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ABSTRACT 

Dynamic thermogravimetry ( t g a ) ,  d i f f e r e n t i a l  therrnogravimetry 
( d t g ) ,  and F o u r i e r  Transform-Infrared Spectroscopy (FT-IR) were 
performed on a v a r i e t y  o f  c e l l u l o s e s  w i t h  d i f f e r e n t  
c y r s t a l l i n i t i e s .  The d a t a  were compared t o  t h e  c r y s t a l l i n i t y  
i n d i c e s  ( C . I . )  determined by X-ray d i f f r a c t i o n .  Highly 
s i g n i f i c a n t  c o r r e l a t i o n s  (99.9%) included:  a p o s i t i v e  l i n e a r  
c o r r e l a t i o n  of t h e  maximum d t g  va lue ;  a logar i thmic  r e l a t i o n  o f  
t h e  temperature  a t  which t h e  i n i t i a l  10% weight loss occurred ;  and 
a l i n e a r  r e l a t i o n s h i p  of t h r e e  FT-IR absorbance r a t i o s  (1108/1091 
cm-l). (1430/1403 cm-l 1, and ( 1459/1403 cm-l). A s i g n i f i c a n t  
logar i thmic  c o r r e l a t i o n  was a l s o  found for t h e  temperature  a t  
maximum d t g  f o r  c o t t o n  l i n t e r  samples. These r e l a t i o n s h i p s  a r e  
d i s c u s s e d .  

INTRODUCTION 

Researchers  have used many d i f f e r e n t  techniques  t o  measure 

t h e  c r y s t a l l i n i t y  of c e l l u l o s e ,  with t h e  s tandard  method being 

X-ray d i f f r a c t i o n .  A number o f  s c i e n t i s t s  have examined a l t e r n a t e  

methods t o  determine c e l l u l o s e  c r y s t a l l i n i t y .  These a l t e r n a t e  

techniques o f t e n  r e q u i r e  a long a n a l y s i s  time, and/or g ive  

imprecise  and nonreproducible  r e s u l t s .  
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544 SCHULTZ, MC CINNIS AND BERTRAN 

Thermogravimetric Analys is  

Thermogravimetric ( t g a )  a n a l y s i s  has  been e x t e n s i v e l y  used by 

many carbohydrate  chemis ts  because it is a r e l a t i v e l y  s imple ,  

r a p i d ,  and s t r a i g h t f o r w a r d  a n a l y t i c a l  procedure. It should be 

remembered, however, t h a t  t g a  i s  affected by ash conten t  and i s  

a l s o  au toca ta lyzed  by t h e  formation of carbon d ioxide  and 

carboxyl ic  a c i d s .  In  a d d i t i o n ,  t h e  r a t e  o f  weight l o s s  i s  not  

equal  t o  t h e  r a t e  of t h e  p y r o l y t i c  r e a c t i o n s .  

Cabradi l la  and Zeronian examined t h e  dynamic t g a  r e s u l t s  

obtained when c e l l u l o s e  samples  w i t h  d i f f e r e n t  C.I. were pyrolyzed 

in ni t rogen .  They r e p o r t e d  t h a t  as t h e  c r y s t a l l i n i t y  i n c r e a s e d ,  

t h e  percent  char  formed decreased ,  t h e  temperature  a t  which t h e  

i n i t i a l  weight  loss f i r s t  occurred  i n c r e a s e d ,  t h e  temperature  a t  

t h e  maximum r a t e  o f  weight loss increased ,  and t h e  amount of 

levoglucosan produced i n c r e a s e d .  Lipska and HcCasland2 

d e r i v a t i z e d  and d e c r y s t a l l i z e d  s e v e r a l  c e l l u l o s e  samples. They 

a l s o  repor ted  t h a t  t h e  amount of r e s i d u a l  char  decreased a s  t h e  

c e l l u l o s e  c r y s t a l l i n i t y  i n c r e a s e d .  In a d d i t i o n ,  they r e p o r t e d  

t h a t  t h e  r a t e  of weight  loss was i n v e r s e l y  c o r r e l a t e d  t o  

