reaction pathways. 

Among the other degradation products common to both cellu- 

lose and levoglucosan are a number of furan derivatives and 

simple aliphatic aldehydes and ketones (Table 4, pi17). The 

amounts produced are very minor. Because of this fact, it is 

not possible to decide whether they arise from cellulose directly, 

as has been suggested, 12) from levoglucosan or its polymeric 

derivatives, from some other minor product of cellulose pyrolysis 

such as 1,6-anhydro-6-D-glucofuranose, or even from an initially 

formed furan by further decomposition. (47) However they are 

formed, furan derivatives and aldehydes are chemically reactive 

and can undergo very rapid reactions with other substances, 

including cellulose and even themselves. Hence the low yield of 

furans should be no cause for surprise. However, it would be 

overly simplistic to assume their formation by a direct path- 

way from cellulose without further careful experimentation. 





LEVOGLUCOSENONE 'LO 

1) PROTONATION B Y  A C I D  

2) DOUBLE BOND REARRANGEMENT 
AND CARBONIUM ION 
FORMATI ON 

3) COUPLING WITH A SECOND 
MOLECULE, FORMING A 
DIMER CARBONIUM I O N  

4) REARRANGEMENT OF THE 
ENOL TO THE KETO FORM 

51 COUPLING WITH A SECOND 
MONOMER MOLECULE TO FORM 
A TRIMER 

6) REPETITION TO FORM 'THE POLYMER 

FIGURE 5 .  T e n t a t i v e  Pathway f o r  t h e  P o l y m e r i z a t i o n  
o f  Levoglucosenone by a Carbonium I o n  
Mechanism 





7. Crosslinking of Cellulose during Heating 

While dealing with the subject of the possible formation of 

other polymers from .levoglucosenone during the pyrolysis of cellu- 

lose, it is pertinent to note that cellulose itself is a poly- 

functional molecule and is also capable of reacting in such a 

manner as to generate species of higher, rather than lower molec- 

ular weights. This is particularly true if the reactions between 

cellulose and some of its degradation products are included. 

Although cellulose crosslinking is a commonly used way of 

stabilizing cellulose derivatives, the mechanism of the cross- 

linking reactions have received very little attention. The avail- 

able data have been reviewed. (lo6) Crosslinking appears to occur 

by various mechanisms, including carbonium ion and free radical, 

depending on the reactant added (if any) and the reaction condi- 

tions employed. Simple heating of cellulose at 170-200°C for up 

to 40 hr in air or nitrogen led to some depolymerization by cleav- 

age of the glpcoside linkages, and to crosslinking by ester and 

ether bridge formation between chains. (lo7) The mechanism was 

probably ionic, involving a simple dehydration reaction between 

hydroxyl groups on adjacent chains to form ethers (Figure 6). 

The formation of esters requires the presence of a carboxyl group, 

which is absent in unoxidized cellulose. If some oxidation is 

present, then a carboxyl group on cellulose may esterify with an 

hydroxyl group on an adjacent molecule (Figure 7); alternatively, 

an acidic degradation product of cellulose may link two chains. 

This is shown in Figure 8, using oxalic acid as the example of 

the derived acid. 

Rodrig et. al. - - (lo8) examined the effect of formaldehyde (a 
. known cellulose decomposition product) on crosslinking and sub- 

sequent pyrolysis of cellulose. The stability of cellulose was 

increased by interchain crosslinking, but there were opposing 

effects due to the resultant reduction in the DP and hydrogen 





SUMMARY: 

PROTONATION OF A HYDROXYL GROUP ON ONE CELLULOSE CHAIN FOLLOWED BY 
BIMOLECULAR NUCLEOPHI L I C  D l  SPLACEMENT AND LOSS OF WATER, USING A 
SECOND CELLULOSE C H A I N  AS THE NUCLEOPH I LE. 

(ONLY THE RELEVANT GROUPS I N  CELLULOSE ARE SHOWN, FOR SIMPLICITY) .  

FIGURE 6. Crosslinking in Cellulose through Ether Formation 





FIGURE 7. Crosslinking of Cellulose by Ester 
Formation between Chains 





Ce- 

CELLULOSE OXAIATE ESTER CROS SLI NK 

' ONLY REACTING GROUPS ARE SHOWN FOR S I M P L I C I T Y  

# Ce = CELLULOSE C H A I N  

FIGURE 8. Crosslinking of Cellulose through Ester 
Formation with a Pyrolysis Product 





bonding. Additional stabilization of the product was attributed 

to changes in the crystallinity of the cellulose. The mechanism 

of formaldehyde crosslinking of cellulose was found to invclve 

protonation of hydrated formaldehyde followed by dehydration to 

yield the active species, rather than protonation of a cellulosic 

-OH group and dehydration to a cellulose carbonium ion. (109) - 

This ionic mechanism was temperature dependent. ('16) The class- 

ical carbonium ion mechanism for cellulose crosslinking has also 

been discussed. (111) 

The involvement of free radicals in cellulose crosslinking 

has been studied by a number of authors. Heating of cellulose 

acetate films in darkness in either oxygen or nitrogen at 50°C 

.for 150 hr did not cause any discoloration, ('12) although irradia- 

tion at this temperature with UV light (primarily 253.7 mm wave- 

length) caused rapid darkening. The data were interpreted to 

mean that oxidation and irradiation of cellulose generated free 

radicals by different mechanisms. Thus, caution should be exer- 

cised in comparing experiments where radical initiation in cellu- 

lose was caused by either irradiation or by chemical agents or 

heat. The action of heat on cellulose clearly produces free 

radicals, as demonstrated by the appearance of an intense para- 

magnetic resonance signal ('13) after slow charring of cellulose 

below 600°C. The number of radicals generated was significant - 
one per 2000 carbon atoms, or approximately one free radical for 

each 330 glucose units. This would be quite sufficient to 

cause crosslinking of the cellulose chains, and in fact the 

observed rapid decline in the resonance absorption intensity at 

temperatures in excess of 600°C was attributed to aromatization 

through crosslinking, leading eventually to graphite. Free 

radicals have been shown to be formed by simple mechanical 

grinding of cellulose. ('14) Grinding of cellulose with hexane 





in a ball mill for 18-29 hr led to radical formation, as shown by 

electron paramagnetic resonance and chemical radical trapping mech- 

niques. The activation energy for radical formation in cellulose 

was found by Arthur and ~ i n o ~ o s a ( l ~ ~ )  to be 33 Kcal/mole, with 

chain reaction initiation on heating to between 250-300°C. This 

is in agreement with results obtained by thermogravimetry, where 

dehydration of cellulose takes place by an ionic mechanism at 

lower temperatures, and is surpassed in rate at above 300°C by a 

different mechanism. Irradiation of cellulose with gamma- 

radiation was also shown to result in free radical formation, (116) 

leading in this case to a linear decrease in the water absorption 

properties of the cellulose by about 10-15% to a total radiation 
7 dose of 10 rad, probably caused by cellulose chain crosslinking. 

