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A REVIEW OF THE SYNTHESIS, CHEMISTRY AND ANALYSIS OF 
NITROCELLULOSE 

C. W. Saunders and L. .T. Taylor. 

Virginia Polytechnic Institute and State University 

Department of Chemistry 

Blacksburg, VA 24061-0212 

ABSTRACT 

Recent avenues of research have improved our understanding of 

the chemistry of nitrocellulose. With this in mind, a brief 

review of the chemistry of nitrocellulose is presented. While not 

comprehensive in nature, this review does point out some of the 

underlying characteristics of nitrocellulose which are of interest 

to the propellant community. 
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INTRODUCTION 

Ni t roce l lu lose  was t h e  f i r s t  chemical d e r i v a t i v e  of cellulose 

prepared i n  t h e  lab1'2'3. 

c e l l u l o s e  to t reatment  with concent ra ted  n i t r i c  a c i d ,  o b t a i n i n g  a 

highly degraded and uns tab le  product. C r e d i t  f o r  t h e  discovery of 

n i t r o c e l l u l o s e  is o f t e n  g iven  t o  C. F. Schonbein, who i n  1846 

I n  1832 Braconnot subjec ted  crude 

produced a s t a b l e  form of t h e  product  us ing  a mixture  of n i t r i c  

and s u l f u r i c  acids .  Var ia t ions  of h i s  technique are s t i l l  used t o  

produce n i t r o c e l l u l o s e  commercially. Other impor tan t  years  i n  t h e  

h i s t o r y  of n i t r o c e l l u l o s e  (from 3 ) :  

1855 - George Audemars f i r s t  p u l l s  a n i t r o c e l l u l o s e  f i lament  

from an e ther /a lcohol  so lu t ion .  

1868 - John W. Byatt  produces t h e  f i r s t  p l a s t i c ,  combining 

n i t r o c e l l u l o s e  with camphor under h e a t  and pressure  t o  produce 

c e l l u l o i d .  

1883 - S i r  Joseph Swan p a t e n t s  a process  for ext ruding  

n i t r o c e l l u l o s e  i n t o  f i laments .  

Ni t roce l lu lose  i s  t h e  n i t r a t e  e s t e r  of c e l l u l o s e ,  a n a t u r a l l y  

occurr ing polymer composed of 6-1,4-anhydroglucose u n i t s .  The 

name n i t r o c e l l u l o s e  is a misnomer, f o r  it implies  a NO 
2 
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f u n c t i o n a l i t y  with the n i t rogen  a t tached  d i r e c t l y  t o  t h e  carbon. 

I t  is, i n  f a c t ,  an ester containing n i t r a t o  groups with an oxygen 

br idge between t h e  carbon i n  t h e  polymer backbone and t h e  n i t r o g e n  

of t h e  n i t r a t e .  The t e r m  n i t r o c e l l u l o s e  is so heavi ly  ingra ined  

i n  t h e  l i t e r a t u r e  and vernacular  of t h e  i n d u s t r y  t h a t  it l i k e l y  

w i l l  remain. 

Ni t roce l lu lose  is the only inorganic  ester Uf  c e l l u l o s e  

produced which has  proven t o  be of commercial s i g n i f i c a n c e ”  ‘. 
For years, it was used as a base f o r  photographic and X-ray f i l m s ,  

bu t  i n  t h e s e  a p p l i c a t i o n s  it has been replaced by c e l l u l o s e  

acetate and o t h e r  po lyes te rs  which are less flammable. The 

l a r g e s t  i n d u s t r i a l  use of n i t r o c e l l u l o s e  today  i s  i n  p r o t e c t i v e  

and decora t ive  coat ings.  These are most ly  automobile sur face-  

primer coa t ings  and r e f i n i s h i n g  lacquers ,  and clear t o p  coat 

f i n i s h e s  for wood f u r n i t u r e .  

conta in  4% t o  6% n i t r o c e l l u l o s e ,  whi le  a t y p i c a l  wood lacquer  

contains  12%. The n i t r o c e l l u l o s e  used i n  these  i n d u s t r i a l  

a p p l i c a t i o n s  conta in  11.8% t o  12.2% n i t rogen  by weight. The types  

and c l a s s i f i c a t i o n  of n i t r o c e l l u l o s e s  a r e  discussed i n  more d e t a i l  

la ter  i n  t h i s  paper. 

The automotive f i n i s h e s  t y p i c a l l y  

The o l d e s t  and p r e s e n t l y  second l a r g e s t  a p p l i c a t i o n  of 

n i t r o c e l l u l o s e  is t h e  f i e l d  of explos ives  and  propellant^^'^'^. 
The manufacture of n i t r o c e l l u l o s e  conta in ing  p r o p e l l a n t s  dates 

back to  1896. In  t h e  United S t a t e s ,  c o t t o n  l i n t e r s  are t h e  sole 
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source of cellulose used for production of nitrocellulose for 

rocket propellant manufacture, while wood pulp can also be used as 

a cellulose source for gun propellant manufacture. There have 

been several studies on the effect of the origin of the cellulose 

on the nitration process, which will be covered in more detail 

later. The nitrocellulose used in propellants has a higher 

nitrogen content than lacquer grade material, being 12.2% to 13.5% 

nitrogen. Propellants containing just nitrocellulose as the 

polymeric binder have been historically known as single base 

propellants. Those which combine the nitrocellulose with 

nitroglycerine, in which it dissolves, are known as double-base 

propellants. An early problem in the propellant manufacture of 

nitrocellulose was its having a much more rapid burning rate than 

black powder, which it replaced. This is now controlled through 

the addition of burning rate modifiers such as lead-6-resorcylate 

and lead and copper salicylates. Recent studies in propellant 

processing have focused upon the molecular weight distribution of 

nitrocellulose and how it impacts propellant performance. The 

remainder of this paper will focus on the known chemistry of 

nitrocellulose, and how that chemistry may affect its applications 

in industry. 

A more recent industrial application of nitrocellulose is in 

the field of high energy particle detectors'. Nitrocellulose 

films are presently the most sensitive detectors of neutrons, 
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charged p a r t i c l e s  and f i s s i o n  fragments  using t h e  t r a c k  e t c h i n g  

technique. A 10 micron f i l m  of n i t r o c e l l u l o s e  is supported on a 

polyes te r  o r  polycarbonate  base. 

p a r t i c l e s ,  l a t e n t  t r a c k s  a r e  c r e a t e d  i n  t h e  f i lm.  V i s u a l i z a t i o n  

of t h e  t r a c k s  is c a r r i e d  o u t  by aqueous e tch ing  w i t h  potassium or 

sodium hydroxide. 