c r y s t a l l i n i t y .  Basch and Leuin3 b e l i e v e d  t h a t  on ly  t h e  amorphous 

r e g i o n s  a r e  a f f e c t e d  d u r i n g  t h e  i n i t i a l  s t a g e  of  weight loss. They 

repor ted  t h a t  both c e l l u l o s e  c r y s t a l l i n i t y  and o r i e n t a t i o n  

a f f e c t e d  t h e  r a t e  of p y r o l y s i s .  Kato and Komorita4 found t h a t  t h e  

p y r o l y s i s  of tobacco c e l l u l o s e  a t  200° t o  30OoC r e s u l t e d  i n  a 

g r e a t e r  y i e l d  of  f u r a n s  from t h e  amOrphQUS than from t h e  

c r y s t a l l i n e  reg ions .  They a l s o  noted a lower t h r e s h o l d  
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ESTIMATION OF CELLULOSE CRYSTALLINITY 545 

t e m p e r a t u r e  for l e s s - c r y s t a l l i n e  c e l l u l o s e ,  as d i d  C a b r a d i l l a  and  

Ze ron ian .  1 

I n  a p p a r e n t  d i s a g r e e m e n t  w i t h  C a b r a d i l l a  and Z e r o n i a n l  and 

L ipska  and McCasland2, W e i n s t e i n  and  Broido5 r e p o r t e d  t h a t  c h a r  

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

d i s o r d e r e d  r e g i o n s  of n a t u r a l  c e l l u l o s e .  Bro ido  and c o - w o r k e r s b  

found t h a t  c r y s t a l l i n e  c e l l u l o s e  showed a l a r g e  d e c r e a s e  i n  D.P. 

b e f o r e  any  a p p a r e n t  w e i g h t  loss o c c u r r e d .  Amorphous c e l l u l o s e  

shoued a mre g r a d u a l  D.P. change .  X-ray a n a l y s i s  shoued t h a t  

amorphous c e l l u l o s e  became p a r t i a l l y  c r y s t a l l i n e  d u r i n g  

p y r o l y s i s .  

I n f r a r e d  S p e c t r o s c o p y  

Tsubo i7  used  p o l a r i z e d  r a d i a t i o n  t o  examine t h e  I R  s p e c t r a  o f  

c e l l u l o s e .  Using t h e  p o l a r i z i n g  t e c h n i q u e  a l o n g  w i t h  d e u t e r a t i o n ,  

he was ab le  t o  a s s i g n  a number of bands.  L iang  and 

Harchessault8 '10 d i d  an in -dep th  s t u d y  on t h e  IR a n a l y s i s  of 

c e l l u l o s e .  They used  p o l a r i z e d  l i g h t ,  a s  d i d  Tsubo i7 ,  and a l s o  

examined t h e  d i f f e r e n c e s  be tween c e l l u l o s e s  I and 11. They 

a s s i g n e d  a number o f  bands  u s i n g  t h e  p o l a r i z a t i o n  t e c h n i q u e  and 

reported d i f f e r e n c e s  i n  t h e  s p e c t r a  between c e l l u l o s e  I and 11. 

O'Connor and  c o - u o r k e r ~ l l ' ~ 3  a l so  d i d  a comprehens ive  s t u d y  

on t h e  I R  a n a l y s i s  o f  c e l l u l o s e .  They examined how c r y s t a l l i n i t y ,  

c r o s s - l i n k a g e s ,  p y r o l y s i s ,  and  o x i d a t i o n  a f f e c t e d  I R  s p e c t r a .  They 

s u g g e s t e d  u s i n g  an I R  a b s o r b a n c e  r a t i o  (1372/2900 cm-l) t o  

estimate t h e  c r y s t a l l i n i t y  of c e l l u l o s e s  I and 11. Using  t h i s  

r a t i o ,  Nelson and O'Connor l 3  r e p o r t e d  a c o r r e l a t i o n  c o e f f i c i e n t  
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546 SCHULTZ, MC CINNIS  AND BERTRAN 

( R )  of 0.860 between t h e  I R  r a t i o  and X-ray a n a l y s i s .  Basch and 

Leu in3  also c o r r e l a t e d  t h e  c r y s t a l l i n i t y  of c e l l u l o s e  u s i n g  t h i s  

I R  r a t i o  and X-ray d i f f r a c t i o n  and  r e p o r t e d  a R v a l u e  o f  0.882. 