Initiation of chain reactions in cellulose at high tempera- 

tures is only to be expected, since carbon-carbon bonds charac- 

teristically break homolytically rather than heterolytically at 

high temperatures. The bulk of the available evidence supports 

the theory that an initial carbonium ion-mediated dehydration 

mechanism predominates at low temperatures (below 250°C), and 

that this yields to a free radial chain reaction at temperatures 

of 300°C and higher. ('17) Both mechanisms may lead to some 

crosslinking reactions, by routes that have already been discussed. 

Thus, a description of the decomposition mechanisms of cellulose 

must not only deal with immediate degradation products, but also 

with secondary products arising from the decomposition of non- 

cellulosic high molecular weight materials (such as 

poly-levoglucosenone). 

8. Pvrolvtic Reactions of Cellulose Derivatives 

It has already been commented that there are three ways of 

studying cellulose decomposition mechanisms: (1) by identifying 

the decomposition products from cellulose pyrolysis; (2) by 





pyrolyzing known or suspected intermediates and correlating the 

product distribution with that obtained from cellulose; or (3) by 

pyrolyzing cellulose derivatives with known structural modifica- 

tions such that some pathways for decomposition may be blocked or 

modified in known ways. The latter approach will now be discussed 

briefly, although a comprehensive review of cellulose derivative 

reactions would be out of place here. Instead, the pyrolytic 

reactions of cellulose derivatives will be discussed in the 

restricted sense of their being relevant to a determination of 

decomposition mechanisms in cellulose itself. 

The relationship between the chemical structure of cellulose 

and the thermal stability of its derivatives was studied by 

Lyalyushkin et al. -- 
(11*) Based on the additional stability con- 

ferred on cellulose by impregnation with phenylenediamines, it 

was concluded that thermal instability in cellulose arises when 

aldehyde or hydroxyl groups are formed (as in I and 11, Fig- 

ure 9). Marked increases in thermal resistance occurred when the 

'R' group in formula I was replaced by the group =NC6H4NH2, or 

when ' R '  in I1 was replaced by -NHC6H4NH2. Structure I11 may 

also have been formed. After phenylenediamine impregnation, 

cellulose could be heated at 180°C in the presence of 6% moisture 

for 6 hr without deterioration, while untreated cellulose was 

severely degraded under these conditions. 

Another group of additive treatments to cellulose which 

probably act through chemical modification includes iodination 

and benzhydrylation. Iodination (74) resulted in the formation 

of a large amount of char for a given weight loss rate; benz- 

hydrylation had a lesser but similar effect, while both treat- 

ments together resulted in a lower char yield compared to 

untreated cellulose. These somewhat puzzling results were 

attributed to an effect on the decomposition rate of levoglucosan. 





CHR CllR 

FIGURE 9. Modifications to Cellulose Structure Which 
Confer Thermal stability ( 118) 





Any of the treatments (iodination alone, benzhydrylation alone, 

or both) reduced the number of low molecular weight degradation 

products observed, from 59 without treatment to 5 after treatment. 

The major products from chemical treatment followed by pyrolysis 

were water and levoglucosenone. More work needs to be done on 

this interesting effect before a specific mechanism can be pro- 

posed, but it would appear that the normal degradation mechanism 

for cellulose pyrolysis has been disrupted by substitution of 

hydroxyl functions by iodine or benzhydryl groups. 

Much of the work reported on cellulose pyrolysis mechanisms 

involves the testing of various chemical flame retardants. Since 

the flaming reactions in cellulose are believed to be a function 

of the pyrolytic tar rather than the cellulose itself, the effi- 

cacy of an additive or chemical modification to cellulose is 

often measured in terms of decreased tar yields relative to 

char. (23) In fact, the yield of levoglucosan has often been con- 

fused with the yield of tar on the assumption that the two are 

virtually identical. 

Generally, compounds containing phosphorus, halogens, and 

nitrogen are the most effective agents in decreasing tar yields 

from cellulose pyrolysis. Denson ('19) found that ammonia forma- 

tion was implicated in the action of nitrogen-containing addi- 

tives, and suggested that the mode of action was the conversion 

of cellulosic carboxyl groups to the more stable amides and 

nitriles; phosphorus-containing compounds acted through the forma- 

tion of phosphoramides. 

The mechanism of action of phosphates on cellulose pyrolysis 

char yields was investigated by Hendrix, (120) using phenyl phos- 

phates as additives. These organic phosphates formed phosphate 

esters with cellulosic hydroxyl groups; at 300°C the esters 

decomposed with the elimination of an organic phosphate, forming 

a dehydrated cellulose. The probable mechanism, involving 





esterification, protonation of an hydroxyl group, and an S 
N2 

displacement, is shown in Figure 10. Nitrogenous bases had a 

synergistic effect with phosphates, due to their reaction with 

phenyl phosphates to form complex phosphoramides. These latter 

compounds reacted with cellulose to form esters at lower tempera- 

tures and in higher yields than did triphenyl phosphate alone. 

Interestingly, levoglucosan was - not a major intermediate in the 

pyrolysis of cellulose treated with phenyl phosphates, phos- 

phoramides, or other chemicals capable of forming phosphoramides. 

This would indicate that there are separate and distinct mech- 

anisms for char and levoglucosan formation from cellulose itself. 

In the case of the phosphate-catalyzed reaction, the effect of 

the phosphate can easily be rationalized. By forming an ester, 

an inversion of configuration occurs at one hydroxyl group. This 

places the phosphate ester group in the trans configuration to a 

hydrogen atom on the adjacent carbon atom, required for E2 elimina- 

tion to become more favored. Without this inversion the' preferred 

dehydration occurs between carbon atoms 1 and 6, leading to levo- 

glucosan formation. The greater ease of phosphate cleavage rela- 

tive to hydroxyl also aids in the elimination of water to form an 

unsaturated cellulose. 

Direct phosphorylation of cellulose and heating of the pro- 

duct was also investigated by Inagaki -- et al., (I2') who concluded 

from their studies on the pyrolysis of cellulose methylphos- 

phonate and cellulose phosphate ammonium salts that the initial 

decomposition occurred - via a cis-B-elimination mechanism with 

formation of a double bond. Hence, the subject of the normal 

trans compared to the proposed - cis elimination mechanism has yet 

to be resolved. Katsuura and Inagaki (122) also observed that the 

rate of double bond formation in pyrolyzed cellulose in the pres- 

ence of phosphorus-containing flame retardants was directly 

proportional to the self-extinguishing character of the cellulose. 





HEAT 
P 

(E2 MECHANISM) 

( isN2 MECHAN I SM) 

"CELL- a CELLULOSE CHAIN; O=P(OH)3 ORTHOPHOSPHORI C ACID; 
THE 5 MECHANISM 1 S SHOWN: THE S MECHANI S M  WOULD ALSO 

N2 1 
OCCUR. EITHER MECHANISM RESULTS I N  INVERSION - TOTAL INVERSION 
BY S AND 50% INVERSION BY S . THE RESULT I S  THE FORMATION 

N2 N1 
OF A PHOSPHATE ESTER GROUP TRANS TO A HYDROGEN ATOM ON THE 
ADJACENT CARBON ATOM, SUCHTHAT ELI M I  NA'TI ON CAN OCCUR TO FORM 
A DOUBLE BOND. TO SHOW THIS  INVERSION, THE CELLLILOSE MOLECULE 
I S  PICTURED A S  BEING I N  A PLANE AT RIGHT ANGLES TOTHE PAPER -- 
THE THICK BLACK BONDS BEING THE PORTION OF THE MOLECULE ABOVE 
THE PAPER PLANE. 