When exposed t o  high-energy 

CBEMISTRY OF NITROCELLULOSE 

S t r u c t u r e  and P r o p e r t i e s  

To understand t h e  s t r u c t u r e  of n i t r o c e l l u l o s e ,  it is h e l p f u l  

t o  look f i r s t  a t  t h e  s t r u c t u r e  of c e l l u l o s e ,  t h e  p a r e n t  compound. 

Cel lu lose  is a n a t u r a l l y  o c c u r r i n g  polymer of glucose ,  l i n k e d  

through 6-1,4-glucoside bonds . Its s t r u c t u r e  can be represented  

as i n  Figure 1. A s i n g l e  molecule of c e l l u l o s e  has been es t imated  

t o  conta in  100-200 anhydroglucose u n i t s ,  which r e p r e s e n t s  a 

molecular weight of from 20,000-40,000 da l tons .  Neglect ing c h a i n  

ends,  each glucose u n i t  wi th in  t h e  polymer chain has t h r e e  

hydroxyl groups which are a v a i l a b l e  f o r  e s t e r i f i c a t i o n .  T h i s  

provides  e i g h t  p o s s i b l e  s u b s t i t u t i o n  p a t t e r n s ,  i l l u s t r a t e d  i n  

Figure 2 with nitrate groups.  The r e l a t i v e  rate of r e a c t i o n  a t  

each hydroxyl i s  d i f f e r e n t ,  and is d iscussed  i n  d e t a i l  l a t e r  i n  

t h i s  chapter .  

6 
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Raw c e l l u l o s e  can be d iv ided  i n t o  t h r e e  types:  a l p h a ,  b e t a  

and g a m a ,  based upon t h e i r  r e s p e c t i v e  s o l u b i l i t i e s  i n  an 18% 

aqueous so lu t ion  of sodium hydroxide . Alpha c e l l u l o s e ,  

considered t o  be t r u e  c e l l u l o s e ,  is  i n s o l u b l e  i n  t h i s  so lu t ion :  

while, both the be ta  and gamma forms w i l l  d i s s o l v e .  The b e t a  form 

can be r e p r e c i p i t a t e d  by t r e a t i n g  t h e  a l k a l i n e  s o l u t i o n  with 

acetic acid.  B e t a  c e l l u l o s e  i s  composed of hydroce l lu lose  and 

oxycel lulose,  which have s h o r t e r  cha in  l e n g t h s  than alpha 

cellulose. Gamma c e l l u l o s e ,  which remains i n  t h e  caust ic  s o l u t i o n  

upon t reatment  with a c e t i c  a c i d ,  is composed of hemicel lulose,  

7 

which c o n s i s t s  of pentose ' s  and hexose 's  a s  opposed to  t h e  g lucose  

u n i t s  of t r u e  c e l l u l o s e .  This  c l a s s i f i c a t i o n  scheme is n o t  

founded on any physico-chemical b a s i s ,  b u t  has proven to be  u s e f u l  

i n  prac t ice .  

cons idera t ion  when a sample of wood pump i s  t o  be n i t r a t e d .  

The minimum alpha cellulose c o n t e n t  is an important  

The c r y s t a l l o g r a p h i c  s t r u c t u r e  of c e l l u l o s e  has been 

8 determined based on x-ray measurements . The u n i t  ce l l  c o n s i s t s  

of f i v e  c e l l o b i o s e  members arranged a x i a l l y  a long  t h e  c e l l u l o s e  

f i b e r .  The dimensions of t h e  cel l  a r e  given i n  Figure 3, a 

p i c t o r i a l  representa t ion  of t h e  u n i t  c e l l  of c e l l u l o s e  I. There 

are bel ieved to be a t  l e a s t  four  c r y s t a l l i n e  v a r i a t i o n s  of 

c e l l u l o s e .  In  p l a n t s ,  t h e  major i ty  is  of c e l l u l o s e  I. 

Regenerated c e l l u l o s e  or  c e l l u l o s e  p r e c i p i t a t e d  from s o l u t i o n  i s  

designated c e l l u l o s e  11. C e l l u l o s e  11 d i f f e r s  from c e l l u l o s e  I i n  
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t h a t  the angle  8 is d i s t o r t e d  from 8 4 *  t o  62'. C e l l u l o s e  I11 is 

formed by swel l ing  c e l l u l o s e  I with l i q u i d  ammonia and 

p r e c i p i t a t i o n  of t h e  product. I t  also d i f f e r s  from c e l l u l o s e  I i n  

t h e  deformation of t h e  a n g l e  B t o  58O. C e l l u l o s e  I V  i s  formed by 

t h e  heat ing of regenerated c e l l u l o s e  i n  water under p r e s s u r e  o r  

glycer ine.  I t  has an X-ray p i c t u r e  roughly t h e  same as c e l l u l o s e  

I ,  but  t h e  angle  6 is wider, 90. versug 84O. 

Classes of N i t r o c e l l u l o s e  

Ful ly  n i t r a t e d  c e l l u l o s e ,  cellulose t x i n i t r a t e ,  has a degree  

of s u b s t i t u t i o n  (DS) equal  t o  3. C e l l u l o s e  d i n i t r a t e  has a DS of 

2, and cellulose mononitrate  a DS of 1. Such uniform o r  even 

l e v e l s  of n i t r a t i o n  a r e  not  l i k e l y  with cellulose and an average 

DS i s  g e n e r a l l y  given f o r  a p a r t i c u l a r  batch. Thus, one i s  more 

l i k e l y  t o  see n i t r o c e l l u l o s e s  of  DS of 2.7 or average DS of  2.7 

reported. 