S o l i d  p o l y m e r i c  s a m p l e s  have  o f t e n  been a n a l y z e d  u s i n g  KBr 

p e l l e t s .  A major problem of u s i n g  p e l l e t s  t o  s t u d y  polymers  is 

t h a t  t h e  I R  l i g h t  is s c a t t e r e d  by t h e  p o l y m e r i c  material. S i n c e  

a l l  t h e  IR l i g h t  is c o n t i n u o u s l y  p a s s i n g  t h r o u g h  t h e  sample  w i t h  

FT-IR, t h e  l i g h t  is p a r t i a l l y  s c a t t e r e d  and t h i s  r e s u l t s  i n  a 

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

T h i s  d i s a d v a n t a g e  can  be a v o i d e d  i n  D i f f u s e  R e f l e c t a n c e  

I n f r a r e d  F o u r i e r  T rans fo rm (DRIFT) S p e c t r o s c o p y .  14-15 I n  DRIFT, a 

small amount o f  s ample  i s  mixed w i t h  a r e l a t i v e l y  l a r g e  amount of 

a material  of h i g h  r e f l e c t a n c e  b u t  low i n t e r f e r e n c e ,  s u c h  as K C 1  

or KBr. The m a t r i x  m i x t u r e  is t h e n  p l a c e d  i n t o  a sample  cup. I R  

l i g h t  is d i r e c t e d  i n t o  t h e  sample  cup ,  where it  is r e f l e c t e d  and  

t a k e s  m u l t i p l e  p a t h s .  Dur ing  some of  t h e  p a t h s  t h e  I R  l i g h t  

e n c o u n t e r s  some sample ,  where i t  e i the r  p a s s e s  t h r o u g h  

( t r a n s m i s s i o n )  or is r e f l e c t e d  by t h e  sample .  The I R  l i g h t  

e v e n t u a l l y  e x i t s  from t h e  m a t r i x ,  and is r e f o c u s e d .  By r e f o c u s i n g  

t h e  I R  l i g h t ,  a s l o p i n g  b a s e l i n e  is a v o i d e d .  Another  advan tage  i s  

t h a t  DRIFT samples  are  easier t o  p r e p a r e  t h a n  KBr p e l l e t s .  The 

DRIFT s p e c t r a  is a combina t ion  of b o t h  t r a n s m i s s i o n  and r e f l e c t i o n  

s p e c t r a ,  w h i l e  s p e c t r a  from KBr p e l l e t s  are e s s e n t i a l l y  

t r a n s m i s s i o n  s p e c t r a .  

Samples  i n  which no  K C 1  matrix is u s e d  c a n  be r u n  by DRIFT. 

However, poor  s p e c t r a  are o b t a i n e d ,  e s p e c i a l l y  when s t r o n g l y  

a b s o r b i n g  s a m p l e s  s u c h  as  wood are examined .  
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ESTIMATION OF CELLULOSE CRYSTALLINITY 547 

MATERIALS AND METHODS 

C e l l u l o s e  samples  from four s o u r c e s  were used:  

1 )  Co t ton  l i n t e r  p u l p  (SR-210, Buckeye C e l l u l o s e  Corp . ) ,  99% 

a c e l l u l o s e  c o n t e n t  and a D.P. of 2400;16 

2 )  F o l e y  F l u f f s  wood p u l p  (SR WP-2894, Buckeye C e l l u l o s e  

Corp . ) ,  from s o u t h e r n  p i n e  Kraft p u l p ,  97.72 a c e l l u l o s e  

c o n t e n t  and a D.P. of 1500;16 

3) Whatman CF-11; 

4) Avice l .  