FIGURE 10. Mechanism of Cellulose Double Bond 
Formation in the Presence of 
Phosphoric Acid Additive 





The efficiency of various phosphorus-containing flame retardants 

was also proportional to the electron density in the phosphate 

group, and hence to the ease of elimination of this group. 

Rafalsk'ii et. al., - - (123) studied the effect of phosphoryla- 
tion of cellulose and pyrolysis of the metal salts of the phos- 

phorylated material. With no metal, decomposition was observed 

at 210°C, while the Mg, Be, Nit Pb, and Ba salts did not start to 

decompose until between 280-330°C. In the absence of a metal ion, 

complete decomposition occurred by 250°C while temperatures in 

excess of 330°C were needed to complete the decomposition in the 

cases of the above metal salts. The copper salt, on the other 

hand, started to decompose at 230°C. Since copper salts are well 

known promoters of free radical reactions, these data indicate 

that there may be different decomposition mechanisms operating 

concurrently, although there is no direct evidence for this. 

There is one report. (I2*) that inorganic salts promote C-C bond 

cleavage in cellulose rather than the normal C-0 glycosidic bond 

cleavage. 

Kislitsyn - et. - al., examined the applicability of free 

radical mechanisms to cellulose pyrolysis by the addition to 

cellulose of two stable radical generators: - di-B-naphthylphenylene- 

diamine, and 2,6-bis-(2-hydroxy-3-tert-butyl-5-methylbenzyl) 

4-methylphenol. These compounds caused homolytic cleavage in cel- 

lulose, with intramolecular chain transfer. The overall activa- 

tion energy was 30.5 Kcal/mole. The pyrolysis carried out at 

335OC and 100 mrn Hg yielded no detectable levoglucosan. This 

indicates that the normal mechanism for levoglucosan formation 

was suspended by the addition of free radical generators, and 

therefore that levoglucosan is formed through an ionic mechanism. 

Wodley ("I studied the effects of flame retardants on cellu- 

lose and levoglucosan pyrolysis, and found that the formation of 

pyrolysis products from the untreated materials was essentially 





independent of temperature in the range 330-440°C, and that the 

gas chromatograms of the products were consistent with a mecha- 

nism involving production of levoglucosan as the first step in 

the degradation of cellulose. The addition of ammonium dihydrogen 

phosphate or potassium bicarbonate (well-known flameproofing 

agents) did not alter the nature of the products from pyrolysis. 

It is thus evident that not all flameproofing agents containing 

phosphorus act in the same manner as triphenyl phosphate (120) or 

methyl phosphonate, (12') since these latter agents caused loss of 

water by elimination from within the glucose ring and suppressed 

the formation of levoglucosan. 

Of the wide range of other cellulose derivatives which have 

been investigated for their behavior on pyrolysis, most were 

studied to determine their thermal stability for practical use 

rather than to determine their decomposition mechanisms. Although 

much useful information can be obtained from the published data 

on such compounds, it would not be pertinent to discuss it in 

detail here. Hence, the major articles and conclusions are sum- 

marized in Table 7. In place of a detailed description, examples 

illustrative of the different approaches and problems encountered 

will be given. 

Unfortunately from the standpoint of determination of reac- 

tion mechanisms, much of the work on the pyrolysis of cellulose 

derivatives was carried out in the presence of air, which could 

have altered the mechanism. Oxygen is a diradical of rather weak 

activity, but is nonetheless capable of causing modifications in 

reaction modes. One example of how this occurs is in the forma- 

tion of cellulosecarboxylic acids on heating. It is not unlikely 

that considerable esterification crosslinking could occur in such 

a case which would not occur if the pyrolysis were carried out 

under vacuum or in the presence of an inert gas. A more concrete 





TABLE 7. Degradation of Cellulose Derivatives and Cellulose Additive Mixtures 

MATERIAL AND ADDITIVE CONDITIONS AND RESULTS REFERENCE 

Cellulose + organic phosphates Supported ester/dehydration mechanism 118 
for additive effect. Ph.D. Thesis. 

Cellulose + phenylenediamines 

5 Cellulose triacetate 

Cellulose triacetate 

Cellulose triacetate 

Structural support for stable group 118 
formation theory of additive action 

350°C/0.02 torr. 16% 1,6-anhydro- 128 
2-0-Me-P-D-glucopyranose identified as 
benzoate and by NMR. Obtained through 
a 1,4-anhydro-intermediate. 

Heated at 900° yielded acetylated mono- 129 
and di-saccharides and oligomers, AcOH, 
ketene, and water. 

Heated at <350° yielded a non-graphitizing 130 
char with complete loss of acetate. 

Deacetylation and chain scission at the 131 
1,4-glycosidic link, followed by condensa- 
tion of C H 0 + C5H4 units. 

5 4 

Ethylcellulose Increased heat stability was conferred by 132 
Ethylcellulose Ca or Na salt converting ethylcellulose into salts. 

Ethylcellulose + 0.4% NaOH/l hr/20° 1% oxalic acid at 60° for 2 hr or 98O 133 
for 1 hr degraded the Na salt less than 
untreated ethylcellulose. 





TABLE 7. (Continued) 

MATERIAL AND ADDITIVE CONDITIONS AND RESULTS REFERENCE 

Trimethylcellulose 

Methylcellulose 

Cellulose 

Heat produced 2,3,6-tri-0-methyl-14- 134 
anhydro-1,5-glucopyranose and 2,3,6- 
tri-0-methylglucose. 

With 6.5-32.1% methoxyl, heat at 
350-600' for 1 min. Methoxyl content 
of the cellulose was proportional to 
the methanol content of the pyrolyzate. 
The optimal temperature for maximum 
methanol production was inversely pro- 
portional to the methoxyl content of 
the cellulose. 

REVIEW. KHC03 and other additives 
enhance formation and decomposition of 
hydrocellulose at the expense of 
depolymerization. 

Cellulose diacetate-vinyl fluoride Decomposition started at >200°C; weight 137 
graft copolymer loss after 2 hr at 300' was 60-70%, and 
Cellulose diacetate proportional to the -CH2-CH2F content. 

The diacetate was 80% decomposed at 180°C. 

Cellulose acetate, DP = 300-500 At 150-200° the acetate of DP 300 was 138 
Cellulose acetopropionate, most resistant. Stabilizers 
DP = 280-300 (0.0015-0.002 mole/kg) were 4-methal- 
Cellulose acetobutyrate, lyloxydiphenylamine, phenothiazine, and 
DP = 280-300 hydroquinone . 





TABLE 7. (Continued) 

MATERIAL AND ADDITIVE CONDITIONS AND RESULTS REFERENCE 

Mesyl 6-bromocellulose 
Mesyl 6-fluorocellulose 

Cellulose 
p-Aminobenzylcellulose 
xcrylate-grafted cellulose 

Cellulose acetate 
Cellulose propionate 

Cellulose acetate propionate 

Cellulose diacetate 

Cellulose acetate 
Ethylcellulose 

Cellulosic materials 

Blockage of the 6-OH group decreased 139 
the flammability by preventing levo- 
glucosan formation. I 

Heat stability was in the order 
cellulose>.~-aminobenzylcellulose> 
acrylate-cellulose. 