A comon method of r e p o r t i n g  t h e  n i t r a t i o n  l e v e l  of  

n i t r o c e l l u l o s e  i n  i n d u s t r y  is  by i t s  n i t rogen  c o n t e n t ,  measured i n  

percent  by weight. N i t r o c e l l u l o s e  of 14.15% ni t rogen  i s  f u l l y  

n i t r a t e d ,  and may be repor ted  as c e l l u l o s e  t r i n i t r a t e  or 

n i t r o c e l l u l o s e  of DS13. Cel lu lose  d i n i t r a t e  is 11.11% n i t r o g e n  

and c e l l u l o s e  mononitrate  is 6.76% ni t rogen .  
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Rates of Reaction of C e l l u l o s e  Hydroxvls 

The three  hydroxyls a v a i l a b l e  f o r  e s t e r i f i c a t i o n  on each 

anhydroglucose u n i t  are a t  t h e  C2, C3 and C6 p o s i t i o n s  on t h e  

glucopyranose r ing .  The rates of r e a c t i o n  a t  t h e s e  sites has  been 

known t o  be d i f f e r e n t  s i n c e  t h e  1930's. S p u r l i n  f i r s t  developed 

mathematical models t o  d e s c r i b e  t h e  s u b s t i t u t i o n  arrangement i n  

1939, but t h e  a n a l y t i c a l  t echniques  a v a i l a b l e  a t  t h e  t i m e  w e r e  

unable t o  adequately d i f f e r e n t i a t e  t h e  s p e c i e s  . Despi te  t h e  

l i m i t a t i o n s ,  he was a b l e  t o  p o s t u l a t e  t h a t  t h e  hydroxyl on t h e  C6 

p o s i t i o n  i s  t h e  f i r s t  to  r e a c t ,  and t h a t  t h e  hydroxyls on t h e  C2 

and C3 p o s i t i o n s  r e a c t  a t  n e a r l y  t h e  same rate ,  with t h e  C2 being 

somewhat f a s t e r .  The r e l a t i v e  r a t e  v a l u e s  given f o r  n i t r a t i o n  

w e r e  from 4-10 f o r  t h e  C6 p o s i t i o n ,  1-2 f o r  t h e  C2 and 1 f o r  t h e  

c3. 

9 

Advances i n  t h e  technique of 13C-NMR have l e d  t o  more r e c e n t  

s t u d i e s  on t h e  r e a c t i o n  rates of c e l l u l o s e  hydroxyls. The 

a p p l i c a t i o n  of 13C-NMR t o  the a n a l y s i s  of n i t r o c e l l u l o s e  i s  

discussed under A n a l y t i c a l  Methods, b u t  t h e  r e s u l t s  obtained are 

of i n t e r e s t  here .  

d i s t i n g u i s h  whether an a v a i l a b l e  s i t e  ( C 2 ,  C3, C6) was occupied by 

10 a hydroxyl or a n i t r a t e  group . By c o l l e c t i n g  d a t a  on t h e  

f r a c t i o n  of groups s u b s t i t u t e d  f o r  n i t r o c e l l u l o s e s  of average 

degree of s u b s t i t u t i o n  over  t h e  range of 0.4 to  2.2, and applying 

I n  1980, W u ,  us ing  13C-NMR, w a s  able t o  
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equilibrium rate equations, relative rate constants for nitration 

at each available site were determined. For the positions 

C6:CZ:C3, relative rates of nitration were determined to be 

5.8:1.8:1. These fall well into line with the values postulated 

earlier by Spurlin. Figure 4 from Wu's paper shows the fractions 

of specific glucocre units (i.e., non-substituted, mono, di, and 

tri-nitrated) as a function of average degree of substitution. 

What is evident from this figure is that at any average degree of 

substitution between 0 and 3, the nitrocellulose molecules are 

comprised of a mixture of glucose units of differing nitration 

levels. 

Viscosity of Nitrocellulose 

The viscosity of nitrocellulose solutions is influenced by the 

level of nitration. Table 1, from Reference 11, shows the 

relationship between nitrogen content and viscosity, when 

nitration conditions and purification procedures are held 

constant. The data show that as cellulose is nitrated to higher 

levels, the viscosity of the product increases dramatically. This 

is even more apparent in Figure 5. Lindsley and Frank have 

plotted the intrinsic viscosity of nitrocelluloses of increasing 

degree of polymerization as a function of percent nitrogen12. 

higher the degree of polymerization, the greater the increase in 

intrinsic viscosity observed with increasing nitration. Note that 

The 
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t h e  co t ton  and absorbent  c o t t o n  samples, which have a h igher  

degree of polymerizat ion than t h e  rest, have a s e p a r a t e  i n t r i n s i c  

v i s c o s i t y  s c a l e  covering a much l a r g e r  range of va lues .  The 

increase  i n  i n t r i n s i c  v i s c o s i t y  with i n c r e a s i n g  n i t r a t i o n  f o r  

these  samples is considerably g r e a t e r  as w e l l .  These a u t h o r s  f e l t  

t h a t  t h e  changes observed could be a t t r i b u t e d  not  on ly  t o  t h e  

average degree of n i t r a t i o n  of t h e  samples, bu t  also t o  t h e  

d i s t r i b u t i o n  of t h e  n i t r a t e  groups a long  t h e  polymer chain.  

TABLE 1 

Rela t ionship  of Viscos i ty  t o  % Nitrogen 

Nitroqen Content, 0 V i s c o s i t v ,  Sec. 

9.09 
10.41 
12.48 
13.02 
13.50 

447 
1-,800 

16,200 
18,600 

322,500 

As can be seen i n  Figure 5, t h e r e  i s  a good c o r r e l a t i o n  

between i n t r i n s i c  v i s c o s i t y  and percent  n i t rogen  wi th in  a given 

series, and i n c r e a s e s  i n  percent  n i t r o g e n  lead t o  i n c r e a s e s  i n  

molecular weight when no degradat ion of t h e  m a t e r i a l  occurs  dur ing  

n i t r a t i o n .  Lindsley and Frank s t a t e d  t h a t  t h e  major e f f e c t  of 

in t roducing  i n c r e a s i n g  numbers of n i t r a t e  groups i n t o  t h e  

c e l l u l o s e  chain was not  t h e  increase  i n  molecular weight ,  b u t  a 

change i n  t h e  rheologica l  p r o p e r t i e s  i n  s o l u t i o n  . This  change 1 2  
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might be intermolecular  bonding o r  s o m e  o t h e r  physicochemical 

fac tor .  The importance of t h e  o r i g i n  of c e l l u l o s e  used f o r  

n i t r a t i o n  w i l l  be d iscussed  i n  more d e t a i l  l a t e r ,  bu t  i t  i s  

c e r t a i n l y  evident  t h a t  c e l l u l o s e  obta ined  from d i f f e r e n t  sources ,  

and having d i f f e r e n t  degrees  of polymerizat ion,  n i t r a t e d  t o  t h e  

same l e v e l  can have v a s t l y  d i f f e r e n t  i n t r i n s i c  v i s c o s i t i e s .  