The c o t t o n  l i n t e r  and Fo ley  F l u f f s  s amples  were ground i n  a 

Wiley mill t o  p a s s  a 0.5 mm s c r e e n ,  t h e n  g round  i n  a b a l l  m i l l  for 

v a r i o u s  l e n g t h s  of time. D u p l i c a t e  X-ray d i f f r a c t o g r a m s  of a l l  

s amples  were t a k e n  u s i n g  a G e n e r a l  E l e c t r i c  Model X R D a  

d i f f r a c t o m e t e r  . The X-ray d i f f r a c t o g r a m s  were a n a l y z e d  for 

c r y s t a l l i n i t y  by t h e  e m p i r i c a l  p r o c e d u r e  of S e g a l  e t  a l . I 7 ,  and 

were u s e d  by B e r t r a n  and Dale16 to d e t e r m i n e  e n z y m a t i c  h y d r o l y s i s  

rates.  

A Perkin-Elmer TGS-2 the rmoba lance  c o n t r o l l e d  by a Sys tem 4 

m i c r o p r o c e s s o r  was used  fo r  t h e  t g a  and d t g  a n a l y s e s .  The 

m i c r o p r o c e s s o r  was e q u i p p e d  w i t h  a f i r s t  d e r i v a t i v e  computer .  The 

n i t r o g e n  flow rate  was 40 cm/min., and t h e  sample  s ize  was 

a p p r o x i m a t e l y  3.0 mgs. Samples  were h e a t e d  t o  llO°C and h e l d  for 

s i x  m i n u t e s  t o  d e t e r m i n e  t h e  sample  d r y  we igh t  and z e r o  t h e  

i n s t r u m e n t .  The sample  was t h e n  h e a t e d  t o  6OO0C a t  a ra te  o f  

10°C/min. A l l  s a m p l e s  were r u n  i n  d u p l i c a t e ,  w i t h  t h e  a v e r a g e  

r e s u l t  r e p o r t e d .  The a s h  c o n t e n t  was e s t i m a t e d  by p y r o l y z i n g  t h e  
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548 SCHULTZ, MC CINNIS, AND BERTRAN 

sample a t  600OC for 20 minutes i n  a i r  us ing  t h e  TCS-2. This  

method was used s i n c e  only a small amount of each c e l l u l o s e  was 

a v a i l a b l e .  

FT-IR s p e c t r a  were o b t a i n e d  us ing  a Nicolet 20DX equipped 

with a l iqu id-n i t rogen  cooled HCT d e t e c t o r .  The samples were 

mixed with KC1 i n  a 1:40 r a t i o  (sample:KCl), and t h e n  ground u s i n g  

a Wig-L-Bug. A Harrick 2D, center-focus d i f f u s e  r e f l e c t i o n  

(DRIFT) c e l l  was u s e d ,  wi th  600 scans  per sample collected. The 

sample scans  were r a t i o e d  a g a i n s t  t h e  s p e c t r a  of pure KC1.  The 

r e s o l u t i o n  was 2 cm-l, and a Happ-Granzel a p o i d i z a t i o n  f u n c t i o n  

was used. Peak h e i g h t s  were determined us ing  t h e  absorbance va lue  

a t  2000 cm-l a s  t h e  b a s e l i n e .  The cellu1ose:KCl gr inding  process  

may have p a r t i a l l y  a f f e c t e d  t h e  c e l l u l o s e .  However, it was f e l t  

t h a t  t h e  s h o r t  g r inding  time of two minutes would have o n l y  a 

minimal e f f e c t  on t h e  c r y s t a l l i n i t y .  In  a d d i t i o n ,  s i n c e  all 

samples were ground u s i n g  t h e  same s h o r t  g r inding  time, a l l  

samples may have been i d e n t i c a l l y  a f f e c t e d .  It is p o s s i b l e ,  

however, t h a t  t h e  highly c r y s t a l l i n e  samples were a f f e c t e d  more 

than the  less c r y s t a l l i n e  samples s i n c e  t h e  process  of 

c r y s t a l l i n i t y  reduct ion  i s  nonl inear .  As discussed  ear l ier ,  t h e  

DRIFT ce l l  w i l l  g i v e  a s l i g h t l y  d i f f e r e n t  spectrum than would be 

obta ined  by t h e  p e l l e t  method. 