Acid catalyst degradation mechanism by 141 
DP decrease with water, H2S04, AcOH, 
EtCOOHI Ac20, (EtC0)20 at 25O and 35O. 

Decomposition started at 220° by depoly- 142 
merization. Volatile products obtained 
at 260-300°. 

+ Stabilized by ca2+ and Na . 143 

Increased heat resistance as Na, Ca, Mg 143 
salts. Degradation was homolytic with- 
out metal ions, by C-0 cleavage. Ions 
inhibited free radicals. 

Oxidized with NO2 to 6-carboxymethyl- 144 
cellulose; treated with NaHS04, Na2S03, 
and A12(S04) gave A1 salt of 
6-carboxymet 2' ylcellulose, which was 
heat-resistant. 





TABLE 7. (Continued) 

MATERIAL AND ADDITIVE CONDITIONS AND RESULTS REFERENCE 

Monocarboxycellulose 
Monocarboxycellulose Pb salt 

Cotton linters 
Rayon cord 
Viscose yarn 

Cellulose 
Monocarboxycellulose 

Cellulose dialdehyde 
Carboxymethylcellulose 
Tricarboxycellulose 
Monocarboxycellulose 

Lead salt was more stable. At <220° 145 
degraded by decarboxylation and-depoly- 
merization; dehydration at.245O; ring 
opening at >260°. 

NaIO4/NaC1o2 oxidation introduced 146 
carboxyl groups; decomposition rate at 
140-200°C was directly proportional to 
carboxyl group concentration; DP decreased 
very rapidly. 

More stable than its salts; at >250°C the 147 
NH4 salt was the most stable salt, becom- 
ing the least stable at <250°C. Li, T1, 
K, NH4, and Na salts tested. 

At 490°C the reaction was heterogeneous 148 
and was autocatalyzed by low molecular 
weight products. 

Rate of degradation in vaccum was 149 
increased by the introduction of CH=O or 
CO.OH groups. 

Cellulose At <270°C cellulose was more heat resis- 150 
Monocarboxycellulose A1 and Cr salts tant than its salts; decomposition 

activation energy for cellulose was 
51.7 Kcal/mole; salts depolymerized to 
form levoglucosan. 





TABLE 7. (Continued) 

MATERIAL AND ADDITIVE CONDITIONS AND RESULTS REFERENCE 

6-carboxycellulose N H ~  and anilinium 
salts 

Cotton cellulose 
Fortisan regenerated cellulose 
Arne1 cellulose triacetate 
NO2-oxidized cellulose 

Cotton cellulose 

Hydrated cellulose 

P Cotton cellulose 
u1 

Cellulose hydrate fiber 

Viscose silk 

Alkali celluiose 
+ 0.15 g/l of CoS04*7H20 

Cotton cellulose + glucose 

Complex decomposition with 6 DTA peaks. 

Vacuum pyrolysis gave tar yields decreas- 
ing in the order: cellulose> fortisan> 
arnel>oxidized cellulose. 

H2S04/5 min/lOO°C pretreatment - I 
From cuprammonium salt solution - I1 

~ydrolyzability and levoglucosan yield 
were for I (5.21, 60-63%); I1 (10.76, 
14-15%) ; I11 (9.55, 36-37%) ; IV (23.5, 
4-4.5%); V (23.2, 4.8-5%). This was also 
the order of increase in crystallinity. 

At 55OC, decreased degradation time by 
55 min. 

60% levoglucosan yield if water was 
present; 25-30% levoglucosan yield if 
glucose was present. 





TABLE 7. (Continued) 

MATERIAL AND ADDITIVE CONDITIONS AND RESULTS REFERENCE 

Hydrated cellulose 

Cellulose + 2-208 glucose 

Cellulose + 20% glucose 

5-148 levoglucosan yield. Hydrolysis, 17 
oxidation, dehydration were hence side 
reactions in levoglucosan formation. 

Decreased levoglucosan yield from 
55-608 to 30%. 

Decreased levoglucosan yield compared 27 
to cellulose alone. 

Cellulose + phosphate-containing Self-extinguishing propensity was pro- 122 
flame retardants portional to the rate of double bond 

formation, which was proportional to 
the rate of ester elimination, propor- 
tional to the electron density in the 
phosphate group, and to the efficiency 
of the flame retardant. 

' Birch wood Na CO ; At 100 atm, 280-370°C, pyrolysis increased 155 
Sulfite pulp ) + ~ n ?  cd, A1 acetates char yield to 42% compared to untreated 

material (33.6%) . 
Cellulose ammonium phenylphosphate The order of initiation of weight loss 156 
Cellulose ammonium phenylphosphonate with increasing temperature was: 
Cellulose phosphate<phosphonate<cellulose. 





TABLE 7. (Continued ) 

MATERIAL AND ADDITIVE CONDITIONS AND RESULTS REFERENCE 

Phosphorylated cellulose Decomposition started at 210°C, complete 123 
by 250°C. 

Phosphorylated cellulose Cu salt Decomposed at 230°C. 123 

Phosphorylated cellulose Mg, Be, Ni, Lost water at 280-330°C; decomposed by 123 
Pb, Ba salts >330°C. 

Cellulose ammonium phosphate Different decomposition mechanisms. 157 
Cellulose + NH4H2P04 

Cellulose phosphonate 

Cellulose nitrate 

Initial decomposition temperature 158 
decreased with increased phosphorus 
content; 2-step decomposition with a 
rearrangement of phosphonate to 
phosphate. 

Activation energy for decomposition was 159 
37-39 Kcal/mole. 





example of t h e  e f f e c t  of  oxygen h a s  been r e p o r t e d .  ~ e l l u -  

l o s e  e t h e r s  hea t ed  i n  t h e  presence  of  oxygen underwent homolyt ic  

d e g r a d a t i o n  mediated by oxygen i n s e r t i o n  i n t o  l a b i l e  C-H bonds, 

r e s u l t i n g  i n  t h e  format ion  o f  u n s t a b l e  hydroperoxides .  The 

normal deg rada t ion  mechanism i n  t h e  absence of  oxygen i s  

h e t e r o l y t i c  ( i . e . ,  i o n i c )  . 
The e f f e c t  of t r a c e s  of a c i d s  on p y r o l y s i s  deg rada t ion  

mechanisms i s  i l l u s t r a t e d  by t h e  work o f  Rosenthal .  Although 

t h i s  work was performed w i t h  t h e  c e l l u l o s e  d e r i v a t i v e s  i n  s o l u t i o n  

i n  t h e  r e s p e c t i v e  a c i d  anhydr ides ,  t h e  deg rada t ion  w a s  a c i d -  

c a t a l y z e d  and would t h u s  be  expected t o  f o l l o w  t h e  same mechanism 

even i n  t h e  p re sence  of  on ly  t r a c e s  of  a c i d s  ( such  as could  be 

formed by r e a c t i o n  of t r a c e s  of oxygen w i t h  c e l l u l o s e ) .  The c r u x  

of  t h e  work w a s  t h e  d i scove ry  t h a t  c e l l u l o s e  a c e t a t e  and c e l l u l o s e  

p rop iona te  degraded a t  d i f f e r e n t  r a t e s  - t h e  a c e t a t e  degraded 4x 

s lower  t nan  t h e  p rop iona te .  The e x p l a n a t i o n  which w a s  o f f e r e d  

t o  account  f o r  t h i s  r e l i e d  h e a v i l y  on s m a l l  s t e r i c  d i f f e r e n c e s  

between t h e  a c e t a t e  and t h e  p rop iona te .  Whether o r  n o t  t h i s  i s  

t h e  c o r r e c t  e x p l a n a t i o n ,  it s e r v e s  t o  i l l u s t r a t e  t h e  problems 

a s s o c i a t e d  w i t h  t h e  d e t e r m i n a t i o n  of s p e c i f i c  and unequivocal  