The change i n  v i s c o s i t y  of n i t r o c e l l u l o s e  s o l u t i o n s  based on 

ni t rogen conten t  is important  t o  process  engineers .  The 

measurement of s o l u t i o n  v i s c o s i t y  is t h e  most widely used method 

f o r  ob ta in ing  t h e  average molecular weight  of a polymer . The 

i n t r i n s i c  v i s c o s i t y ,  def ined  earlier and represented as [ n ] ,  i n  

general  is r e l a t e d  t o  t h e  v i s c o s i t y  average molecular weight, 

13 

- 

as 

[ n l  = K Mva, 

where K and a a r e  c o n s t a n t s  which depend on the  polymer, t h e  

solvent ,  and t h e  temperature  a t  which t h e  measurement i s  taken. 

For c e l l u l o s e  d e r i v a t i v e s ,  inc luding  n i t r o c e l l u l o s e ,  t h e  value of 

a is near ly  1, so t h a t  t h e  i n t r i n s i c  v i s c o s i t y  i s  l i n e a r l y  r e l a t e d  

t o  t h e  molecular weight through t h e  c o n s t a n t  K . I t  i s  

convenient t o  approximate t h e  v i s c o s i t y  average molecular weight 

as the weight average molecular weight, Mw, though f o r  broad 

d i s t r i b u t i o n  polymers it is not  always r e l i a b l e  . This  i s  due t o  

t h e  so lvent  dependence of kv, through t h e  exponent a ,  and t h i s  

dependence is g r e a t e r  f o r  broad d i s t r i b u t i o n  polymers. 

12 

- 

13 
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S o l u b i l i t y  of  N i t r o c e l l u l o s e  

The s o l u b i l i t y  of a p a r t i c u l a r  n i t r o c e l l u l o s e  sample i n  a 

given so lvent  is a l s o  dependent upon i t s  n i t r a t i o n  l e v e l .  The 

r e l a t i o n s h i p  between s o l u b i l i t y  i n  an e ther :a lcohol  s o l u t i o n  ( 2 : l )  

with percent  n i t rogen  is shown i n  F igure  6. There i s  a marked 

increase i n  s o l u b i l i t y  around 9% n i t r o g e n ,  and a marked decrease  

around 13% ni t rogen.  N i t r o c e l l u l o s e s  wi th  n i t r o g e n  conten ts  

between 10.5 and 12.29 n i t rogen  a r e  completely so luble .  S o l u t i o n s  

of tiitrocellulose a r e  r e v e r s i b l e  l y o p h i l i c  colloids15. 

c o l l o i d s  are not  g e n e r a l l y  thought  of as s o l u t i o n s ,  t h e  t e r m  

' l y o p h i l l i c  c o l l o i d "  t r a d i t i o n a l l y  d e s c r i b e s  s o l u b l e  

macromolecular m a t e r i a l  . Some impor tan t  c h a r a c t e r i s t i c s  of such 

s o l u t i o n s  are: (1) p r i o r  t o  d i s s o l u t i o n ,  t h e  m a t e r i a l  undergoes 

swel l ing;  ( 2 )  t h e  v i s c o s i t y  of t h e  s o l u t i o n  is high,  even a t  low 

concentrat ions:  ( 3 )  t h e  m a t e r i a l  does n o t  form a s a t u r a t e d  

so lu t ion  i n  a s i n g l e  so lvent .  The d i s s o l u t i o n  of n i t r o c e l l u l o s e ,  

and indeed o t h e r  c e l l u l o s e  e s t e r s ,  is thought  to  be dependent on 

adhesion f o r c e s  between i n d i v i d u a l  molecules. In  c e l l u l o s e ,  each 

s u b s t i t u e n t  p o s i t i o n  is occupied by a hydroxyl group, and hence, 

there  is s t rong  in te rmolecular  i n t e r a c t i o n  from hydrogen bonding. 

A d i s u b s t i t u t e d  c e l l u l o s e ,  such a s  c e l l u l o s e  d i n i t r a t e ,  has  an 

i r r e g u l a r  s t r u c t u r e ,  and no such adhesion e x i s t s ,  o r  e x e r t s  much 

inf luence.  In  a f u l l y - s u b s t i t u t e d  cel lulose,  aga in  a r e g u l a r  

s t r u c t u r e  i s  obtained,  and now adhesion i s  aga in  p o s s i b l e  through 

While 
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van der waal's forces between substitutent groups. This was first 

hypothesized by Spurlin and is seen pictorially in Figure 7 taken 

from Urbanski . 17 

It is also thought that nitrocellullose forms solvates with 

18 solvents in which it dissolves . It is likely that the solvent 

is bound to free hydroxyls. This might explain why nitrocellulose 

is soluble in an alcohol/ether solution, when neither solvent 

alone can dissolve the material. First an alcohol solvate may be 

formed, which then dissolves in the ether. 

Plasticization of Nitrocellulose 

The solubility of nitrocellulose in nitroglycerine is the 

basis of manufacture of double-base propellants and blasting 

gelation. In this context, nitroglycerine (NG) also acts as a 

plasticizer, improving the processability of the nitrocellulose. 

The nitrocellulose is first "dissolved" in the nitroglycerin, 

forming a dough which can be shaped and pressed in what is termed 

"solventless" propellant manufacture. The action of a plasticizer 

is to lower the polymer glass transition temperature (Tg), 

decrease the modulus and tensile strength and increase the impact 

strength and elongation of the polymer". 