RESULTS AND DISCUSSION 

F o u r i e r  Transform-Infrared Spectroscopy 

A number of  peak absorbances,  peak a r e a s ,  r a t i o s  of peak 

absorbances and areas, and r a t i o s  of peak absorbance t o  a nearby 
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ESTIMATION OF CELLULOSE CRYSTALLINITY 549 

TABLE 1 

I R  Absorbance Rat ios  Used t o  Estimate C r y s t a l l i n i t y .  
The Bands Are A l l  Measured Using t h e  Absorbance Value 

a t  2000 cm-l a s  t h e  Basel ine.  

C r y s t a l l i n i t y  Absorbance r a t i o  
Mater ia l  i n d e x ,  % 1108/1091 1430/1403 1459/1403 

Cotton l in te r  
Cotton l i n t e r  
Cotton l i n t e r  
Cotton l i n t e r  
Cotton l i n t e r  

Foley F l u f f s  
Foley F l u f f s  
Foley F l u f f s  

Avicel 

Whatman 

R 

10 
41  
63 
67 
74 

10 
29 
49 

69 

88 

0.9435 
0.9586 
0.9813 
0.9830 
0.9956 

0.9183 
0.9410 
0.9577 

1.0219 

1.0499 

0.915 
- 

1.0304 
1.0869 
1.1296 
1.1316 
1.1882 

0.9921 
1.0444 
1.0983 

1.1951 

1.2433 

0.966 
-- 

0.8756 
0.8881 
0.8962 
0.9159 
0.9592 

0.8207 
0.8580 
0.921 1 

0.9399 

0.9819 

0.906 

v a l l e y  were compared t o  c e l l u l o s e  c r y s t a l l i n i t y .  The b e s t  

c o r r e l a t i o n s  were found using t h e  absorbance peak/val ley r a t i o  

method, w i t h  t h e  M O O  cm" a b s o r p t i v i t y  used  a s  t h e  baseline.  

The three r a t i o s  u i t h  t h e  b e s t  c o r r e l a t i o n  c o e f f i c i e n t  (R) values  

were: 1108/1091 cm-l ( X l ) ;  1430/1403 cm-l (X2); and 1459/1403 cm-1 

(X3) (Table 1 ) .  A l l  a b s o r p t i v i t y  va lues  were cor rec ted  us ing  t h e  

value a t  2000 cm-l as  t h e  base l ine .  The three R v a l u e s  (0.915, 

0.965, and 0.906) a r e  a l l  s i g n i f i c a n t  a t  t h e  99.9% level .  

Previous ly ,  r e s e a r c h e r s  using IR t o  e s t i m a t e  c e l l u l o s e  

c r y s t a l l i n i t y  had obtained R values  of 0.86013 and 0.880.3 
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FIGURE 1.  DRIFT R-IR s p e c t r a  of t h r e e  c e l l u l o s e  samples .  

F i g u r e  1 shows t h e  I R  s p e c t r a  of t h r e e  samples .  A graph  of  

t h e  1430/1403 cm-l abso rbance  r a t i o  v e r s u s  c r y s t a l l i n i t y  i s  g i v e n  

i n  F i g u r e  2. 