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

9 .  The E f f e c t s  of  Ino rgan ic  S a l t s  on C e l l u l o s e  P y r o l y s i s  
Mechanisms 

Another a s p e c t  of  t h e  o v e r a l l  problem which has  r e c e i v e d  

c o n s i d e r a b l e  a t t e n t i o n  i s  t h e  e f f e c t  of  f lame r e t a r d a n t s  on c e l l u -  

l o s e .  Many i n o r g a n i c  s a l t s  a r e  a c t i v e  i n  t h i s  r ega rd .  Q u i t e  

a p a r t  from t h e i r  commercial v a l u e ,  f lame r e t a r d a n t s  a r e  of  impor- 

t a n c e  f o r  t h e i r  u se  i n  e l u c i d a t i n g  r e a c t i o n  mechanisms because 

i n  many c a s e s  t hey  have a s p e c i f i c  a c t i o n  ( such  as d e p r e s s i n g  

t h e  y i e l d  of  t a r  i n  c e l l u l o s e  p y r o l y s i s ) ,  o r  because they  r e a c t  

w i th  c e l l u l o s e  i n  a  s p e c i f i c  way and a l l o w  some p a r t i c u l a r  p a r t  





of the degradation reaction sequence to be enhanced or another 

to be depressed. Having stated this, it should also be borne in 

mind that in some cases the use of flame-retardants to elucidate 

mechanisms may lead to additional complications rather than sim- 

plifications because of the addition of yet one more variable in 

the reaction sequence. 

There are in general three types of additives to cellulose 

which are active flame-retardants. These are 1) inorganic salts 

added in small quantities and which probably act primarily by 

physical means (e.g., borax), 2) inorganic and organic additives, 

present in small quantities, and which probably act as catalysts 

by direct chemical reaction with the cellulose to promote char 

formation (e.g., H PO ) ,  and 3) chemically modified celluloses 3 4 
(e.g., cellulose xanthate). The latter compounds have already 

been discussed. 

The promotion of char formation at the expense of tar forma- 

tion is generally believed to be responsible for chemical flame 

retardant action, (23 the flaming action being assumed to be due 

to the levoglucosan. This statement is supported by the work of 

Holmes and Shaw, (23) who found that purified cotton cellulose 

yielded mainly a combustible tar and water when pyrolyzed at 418OC 

in either vacuum or dry air. Addition of a flame retardant (in 

this case, tetrakishydroxymethylphosphonium chloride/urea/methylol- 

melamine, 1:1 borax/boric acid, or sodium metavanadate) resulted 

in increased yields of gas and char and decreased yields of tar, 

including levoglucosan. The tar was identified as a major factor 

in the flammability of cotton, the amount of tar and the flam- 

mability being directly related. These results were based on 

earlier results obtained by Madorsky - et. - al., (22) from a study 

of pyrolyzed cotton, cotton hydrocellulose, and viscose rayon 





impregnated with sodium carbonate and chloride. Both groups of 

authors were in agreement concerning the relative importance of 

the tar ('levoglucosan') in the flaming re.action. 

Tang (160) determined thermochemical and kinetic factors dur- 

ing cellulose pyrolysis in the presence of additives, and con- 

cluded that inorganic salts decreased the pyrolysis activation 

energy and favored dehydration of cellulose to char over conver- 

sion to tar and levoglucosan, in essential agreement with Holmes 

and Shaw (23) and Madorsky et. - - al. - (22) However, this work also 
showed differences between various additives. Ammonium phosphate 

and sulfate were the most effective agents, supporting the hypo- 

thesis of Denson (''') that these act through amide and nitrile 

formation mechanisms. Sodium tetraborate (borax) was able to 

catalyze the decomposition of levoglucosan to char before it was 

consumed in flaming reactions, a finding which is worthy of fur- 

ther investigation since it indicates a direct link between levo- 

glucosan formation and char formation, which some authors have 

considered as being formed independently (e.g., (120) 1 .  Boric 

acid and ammonium pentaborate did not prevent flame formation 

but did reduce the char glowing reaction with air; sodium chloride 

decreased flaming and increased char glow. Potassium bicarbonate 

and disodium phosphate had moderate effects on tar formation and 

flaming. Although these effects were all observed during oxida- 

tion processes, and therefore highly suspect from the point of 

view of chemical reaction mechanisms taking place in the absence 

of air (such as pyrolysis), they do nonetheless indicate consider- 

able differences in reaction mechanisms between various inorganic 

additives. Furthermore, even phosphorus and nitrogen-containing 

t 
additives (ammonium salts and phosphates) which could theoreti- 

cally act by forming amides, nitriles, or phosphate esters as has 

been suggested as one possible mechanism of action, do not always 





a c t  i n  t h e  same manner. Thus t h e r e  i s  room f o r  f u r t h e r  work i n  

t h i s  a r e a .  I n  p a r t i c u l a r ,  t h e  c a u s a l  r e l a t i o n s h i p  between levo-  

g lucosan ,  t a r  and c h a r  fo rmat ion ,  and f laming  needs t o  be s t u d i e d  

more c a r e f u l l y .  The assumption t h a t  t a r  e q u a l s  levoglucosan 

e q u a l s  h igh  f laming i n t e n s i t y  i s  commonly made i n  t h e  l i t e r a t u r e ,  

and may be  wi thou t  founda t ion .  For i n s t a n c e ,  some ev idence  has  

been o b t a i n e d  t h a t  l evoglucosan  y i e l d  and f lame r e t a r d a n t  a c t i o n  

may n o t  be  d i r e c t l y  r e l a t e d .  (16') I t  was a l s o  found t h a t  bo th  

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

l o s e  decomposit ion.  