for NC was camphor, used to produce celluloid. In the lacquer 

industry, tricresylphosphate has been used as a plasticizer. Some 

The first plasticizer 
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double-base p r o p e l l a n t  formulat ions have added an a d d i t i o n a l  

p l a s t i c i z e r  i n  an e f f o r t  t o  reduce t h e  amount of n i t r o g l y c e r i n ,  

due to  t h e  dangers of working with i t  on a l a r g e  s c a l e .  T r i a c e t i n  

and di-n-propyl ad ipa te  have Qeen used i n  t h i s  manner . 20 

Renner has followed t h e  r a t e  of p l a s t i c i z a t i o n  of 

n i t r o c e l l u l o s e  using polar ized  l i g h t  mfcroscopy" and w i t h  t i m e -  

l a p s e  video microscopy . B e  found t h a t  t h e  higher  the n i t r o g e n  

conten t  of t h e  n i t r o c e l l u l o s e ,  t h e  slower t h e  rate of d i s s o l u t i o n ,  

t h e  g r e a t e r  the range of n i t rogen  contained within t h e  sample the 

g r e a t e r  t h e  t i m e  d i f f e r e n c e  t o  d i s s o l v e  90% of t h e  f i b e r s  and t o  

d i s s o l v e  100% of the f i b e r s ,  t h e  t ime-lapse photography enabled 

Renner to  view t h e  n a t u r e  of t h e  d i s s o l u t i o n  process  f o r  

ind iv idua l  f i b e r s .  H e  noted some f i b e r s  uncoi led and g r a d u a l l y  

dissolved i n  t h e  p l a s t i c i z e r ,  while  o t h e r s  g e l l e d  and d isso lved  

without uncoi l ing  thereby leaving  a s k e l e t a l  r e s i d u e  i n  t h e  

so lu t ion .  This d i f f e r e n c e  was a t t r i b u t e d  t o  t h e  presence of 

submicroscopic c r y s t a l l i n e  f i b e r s  which p e r s i s t  a f t e r  the  

morphology of t h e  f i b e r  has vanished. 

22 

Deqradation of N i t r o c e l l u l o s e  

Thermal processes  provide t h e  major r o u t e  f o r  degrada t ion  of 

n i t r o c e l l u l o s e .  In  t h i s  r e s p e c t ,  it is s i m i l a r  t o  decomposition 

162 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



of organic  peroxidesa3. 

forming an organic  f r e e  r a d i c a l :  

The r e a c t i o n  proceeds with loss of NO2 

I I 
+ + 'NO2 I 1 

I I 

A-C-0' 

H-C-ON02 

E-C-ON02 

E-C-ON02 

The organic  f r e e  r a d i c a l  i s  much more r e a c t i v e  than  the NO, and 

carbon-carbon bond cleavage can occur: 

I 1 
I 

ti-c-o- 
+ €I-C-0 

E -c -010 

I 

1 

+ [Ii-C-ON02] 

I 

[E-C-ON02] + 8-C-0 + 'NOZ 

I I 

The major products are aldehydes, wi th  evolu t ion  of NO2 gas. 

is a l s o  p o s s i b l e  f o r  t h e  organic  f r e e  r a d i c a l  t o  dehydrogenate 

organic  matter present ,  producing a lcohols .  

I t  

Beard and Sharma s tudied  t h e  s u r f a c e  changes of thermally aged 

24 n i t r o c e l l u l o s e  . Using X-ray photoe lec t ron  spectroscopy they  

found t h a t  while c leavage of t h e  -0-N-bond with NO2 l o s s  was t h e  

i n i t i a l  s t e p  a t  the s u r f a c e  as w e l l  a s  t h e  bulk, t h e  r a t e  of loss 
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was three times greater at the surface. In addition, their data 

suggest amines, oximes, and urethanes as products of secondary 

reactions of NO with the nitrocellulose residue. 2 

More recently, Druet and Asselin have reviewed the chemistry 

2 5  of propellent aging . 
the thermal degradation of nitrocellulo'se can itself promote 

further thermolysis. This autocatalytic reaction, if left to 

itself, could create a hazardous situation. In propellent 

manufacture, stabilizers which scavenge the NO produced, such as 

diphenylamine, are added. As long as the stabilizer is present, 

the autocatalysis is slowed and the useful lifetime of the 

propellent extended. 

They point out that the NO2 produced in 

2 

SYNTHESIS OF NITROCELLULOSE 

The first nitrocellulose was produced by treating crude 

cellulose such as sawdust, paper or linen with concentrated nitric 

acid . The product was unstable and highly degraded. In 1846, 

Schonbein developed the mixed nitric and sulfuric acid method and 

is generally credited with the discovery of nitrocellulose26. 

mixed nitric and sulfuric acid method is still used in industry 

today. 

3 

The 
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N i t r a t i o n  With N i t r i c  A c i d  

The n i t r a t i o n  of c e l l u l o s e  i s  an equi l ibr ium e s t e r i f i c a t i o n ,  

wherein t h e  elements of water a r e  e l imina ted  between n i t r i c  a c i d  

and one anhydroglucose hydroxyl u n i t .  In its s imples t  form, t h e  

r e a c t i o n  can be w r i t t e n  as: 

Ron + nouo2 R O N O ~  + n20 

It can be r e a d i l y  seen t h a t  hydro lys is  of n i t r o c e l l u l o s e  can be a 

competing r e a c t i o n  depending on the equi l ibr ium p o s i t i o n ,  thereby  

leading  t o  d e n i t r a t i o n .  The r e a c t i o n  is n o t  so simple, however, 

s i n c e  unl ike o t h e r  e s t e r i f i c a t i o n  r e a c t i o n s  of c e l l u l o s e ,  

n i t r a t i o n  t a k e s  p lace  without  d i s s o l u t i o n  of c e l l u l o s e ,  r e t a i n i n g  

t h e  f i b r o u s  na ture  of t h e  s u b s t r a t e  throughout the r e a c t i o n  . 
The n i t r a t i n g  s o l u t i o n  reaches s u r f a c e  sites f i r s t ,  as opposed t o  

i n t e r a c t i n g  with t h e  molecule as a whole. The absorp t ion  of  

n i t r i c  a c i d  i n t o  t h e  f i b e r s  is a s t e p  which precedes n i t r a t i o n  . 
The most e f f i c i e n t l y  absorbed n i t r i c  a c i d  i s  concent ra ted  ( 8 5 % )  

a c i d  which provides  t h e  highest  n i t r a t i o n  l e v e l  ( 8 % ) .  One problem 

encountered i n  n i t r a t i o n s  with n i t r i c  a c i d  alone i s  t h e  

g e l a t i n i z a t i o n  of s u r f a c e  f i b e r s  upon contac t ing  t h e  ac id .  This  

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

nonuniform product. The l o w  n i t r a t i o n  l e v e l s  obtained by t h i s  

technique have no commercial value and n i t r a t i o n  with n i t r i c  acid 

a lone  is r a r e l y  p. rformed outs ide  t h e  labora tory .  