I f  t h e  peak and v a l l e y  a t  1108/1091 cm-l are c l o s e l y  

examined, it a p p e a r s  t h a t  t h e  l l 08 /1091  an-' r a t i o  is a f f e c t e d  by 

t h e  a b s o r b a n c e  a t  1091 cm" d e c r e a s i n g  as t h e  c r y s t a l l i n i t y  

i n c r e a s e s  ( F i g u r e  1 ) .  Nelson and O'Conner12 no ted  a s t r o n g ,  b road  

band n e a r  l og0  cm-l, which r e p o r t e d l y  o c c u r r e d  o n l y  i n  amorphous 

c e l l u l o s e .  Nelson and O'Conner d i d  n o t  p ropose  an a s s ignmen t  f o r  
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FIGURE 2. Correlation of the 1430/1403 cm'' absorbance ratio to 
crystallinity. 

the 1090 cm'l band. They did call the 1 1 1 1  cm-l peak a hydroxy 

association band, using assignments given by Higgins et al. '8 The 

association bands in alcohols have been attributed to the effect 

of hydrogen bonding on the vibrations caused by stretching of the 

C-0 bond. Liang and Harchessault9, however, called the 1110 cm-l 

peak the antisymmetrical, in-phase ring-stretching mode. 

The 1430/1403 cm-l ratio is believed to be affected by both 

the absorbance increasing at 1430 cm-l and decreasing at 1403 cm-l 

as the crystallinity increases. Tsuboi7 and Liang and 

Marchessault9 assigned the peak at 1426 cm-l as CH2 symmetrical 

bending vibrations. Nelson and O'Conner l2 assigned the CH2 
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5 5 2  SCHULTZ, HC CINNIS AND BERTRAN 

bending peak t o  1429 cm-l. They p o i n t e d  o u t  t h a t  t h e  peak would 

be a f f e c t e d  by t h e  env i ronmen t  of t h e  C-6 group ,  such a s  i n t e r -  

and i n t r a m o l e c u l a r  hydrogen bonding a t  t h e  0-6. 

The 1459/1403 cm-l r a t i o  a l so  a p p e a r s  t o  be  dependent  on bo th  

t h e  s h o u l d e r  a t  1459 cm-l and t h e  v a l l e y  a t  1403 cm-l. Tsubo i7  

a s s i g n e d  a peak a t  1446 cm-l as t h e  OH i n -p l ane  bending mode, and 

no ted  t h a t  t h e  1446 cm-l peak d e c r e a s e d  upon d e u t e r a t i o n .  Liang 

and M a r c h e s s a u l t g  a s s i g n e d  a s h o u l d e r  a t  1455 cm-l to  t h e  OH 

in-plane bending.  

S i n c e  amorphous and c r y s t a l l i n e  c e l l u l o s e  have i d e n t i c a l  

c h e m i c a l  bonds,  t h e  I R  s p e c t r a  of amorphous and c r y s t a l l i n e  

samples  s h o u l d  be e s s e n t i a l l y  i d e n t i c a l .  However, t h e  s h a r p n e s s  

of c e r t a i n  I R  peaks  can  be d i r e c t l y  c o r r e l a t e d  t o  t h e  c e l l u l o s e  

c r y s t a l l i n i t y .  This was e x p e c t e d  s i n c e  c r y s t a l l i n e  samples  w i l l  

have bonds of i d e n t i c a l  s t r e n g t h s  and o r i e n t a t i o n .  In an 

amorphous sample,  however,  a p a r t i c u l a r  bond would have a wide 

r a n g e  of s t r e n g t h s  and o r i e n t a t i o n  e n v i r o n m e n t s .  Thus, an 

amorphous sample s h o u l d  g i v e  an IR s p e c t r a  w i t h  broad peaks.  In 

t h e  same way t h a t  t h e  s h a r p n e s s  of an X-ray d i f f r a c t i o n  peak i s  

c o r r e l a t e d  t o  c r y s t a l l i n i t y ,  so s h o u l d  t h e  s h a r p n e s s  of an I R  peak 

be  c o r r e l a t e d  t o  c r y s t a l l i n i t y .  I n  s h o r t ,  w h i l e  the  chemica l  

s t r u c t u r e  of amorphous and c r y s t a l l i n e  cel lulose are i d e n t i c a l ,  

d i f f e r e n c e s  in t h e  p h y s i c a l  env i ronmen t  of t h e  bonds w i l l  g i v e  IR 

s p e c t r a  w i t h  s l i g h t l y  d i f f e r e n t  c h a r a c t e r i s t i c s .  
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5 54 SCHULTZ, MC GINNIS, AND BERTRAN 