A group of  i n o r g a n i c  f lame r e t a r d a n t s  which h a s  been exten-  

s i v e l y  s t u d i e d  i s  t h e  a l k a l i  meta l  b i c a r b o n a t e s ,  c a r b o n a t e s ,  and 

hydroxides .  These probably  a l l  a c t  by t h e  same mechanism, s i n c e  

on h e a t i n g  t h e  b i c a r b o n a t e s  decompose a t  low t empera tu re s  t o  t h e  

ca rbona te s ,  which r e a c t  w i th  a c i d i c  groups i n  t h e  c e l l u l o s e  b e f o r e  

f u r t h e r  decomposit ion t o  t h e  hydroxides .  ~ r o i d o  (162) found t h a t  

a s  l i t t l e  a s  0.15% of  KHC03 added t o  c e l l u l o s e  s i g n i f i c a n t l y  

a l t e r e d  t h e  p y r o l y s i s  r e a c t i o n s .  Up t o  1 .5% of  potass ium b i c a r -  

bona te  lowered t h e  i n i t i a t i o n  t empera tu re  f o r  decomposit ion by 

80° ,  and e l i m i n a t e d  f lame-producing r e a c t i o n s  i n  a i r  i n  f a v o r  of  

r e a c t i o n s  l e a d i n g  t o  glowing combustion. S i m i l a r l y ,  KHC03 t r e a t -  

ment of  c e l l u l o s e  reduced t h e  tendency t o  i g n i t i o n  on exposure  

t o  i n t e n s e  thermal  r a d i a t i o n ;  however, t h e  a d d i t i v e  g r e a t l y  

i n c r e a s e d  t h e  tendency t o  glowing i g n i t i o n  by i n c r e a s i n g  t h e  ra te  

and degree  of  p y r o l y s i s .  Produc t ion  o f  hydrogen, methane, e t h a n e  

and e thene  were enhanced by t h e  a d d i t i v e  a t  t h e  expense of  t a r  

format ion.  (163) 

The e f f e c t  o f  sodium b i c a r b o n a t e  and hydroxide and potass ium 

hydroxide,  e i t h e r  impregnated on c e l l u l o s e  o r  added a s  powders, 

ha s  been determined by Dolan. (164) Gene ra l ly ,  Dolan'  s r e s u l t s  





support Broido's conclusions, although Dolan added much larger 

amounts of the alkalies so that physical impediment to the com- 

bustion process could have occurred. 

An extensive study of the effect of various additives on 

cellulose pyrolysis has been published by Halpern and Patai. (26) 

These authors also classified the additives according to the 

probable reaction mechanism of their effect on pyrolysis. Con- 

centrations of the additives as low as moles/g of cellulose 

had significant effects both on the velocity of the cellulose 

decomposition process and the nature of the products formed. The 

conclusions reached from these experiments are as follows: 

Basic additives such as sodium carbonate, acetate, and oxa- 

late accelerated the rates of formation of water, acids, and C02. 

Tar formation was also accelerated, but there was no detectable 

anhydrosugar formation i .  e. , levoglucosan) at 250°, and only 
small amounts at 275O. The number of double bonds in the residue 

was also much greater than in pure cellulose, indicating cataly- 

sis of dehydration between adjacent carbon atoms within a ring, 

(forming a double bond) rather than between two hydroxyl groups 

(forming an ether). Neutral salts such as sodium and lithium 

chlorides and sodium sulfate tended to act as weak bases. Hydro- 

gen chloride was lost from the system NaC1-cellulose on heating, 

but not from sodium chloride alone, indicating a direct reaction 

with cellulose.and NaCl before hydrogen chloride was produced. 

Acidic additives such as sodium dihydrogen phosphate, sodium 

hydrogen sulfate, and trimesic acid (1,3,5-benzenetricarboxylic 

acid), acted in a different fashion. There was no appreciable 

effect on the rate of anhydroglucose formation, but two different 

major effects were noted on the char. The bulk of the weight 

loss from cellulose treated with NaHS04 was made up from water 

and levoglucosan, leaving a char consisting of 67% anhydroglucose 





units. Sodium oxalate addition resulted in a weight loss 

entirely due to water, with 52% of anhydroglucose units in 

the char and presumably a much greater proportion of char 

derived from ring degradation products. 

In another article in this series, Patai and Halpern (35) 

found that sodium bisulfate was a relatively poor agent for 

catalysis of carboxylic acid formation from cellulose, in compari- 

son with trisodium phosphate, which was a good catalyst. Also, 

the best catalyst for levoglucosan formation was the worst for 

acid formation, again suggesting that cellulose pyrolysis occurs 

through competing reactions leading to char and water (dehydra- 

tion) on the one hand, and to tar formation on the other. In a 

related context, Broido et. al., (71) - - found that cellulose pyroly- 

sis (without additives) led to levoglucosenone formation as well 
as to levoglucosan formation; pyrolysis of levoglucosan did - not 

yield levoglucosenone. Total degradation occurred when levo- 

glucosan was mixed with an equal weight of sodium bisulfate, and 

pyrolyzed. With cellulose and NaHS04, pyrolysis halved both the 

tar and levoglucosan yields. 

The complexity of results and the differences between results 

obtained by many different workers only services to underline the 

fact that cellulose pyrolysis occurs through several competing 

reactions. 

Borax (sodium tetraborate decahydrate) has been known as an 

effective flameproofing agent since early times. The literature 

on the discovery of this flameproofing agent and similar agents 

has been reviewed by Shafizadeh. (3) Since the first discoveries 

were the result of empirical searches rather than programmed 

experimentation based on a probable mechanism of action, this 

early work will not be further reviewed here. Evidence has been 

presented to suggest that the mechanism of action of borax and to 





some extent of boric acid also, is one involving the solid 

state. (I2) Arseneau found that although the action of borax 

was one of heat transfer hindrance through foam formation (165) 

there was also a reduction in the activation energy of the endo- 

thermic discoloration reaction from 27.8 to 25.1 Kcal/mole, and 

an increase in the activation energy of the major exothermic 

reaction in cellulose decomposition from 34.5 to 40.3 Kcal/mole! 

To further add confusion to this already complex mechanism of 

cellulose decomposition ammonium chloride caused an increase in 

the activation energy of the endothermic discoloration reaction 

from 27.4 to 31.8 Kcal/mole. 

Physical effects in cellulose pyrolysis mechanisms.were 

further implicated by Bains, who suggested that fire retard- 

ants catalyze the loss of water from cellulose in the early stages 

of pyrolysis, causing the formation of a layer of insulating char 

over the compact crystalline portions of the cellulose. 

Finally, to further complicate the issue, the degradation 

product of cellulose - glucose - has been found to exert an auto- 
catalytic effect on the pyrolysis system. Golova et. al., (27 1 

- - 
observed that cellulose can yield 73-75% of a distillate solid 

at room temperature and containing 54-60% of levoglucosan, while 

glucose yielded 39-42% of solid distillate and only 5-6% levo- 

glucosan. The addition of 2-20% of glucose to cellulose resulted 

in a reduction'of the levoglucosan yield from cellulose by up to 

30%. Glucose therefore acted as an inhibitor of levoglucosan 

formation in cellulose pyrolysis. Cellulose hydrate was 

observed to yield 5-14% of levoglucosan on pyrolysis. (17 1 Hence, 

hydrolysis, oxidation, and dehydration were considered to be side 
I reactions in cellulose pyrolysis; the major reaction was suggested 

as cleavage at the glycosidic linkage of cellulose to yield frag- 

L ments which either isomerize into levoglucosan or react differ- 

ently to produce tar. 





As will be apparent from the preceding discussion, the mech- 

anism of additive catalysis of cellulose pyrolysis is most com- 

plex and.in all probability involves several different mechanisms. 

Shaf izadeh ( 3 )  listed these various mechanisms in 4 categories, 

although this is probably an oversimplification. The categories 

of additive catalysis were: 

1. Coating of the cellulose fibers by the melted or foamed 

retardant and restriction of the escape of volatile pyroly- 

sis products. 