27 

28 
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N i t r i c  a c i d  vapors  and 98% n i t r i c  a c i d  were used i n  Germany 

during world War I1 to o b t a i n  n i t r o c e l l u l o s e  of 13.6-13.8% 

nitrogen. The cellulose was f i r s t  t r e a t e d  with s a t u r a t e d  n i t r i c  

a c i d  vapors, then  immersed i n t o  98% a c i d .  The vapor phase 

pretreatment  prevented the aforementioned g e l a t i n i z a t i o n ,  and t h e  

product was r e p o r t e d l y  easy to s t a b i l i z e  s i n c e  no o t h e r  a c i d  

res idues  were present .  

N i t r a t i o n  With Mixed Ni t r i c  and S u l f u r i c  Acids 

I n  t h e  mixed n i t r i c  and s u l f u r i c  a c i d  process ,  it is bel ieved  

t h a t  the  s u l f u r i c  a c i d  acts a s  a dehydra t ing  agent2' When t h e  

molar r a t i o  of s u l f u r i c  a c i d  to water i n  t h e  n i t r i c  a c i d  e q u a l s  

one t h e  fo l lowing  r e a c t i o n  is o p e r a t i v e :  

HNO3'nH2O + nH2SOq HNO3 + qH 2 4 2  SO '€I 0 

It  is pos tu la ted  t h a t  n i t r a t i o n  is  favored  i n  t h e  presence of 

anhydrous n i t r i c  ac id .  Experimental evidence t o  suppor t  t h i s  

theory was repor ted  by Lunge, and d e s c r i b e d  by Urbanski". 

highest  n i t r a t i o n  l e v e l  (13.92%) achieved by var ious  composi t ions 

of mixed a c i d s  was obtained with a composition of 25.3% n i t r i c  

a c i d ,  63.4% s u l f u r i c  a c i d  and 11.3% water .  This corresponds to  a 

mole ra t io  of approximately 2:3:3. I n c r e a s i n g  t h e  water conten t  

resu l ted  i n  a lowering of t h e  p e r c e n t  n i t r o g e n  i n  t h e  product .  

Lowering t h e  water  conten t  t o  e s s e n t i a l l y  anhydrous condi t ions  

does m t  a l t e r  t h e  n i t rogen  l e v e l  o b t a i n e d ,  bu t  does slow down t h e  

The 

166 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



rate of reaction such that the same nitration level is achieved 

after 12 hours, versus 1 hour when some water is present. This is 

believed to be due to rapid swelling at the fiber surface which 

slows diffusion of the anhydrous nitric acid into the fibers. The 

rate of reaction is also slowed if the amount of sulfuric acid in 

the mix is increased. The optimal range has been found to be a 

ratio Of H SO :HNO of 3:l to 1:l. It'is thought that the higher 

sulfuric acid concentrations promote the formation of unstable 

2 4  3 

sulfuric esters of cellulose. 

Nitration With Nitric and PhosDhoric Acids 

A mixture of nitric and phosphoric acids h s be n us 

30 commercially to obtain 13.7% nitrogen nitrocellulose . 
d 

In this 

study it was difficult to obtain nitrocelluloses of lower nitrogen 

content, however, as any deviation in the composition of the 

nitrating mixture caused the fibers of the material to crystallize 

or harden3'. Ratios of H3P04:HN03 from 3:l to 1:l were found to 

be optimal. The stability of nitrocellulose prepared by nitration 

with nitric and phosphoric acids is excellent. Apparently there 

are no phosphoric esters produced, or if they are, they do not 

decompose as the sulfuric esters do. The limited range of 

nitrogen levels obtainable and the tendency of phosphoric acid to 

corrode iron and steel have made commercialization of the method 

an unlikely proposition. 
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Nit ra t ion  With N i t r i c  and Acet ic  Acid 

Nitric a c i d  mixed with acetic a c i d  and/or a c e t i c  anhydride has 

The been used t o  obta in  n i t r o c e l l u l o s e  of over  14% n i t r ~ g e n ~ ~ ’ ~ ~ .  

product was s t a b i l i z e d  by t h r e e  e x t r a c t i o n s  with b o i l i n g  a lcohol .  

A drawback t o  t h i s  technique is  t h e  p o t e n t i a l  formation of a c e t y l  

n i t r a t e ,  which explodes a t  e leva ted  temperatures. 

N i t r a t i o n  With Nitric Acid and Orqanic Solvents  

The mixing of n i t r i c  a c i d  with o r g a n i c  s o l v e n t s  as a n i t r a t i n g .  

s o l u t i o n  w a s  f i r s t  performed i n  t h e  1930’s~~. 

ni t rogen  n i t r o c e l l u l o s e s  were obtained using s o l v e n t s  such as 

carbon t e t r a c h l o r i d e ,  methyl n i t r a t e ,  or chloroform. These have 

had l i m i t e d  commercial a p p l i c a t i o n .  I n  1983, Turngren and 

Carignan reported on t h e  n i t r a t i o n  of wood pulp with mixtures  of 

99% n i t r i c  a c i d  and methylene chloride3’. 

percent  of n i t r i c  a c i d  i n  t h e  mixture  from 2.5 t o  25%,  they  

obtained n i t r o c e l l u l o s e s  ranging from 1.1 to  13.4% ni t rogen ,  a l l  

i n  y i e l d s  of g r e a t e r  than 95%. They found t h a t  the  polymer cha in  

and f i b r o u s  s t r u c t u r e  of wood pulp was n o t  degraded by t h e  

n i t r a t i o n ,  a c h a r a c t e r i s t i c  which i s  important  t o  t h e  mechanical 

s t r e n g t h  of t h e  product .  

Only high percent  

By i n c r e a s i n g  t h e  
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Effec t  of Origin of t h e  Cel lu lose  on N i t r a t i o n  

As mentioned earlier, c e l l u l o s e  obta ined  from c o t t o n  and from 

wood pulp has been used i n  t h e  manufacture of n i t r o c e l l u l o s e .  The 

inves t iga t ion  of wood pulp a s  a source began i n  t h e  per iod  around 

World War I ,  when an increase  in  n i t r o c e l l u l o s e  manufacture and an 

o v e r a l l  increase  i n  t h e  demand f o r  c o t t o n  s t r a i n e d  t h e  a v a i l a b l e  

supply . I n i t i a l l y ,  t h e r e  were s i g n i f i c a n t  problems with 

n i t r a t i n g  wood pulp. The pulp swel led cons iderably  dur ing  

n i t r a t i o n ,  and t h e  product r e t a i n e d  much more a c i d  than 

n i t r o c e l l u l o s e  made from cot ton .  A f t e r  World War I t h e  problems 

with wood pulp were solved, and n i t r o c e l l u l o s e  made from wood pulp 

was used ex tens ive ly  during World War 11. 