TGA/DTG 

The dynamic t g a  and  d t g  d a t a  are summarized i n  T a b l e  2. A 

r ev iew of t h e  l i t e r a t u r e  s u g g e s t e d  t h a t  % c h a r ,  t e m p e r a t u r e  a t  

s t a r t  of w e i g h t  loss, t e m p e r a t u r e  a t  maximum d t g ,  and maximum d t g  

may be c o r r e l a t e d  t o  c e l l u l o s e  c r y s t a l l i n i t y .  1-6 

A p o s i t i v e  l i n e a r  c o r r e l a t i o n  ( R  = 0.895)  was found when 

c r y s t a l l i n i t y  was c o r r e l a t e d  t o  t h e  maximum d t g  v a l u e .  (The 

maximum r a t e  of w e i g h t  loss was d e t e r m i n e d  by measu r ing  t h e  

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

t h e  i n i t i a l  w e i g h t  o f  s ample . )  A r e l a t i o n s h i p  ( R  = 0.976) was 

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

c r y s t a l l i n i t y  v e r s u b  t h e  t e m p e r a t u r e  a t  which 10% weigh t  loss 

o c c u r r e d  ( F i g u r e  3 ) .  The t e m p e r a t u r e  a t  10% weigh t  loss was used  

r a t h e r  t h a n  t h e  t e m p e r a t u r e  a t  which we igh t  loss f i r s t  o c c u r s  

b e c a u s e  t h e  10% v a l u e  was less a r b i t r a r y .  Both  A v a l u e s  are  

s i g n i f i c a n t  a t  t h e  99.9% l e v e l .  These  f i n d i n g s  g e n e r a l l y  a g r e e  

w i t h  t h e  r e s u l t s  r e p o r t e d  by o t h e r  r e s e a r c h e r s - t h a t  a s  t h e  

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

l o s s  f i r s t  o c c u r s  and t h e  ra te  of w e i g h t  l o s s  bo th  decrease. 

The 'I c h a r ,  and % c h a r  c o r r e c t e d  for a s h  c o n t e n t ,  was n o t  

h i g h l y  correlated t o  c e l l u l o s e  c r y s t a l l i n i t y .  However, it was 

no ted  t h a t  t h e  r e s i d u a l  char v a l u e  i n c r e a s e d  a s  t h e  c e l l u l o s e  

c r y s t a l l i n i t y  decreased. The i n c r e a s e d  char  v a l u e ,  however,  may 

have  been  c a u s e d  by a n  i n c r e a s e  i n  t h e  a sh  c o n t e n t  r a t h e r  t h a n  a 

d e c r e a s e  i n  c r y s t a l l i n i t y .  

An e x t r e m e l y  s i g n i f i c a n t  c o r r e l a t i o n  (R = 0.998) was found 

f o r  t h e  n a t u r a l  l o g  o f  c r y s t a l l i n i t y  v e r s u s  t h e  t e m p e r a t u r e  a t  
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FIGURE 3. Temperature (OC) at 10% weight loss versus the log of I 
crystallinity. 

maximum dtg for the cotton linter samples. However, this 

correlation was good for only the cotton linter samples, 

suggesting that other factor(s) besides crystallinity probably 

also have a significant effect. One possibility is that minor 

constituents of the cellulose may act as a catalyst, or that the 

degree of polymerization affects cellulose pyrolysis. 

When examining these correlations, it should be remembered 

that most samples were ball-milled to decrease crystallinity, 

which may have caused an increased ash content due to 

contamination from the steel balls. Since ash can act as a 

catalyst, the effects which were observed may be due, in part or 

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



556 SCHULTZ, MC GINNIS AND BERTRAN 

t o t a l l y ,  t o  t h e  ash  present .  In a d d i t i o n ,  t h e  o r i e n t a t i o n  and 

degree  o f  po lymer iza t ion  of t h e  c e l l u l o s e  may a f f e c t  t h e  tga and 

d t g  curves.  
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