2. Thermal or heat sink effects, where the additive effectively 

reduces the temperature of the cellulose by absorbing the 

heat of for its own decomposition. 

3. Gas composition variation in the pyrolysis products by 

catalyzing the formation of non-flammable gases such as C02, 

or free radical traps which prevent flame propagation. 

4. Chemical effects, such as the esterification and 

B-elimination mechanism proposed for phosphate-based fire - 
retardants. This is the most authentic chemical mechanism 

and the one which has received the most attention in this 

current review. In terms of assisting the conversion of 

cellulose to tar at the expense of gases, water, and char, 

this category is by far the most important. 

The foregoing brief summary cannot be considered as exhaust- 

ing the literature work which has been done on the effect of addi- 

tives on cellulose pyrolysis. However, since much of this work 

was not done with the intent of elucidating reaction mechanisms, 

a thorough review of the topic would be out of place here. Some 

further information is listed in Table 8. 





TABLE 8. Effect of Inorganic Salts on the Pyrolysis of Cellulose 

MATERIAL ADDITIVE RESULTS REFERENCE 

Plant Natural minerals 

Cellulose 

Cotton Natural ash 
cn cellulose 
u' 

Cellulose Natural ash 
hydrate 

Cellulose, 2% Borax, NaC1, KHC03, 
lignin, wood A1Cl3*6H20, NH4H PO4 

Cellulose None 

Cellulose A1C13 in CC14, EtOH, 
or PhN02 

Filter paper Phosphoric acid 
Avicel 

Maximum rate of weight loss at 175-300°, 167 
and decomposition temperature, both pro- 
portional to silica-free mineral conc. 

At 140-200°, additives increased the 168 
carboxyl and carbonyl content and resin 
content and decomposition rate. The 
initial decomposition rate was indepen- 
dent of the metal ion, but subsequently 
increased in the order Na<H<Fe. 

At 0.06-0.09% ash, (45% levoglucosan was 169 
formed; the formation was maximum when 
20-30% cellulose had decomposed. 
At 0.02% ash, 4-10% of levoglucosan was 
formed; the formation was maximum when 
15-208 decomposed. 

Decomposed at lower temperature than 
cellulose in all cases. 

All except borax decreased the tempera- 
ture initiation of rapid weight loss. 

Completely decomposed at 360°, char 16%. 

DP decreased to 150-200 within 5 min. 38 

Decreased activation energy; increased 171 
char yield. 





TABLE 8. (Continued) 

MATERIAL ADDITIVE RESULTS REFERENCE 

Douglas Fir 
wood 

Douglas Fir 
wood 

Douglas Fir 
wood 

Wood, cellu- 
lose, lignin 

Cellulose 

Cellulose 

Cellulose 

Cellulose 

None. Heated at 250°, 
350°, 550°, and exam- 
ined by scanning elec- 
tron microscopy. 

ZnC12 + Na2Cr207 NO difference from untreated wood. 172 

Urea + Ammonium phos- Cell walls became thermoplastic. 
phate + glucose 

2% and 8% by weight of Net heat of pyrolysis of lignin and wood 173 
borax, KHCO , NaCl initially endothermic, became exothermic; 
AlCl3*6~~0, 3 ~ ~ 4 ~ 2 ~ 0 4 ,  cellulose pyrolysis endothermic. All 
113P04; 8% Na2HP04, additives decreased levoglucosan yield. 
(NH4) 2S04t 
NH4B508* 8H20 

Borax, A1C13, NH H PO Caused increased thermal oxidation rate 171 
at below 200°C and decreased the flam- 
mability above 200°C. 

None 1st Order depolymerization mechanism, with 175 
an activation energy of 40.5 Kcal/mole. 

KHC03 Dehydration and depolymerization mechanism. 

H3P04, KBr, K2C03, No correlation between the effect of flame 161 
borax, NH4H2P04 retardants and the levoglucosan yield. 

Both basic and acidic retardants acceler- 
ated the early stages of pyrolysis. 





TABLE 8.  (Cont inued)  

MATERIAL ADDITIVE RESULTS REFERENCE 

C e l l u l o s e  Borax, NaCl 

C e l l u l o s e  N H 4 B r t  ( N H 4 )  2HP04 , 
borax  

A d d i t i v e  i n c r e a s e d  c h a r  y i e l d  on h e a t i n g  176 
i n  vacuum. 

C e l l u l o s e ,  40 d i f f e r e n t  a d d i t i v e s  E f f e c t  on  c h a r  y i e l d  d e t e r m i n e d ;  impor- 178 
s u g a r  t a n c e  o f  m i n e r a l  c o n t e n t  i n  c e l l u l o s e .  
( a s h - f r e e )  

C o t t o n  None 
c e l l u l o s e  

C o t t o n  Phosphate  s a l t s  
c e l l u l o s e  

CO/C02 r a t i o  = 0.112 

CO/C02 r a t i o  = 4 

C o t t o n  Vanadium h a l i d e s  CO/C02 r a t i o  i n c r e a s e d  
c e l l u l o s e  

C o t t o n  47 o t h e r  a d d i t i v e s  CO/C02 r a t i o  i n c r e a s e d  by a  lesser amount 179 
c e l l u l o s e  t h a n  p h o s p h a t e s  o r  V s a l t s .  

C o t t o n  Na2C03, L i 2 C 0 3 ,  L i C 1 ,  A l l  d e c r e a s e d  t h e  t a r  y i e l d .  
c e l l u l o s e  NaC1, K2C03 

C o t t o n  Phospha tes ,  bo rax ,  No a f t e r f l o w .  179 
c e l l u l o s e  C e  (SO4) , C r C 1 3  , SbC13, 

ZnC12 





TABLE 8. (Continued) 

MATERIAL ADDITIVE RESULTS REFERENCE 

Cellulose 

Cellulose 

Cellulose 

Cellulose 

Cellulose 

Cellulose 

Wood 

Cellulose 

Cellulose 

Cellulose 

Ammonium salts Increased oil yield by 17%. 180 

3+ Sulfates of Fe , Na, Decomposition rate increased in the tem- 181 
Mg, Znl Al- perature range 20-400°C. 

80-150° for up to 100 hr. Activation 181 
energy 16 Kcal/mole for decomposition. 

Cu2C12, CuC12, ZnC12 Bond cleavage caused by hydrolysis and 182 
then oxidation, not the reverse. 

Na2Si03, K2C03, KHC03, Tar yield decreased on pyrolysis. 183 
KOPh, (NaOOC) 

ZnC12 in water 

Borax, K2C03 Lowered activation energy for pyrolysis 185 

Inorganic salts Promoted C-C bond cleavage rather than 124 
C-0 (hydrolysis) 

"Flame retardants" Increased decomposition rate and char. 186 

"Flame retardants" GC/pyrolysis; comparison of levoglucosan 187 
formation with untreated cellulose. The 
additives decreased the decomposition tem- 
perature but not the GC trace appearance. 





TABLE 8. (Continued) 

- -  

MATERIAL ADDITIVE RESULTS REFERENCE 

Cellulose Boric acid Increase in start of the decomposition 188 
temperature. 