36 

C e l l u l o s e  obtained from wood pulp is separa ted  by one of two 

35 methods p r i o r  to n i t r a t i o n  . These are termed the s u l f i t e  and 

the s u l f a t e  processes .  The s u l f i t e  process  c o n s i s t s  of cooking 

wood chips  i n  a s o l u t i o n  of calcium b i s u l f i t e  a t  e leva ted  

temperature and pressure .  The product  obtained has a high 

percentage of a lpha c e l l u l o s e  and l o w  conten t  of l i g n i n s  and 

pentosans. The s u l f a t e  process involves  cooking t h e  wood ch ips  a t  

e levated temperature  and pressure  i n  a s o l u t i o n  of sodium 

hydroxide, sodium s u l f i d e  and sodium carbonate  (65:15:20). The 

c e l l u l o s e  i s  separated from t h e  l y e  and washed and bleached. The 

lye  is  evaporated t o  dryness and sodium s u l f a t e  added. The 
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sulfate is reduced to sulfide. This allows industry to recover 

the spent chemicals for further use. This product contains more 

lignins than the sulfite product and is darker in color. Which 

process is used to separate the cellulose will ultimately affect 

some of the properties of the nitrocellulose made from it. 

Strecker and Turngren have found that sulfite pulps produce 

nitrocellulose with a more variable degree of polymerization . 
They also found that sulfite pulps produced nitrocellulose with 

more high molecular weight material than either sulfate pulp or 

cotton linters, both of which produced material with a more 

symmetrical molecular weight distribution. 

affect the processability of the nitrocellulose into propellant. 

37 

The distribution will 

Stabilization of Nitrocellulose 

The final step in the synthesis of nitrocellulose is the 

stabilizatian of the final product. The first step in the process 

is the removal of the spent acids. In the batch process this was 

often done by simple centrifugation, resulting in a high retention 

of acids . In the continuous process, counter current washes are 
used which result in less retained acids. After removal of the 

spent acids, the nitrocellulose is mechanically chopped to reduce 

the fiber length. The cut fibers are then treated to a poaching 

operation, which consists of boiling the fibers in a sodium 

carbonate solution. This removes the last of the spent acids and 

38 
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reduces the v i s c o s i t y  of t h e  m a t e r i a l .  A homogenous product  i s  

obtained by blending a water suspension of t h e  n i t r o c e l l u l o s e  i n  

l a r g e  vesse ls .  The m a t e r i a l  i s  then passed through a screen  t o  

remove p a r t i c u l a t e s  and long f i b e r s ,  and t h e  water removed by 

decantat ion.  The water conten t  i s  f u r t h e r  reduced to  20-30% by 

c e n t r i f u g a t i o n .  This  is t h e  form i n  which n i t r o c e l l u l o s e  is 

t ransported.  

ANALYTICAL METHODS FOR NITROCELLULOSE 

Frac t iona t inq  Methods 

That n i t r o c e l l u l o s e  c o n s i s t s  of a range of molecular weight  

material has been known f o r  some t i m e .  Ear ly  r e s e a r c h e r s  took 

advantage of t h e  d i f f e r i n g  s o l u b i l i t i e s  of l o w ,  medium and high 

m o l e c u l a r  weight m a t e r i a l  i n  an acetone/water  s o l u t i o n  t o  e f f e c t  

separa t ions  and c h a r a c t e r i z e  the i n d i v i d u a l  f r a c t i o n s  . I n  this 

method, a s  more water is added to  t h e  system t h e  h igher  molecular 

weight f r a c t i o n  p r e c i p i t a t e s  ou t .  

39 

Frac t iona t ion  methods have f o r  t h e  most p a r t  been rep laced  by 

chromatographic techniques,  p a r t i c u l a r l y  G e l  Permeation 

Chromatography ( G P C ) .  I n  GPC, s e p a r a t i o n  of t h e  i n d i v i d u a l  

f r a c t i o n s  i s  based on hydrodynamic volume. The n i t r o c e l l u l o s e  

molecules pass  through a se t  of columns conta in ing  m a t e r i a l  of a 
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defined pore s i z e .  Molecules small enough to  f i t  wi th in  the pores  

are re ta ined ,  while  t h e  l a r g e  excluded molecules pass  on through 

the  column bed. Thus, l a r g e r  s i z e  molecules of higher  molecular  

weight m a t e r i a l  w i l l  e l u t e  from t h e  column e a r l i e r  than smaller 

lower molecular weight material. By connect ing a series of 

columns of d i f f e r e n t  pore s i z e s ,  e f f i c i e n t  s e p a r a t i o n  of molecules 

of d i f f e r i n g  s i z e  conta ined  w i t h i n  a sample can be e f f e c t e d .  

Common d e t e c t o r s  used w i t h  GPC inc lude  d i f f e r e n t i a l  r e f r a c t i v e  

index ( D R I ) ,  u l t r a v i o l e t  (UV), and d i f f e r e n t i a l  v i scometr ic .  

GPC has become t h e  s tandard  method f o r  e s t i m a t i n g  t h e  

molecular weight and p o l y d i s p e r s i t y  of n i t r o c e l l u l o s e  samples. 