Cellulose (NH4) 2HP04, NH4C1 Decrease in start of the decomposition 188 
temperature. 

Cellulose AlC13 in dry CC14 Depolymerization; decreased polymer mol. 189 
wt. range and degree of crosslinking. 

Cellulose H2S04, HBr, HC1 150-190°/2-8%/1-3 hr. HC1 gave a 45% 190 
yield of levulinic acid at 150°/1 hr. 

Cellulose "Flame retardants" Number of compounds produced by pyrolysis 82 
at 330-400° was decreased by retardants. 

Cellulose Alkali metal base, Decreased the transition temperature, 191 
Alkali metal base activation energy, tar, increased the 
salts residue, did not alter 1st order reaction 

kinetics. 

Cellulose, Borax, NaC1, KHCO,, Borax reduced flaming, as did 2% NaC1. 192 
etc. AlCl3, NH4H2P04, J 2% KHC03 was equivalent in effect to 

H3BO3 (NH4) 2B10016 8% NaC1. 





TABLE 8. (Continued) 

MATERIAL ADDITIVE RESULTS REFERENCE 

Cellulose KHC03 (0.15, 1.5%) Lowered by 80' the initiation tempera- 162 
ture of decomposition; eliminated 
flaming reactions in favor of glowing 
combustion. 

Cellulose NH4C1 

Cellulose Borax 

Cellulose 2% KHC03 

Increased endothermic discoloration reac- 165 
tion activation energy from 27.8 to 
31.4 Kcal/mole. 

Decreased this activation energy to 165 
25.1 Kcal/mole. 

Time-of-flight MS study. KHC03 increased 193 
degradation rate 7-fold at 300°C; little 
difference in volatile compounds. 

Cellulose 1.5% KHC03 Increased sensitivity to glowing ignition; 163 
enhances combustible gas production, 
decreases tar formation. 

Cellulose Acted as a proton source, catalyzed the 194 
dehydration reaction, decreased activation 
energy and tar formation, increased char. 

Cellulose "Flame retardants" Computer simulation of pyrolysis. 195 
fabrics Ph.D. Thesis. 





IV. SUMMARY 

Cellulose pyrolysis is a complex process involving many 

competing reactions. The initial reaction of cellulose is one 

of a reduction in the DP to about 300, and subsequent formation 

of the anhydride 1,6-anhydro-B-D-glucopyranose (levoglucosan) 

and other products. Conversion to the monomer, glucose, does 

not occur to any significant extent, since it has been shown 

that levoglucosan is the major product of cellulose pyrolysis 

but a relatively minor product of cellobiose or glucose pyroly- 

sis (Figure 11). The levoglucosan may be produced by a combined 

chain cleavage and rearrangement mechanism, which can take place 

at any point in the cellulose chain. An alternative minor 

product - 1,6-anhydro-8-D-glucofuranose - - may only be formed at 
the non-reducing end of the chain. Levoglucosan is then 

believed to dehydrate to levoglucosenone. Further degradation prod- 

ucts of the two anhydrosugars include furan derivatives, particu- 

larly 2-furaldehyde and 5-hydroxymethyl-2-furaldehyde, although 

the detailed mechanisms for their formation are unknown. Large 

numbers of other simple molecules are also produced in trace 

amounts, with no proven causal relationship between any of the 

major products and any of the minor products. 

Alternatively, the levoglucosan may polymerize to an unchar- 

acterized polymer with a continuous carbon chain, which can con- 

ceivably either degrade to the observed minor products, or form 

the observed char product. 

At some stage of the pyrolysis, at temperatures in excess 

of 300°C, cellulose itself undergoes a crosslinking reaction 

which may involve a free radical mechanism. The ultimate fate 

of the crosslinked product, or even its importance in the overall 

degradation network, are unknown. 





300% -H20  CROSSLINKED CELLULOSE 4- CELLULOSE 

1 4 0 0 0 ~  

AROMATI ZATION TO'CHAR -H20  
LEVOGLUCOSAN 

t FURAN DERIVATIVES 
1,6-ANHYDRO$ -D-GLUCO 

FURANOSE 
-H20  

LEVOGLUCOSAN 

POLYMER 4 IZATl ON LEVOGLUCOSENONE 

OBSERVED LOW MOLECULAR 
WE1 GHT PRODUCTS 

F I G U R E  11. Summary o f  P r o b a b l e  R o u t e s  f o r  C e l l u l o s e  P y r o l y s i s  





The addition to cellulose of various inorganic salts, or 

modification of the cellulose molecule by the addition of foreign 

groups, leads to considerable alteration in the nature and quan- 

tities of the products observed on pyrolysis. Phosphates and 

ammonium salts or amines appear to form cellulose derivatives on 

heating, such as the amides, nitriles, phosphoramides, or phos- 

phonic acids. These degrade through a direct dehydration mech- 

anism with the formation of double bonds within the glucose rings 

and do not appear to form levoglucosan, although there is some 

disagreement about this conclusion. The mode of action of the 

various other salts which are commonly used as flameproofing agents 

is obscure, since no work has been done on the pyrolysis of 

cellulose/salt mixtures in the absence of air. Thus, beyond a 

statement that these salts appear to depress the yield of vola- 

tile tar from cellulose, little is known regarding their mech- 

anism of action. Physical effects as well as chemical have been 

suggested. ' 

V. CONCLUSIONS 

The history of research into the mechanisms of cellulose 

pyrolysis may be divided into three areas. Firstly, the early 

work beginning in the nineteenth century, where classical methods 

of analysis of the complex mixtures of products obtained yielded 

basic information - the formation of levoglucosan as a major pro- 
duct, for instance. Secondly, with the advent of sensitive 

instrumental analytical techniques such as thermogravimetric 

analysis, mass spectrometry, and gas chromatography, the identi- 

fication of many minor components became possible. The third 

i 
stage has only just begun, and involves the synthesis of all of 

the information into an overall scheme for cellulose pyrolysis, 

4 
including detailed reaction kinetics and mechanisms for each 

'c stage of the process. Most probably, this will involve mainly 





isotopic labeling with carbon and deuterium, coupled with analy- 

sis by radiochromatography and gas chromatography/mass 

spectrometry. 

There are many problems which remain to be solved. To name 

but a few, the question of whether or not levoglucosan is a true 

intermediate in the cellulose degradation pathway; whether levo- 

glucosenone polymerizes or degrades to furans; the origin of the 

char; the degradation pathway to furans; the relative importance 

of free radical and ionic mechanisms at various temperatures; 

the importance of crosslinking of cellulose in modifying the over- 

all pathway by generating different polymers which can also 

degrade thermolytically. 

Ultimately, the application of a systematic research pro- 

gram to elucidate the catalytic effects of various additives to 

cellulose may lead to new ways of degrading cellulose such that 

specific and desirable products may be obtained, or minimizing' 

char yields where the production of liquid fuel is the object 

in view. 

Despite the century and a half of research into the mech- 

anisms of cellulose pyrolysis, and the voluminous literature on 

the subject, the bulk of the necessary work still has to be done 

before any sort of a consistent and rational degradation scheme 

can be proposed, or before any useful predictive work can be done 

on the effects of various additives. 
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