The f i r s t  e v a l u a t i o n  of GPC a s  a product ion q u a l i t y  assurance 

method was i n  1976 . Since  t h a t  t i m e  a number of papers  on the 

accuracy of t h e  technique  have appeared. There appears  t o  be a 

problem i n  t h e  s tandard  method of c a l i b r a t i o n  of t h e  GPC 

e q u i l i b r a t i o n  curve. I n  g e n e r a l ,  narrow molecular weight range 

polystyrene s tandards  are used t o  c a l i b r a t e  t h e  e l u t i o n  volume of 

t h e  chromatographic system. Since t h e  s e p a r a t i o n  is based upon 

hydrodynamic volume and not  molecular  weight, a molecule of 

n i t r o c e l l u l o s e  having t h e  same e l u t i o n  volume a s  a molecule of 

polystyrene may w e l l  have a d i f f e r e n t  molecular weight. I f  a 

cor rec t ion  i s  not  a p p l i e d  t o  t h e  resul ts ,  an e r r o r  i n  a b s o l u t e  

mo1ecular weight measurement occurs. French and N a u f l e t t  

addressed t h i s  problem i n  1981 . By p l o t t i n g  t h e  number average 

40 
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molecular weight of severa l  n i t r o c e l l u l o s e  samples, determined by 

membrane osmometry, a g a i n s t  e l u t i o n  volume of t h e  same samples run 

by GPC, i n  an i t e r a t i v e  process  they were a b l e  t o  e s t a b l i s h  a t r u e  

c a l i b r a t i o n  curve f o r  n i t r o c e l l u l o s e  ( F i g u r e  8 ) .  The c a l i b r a t i o n  

curve f e l l  below t h a t  of po lys tyrene  s tandards  run on t h e  same 

system. This  would i n d i c a t e  t h a t  a n i t r o c e l l u l o s e  molecule of t h e  

same molecular weight as a polys tyrene  molecule has a l a r g e r  

hydrodynamic volume. 

L a w  and Coleman a l s o  used membrane osmometry to  independent ly  

42 c a l i b r a t e  t h e  GPC technique . They a lso found t h a t  t h e  

n i t r o c e l l u l o s e  c a l i b r a t i o n  curve  f e l l  below that of polystyrene.  

In  t h e i r  r e s u l t s ,  however, t h e r e  was a c rossoyer  p o i n t  a t  t h e  l o w  

molecular weight end due t o  a d i f f e r e n c e  i n  the s l o p e s  of t h e  

curves of these  t w o  polymers. This t y p e  of behavior  would lead  t o  

high c a l c u l a t e d  va lues  of weight average molecular weight  and 

p o l y d i s p e r s i t i e s ,  bu t  low va lues  of number average molecular 

weight. 

Despite ques t ions  as to  t h e  a b s o l u t e  molecular weight ob ta ined  

from GPC, t h e  results from t h e  technique have s t i l l  proven usefu l  

i n  eva lua t ing  n i t r o c e l l u l o s e s  f o r  p r o p e l l a n t  manufacture. 

Goldwasser, Carlson and Nauf le t t  found t h a t  GPC traces of 

n i t r o c e l l u l o s e  samples which produced acceptab le  p r o p e l l e n t  were 

d i f f e r e n t  f rom those which produced unacceptable  p r o p e l l e n t  . 43 
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The GPC t r a c e  of acceptab le  material contained a lower molecular  

weight region not  found i n  t h e  unacceptable  m a t e r i a l .  They 

conclude t h a t  even though molecular weight values  determined a r e  

only r e l a t i v e  t o  polys tyrene ,  t h e  technique can be usefu l  i n  

process q u a l i t y  c o n t r o l .  Thomas found much the same t o  be  t r u e  

f o r  n i t r o c e l l u l o s e  used i n  B a l l  Powder  propellant^^^. Here t h e  

GPC trace of the ni t rocel lulose was found t o  be i n d i c a t i v e  of  

whether t h e  p r o p e l l a n t  g r a i n s  would have poor or good shaping 

qua l i ty .  The p o l y d i s p e r s i t y  of t h e  n i t r o c e l l u l o s e  appeared t o  be 

t h e  most important  f a c t o r .  

Another problem i n  t h e  GPC a n a l y s i s  of n i t r o c e l l u l o s e  i s  i t s  

s o l v a t i o n  by te t rahydrofuran  (THF), one of t h e  most common GPC 

solvents .  This  was examined by Siochi ,  who found t h a t  it can take 

up t o  seven days f o r  a s o l u t i o n  t o  o b t a i n  s t a b l e  molecular weight 

r e s u l t s 4 5  She a t t r i b u t e s  the change, which was a s teady  lowering 

of values ,  to  s o l v a t i o n  of t h e  sample by THF. This  is a l s o  

supported by t h e  observed s h i f t  i n  t h e  molecular weight 

d i s t r i b u t i o n s .  Over t i m e ,  t h e  high molecular weight p o r t i o n  

s h i f t e d  to the low molecular weight end of the GPC chromatogram, 

with a concurrent  i n c r e a s e  i n  t h e  concent ra t ion  of t h e  l o w  

molecular weight end. The f a c t  t h a t  no s h i f t  of t h e  l o w  molecular 

weight end t o  even lower va lues  was observed sugges ts  t o  her  t h a t  

chain degradat ion does n o t  occur ,  as cha in  s c i s s i o n  would be  

expected t o  be random and t h e  e n t i r e  d i s t r i b u t i o n  would be s h i f t e d  
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t o  lower values. Most researchers  doing GPC of n i t r o c e l l u l o s e  

s h a k e  the sample overnight  and perform t h e  a n a l y s i s  t h e  following 

day. 

U l t r a v i o l e t  Spectroscopy 

U l t r a v i o l e t  absorpt ion IS a l r e a d y  been mentioned as a 

d e t e c t o r  i n  GPC. Fixed wavelength d e t e c t o r s  t y p i c a l l y  monitor t h e  

to ta l  absorp t ion  a t  254 nm. This  i s  n o t  a p a r t i c u l a r l y  good 

wavelength f o r  n i t r o c e l l u l o s e ,  a s  it does n o t  conta in  a conjugated 

double bond system. Urbanski, r e p o r t i n g  on t h e  work of Jones and 

Miles, l ists  a maximum UV absorp t ion  around 220 nm . More 

recent ly ,  Carlos, Dow and N a u f l e t t  used a diode a r r a y  W d e t e c t o r  

i n  t h e  GPC a n a l y s i s  of n i t r o c e l l u l o s e  from s e v e r a l  double base 

propellants4’. 

wavelength (210 nm). Figure 9 from t h e i r  work shows t h e  GPC/UV 

spectrum from 190 t o  400 nm of a n i t r o c e l l u l o s e  sample i n  THP. 

The sample e l u t e s  from about  3.5 minutes t o  6.5 minutes with an 

impurity e l u t i n g  around 8 minutes. I f  one were t o  t a k e  a sl ice 

along t h e  wavelength a x i s  a t y p i c a l  UV t r a c e  would be obtained. 

I f  a slice were taken along t h e  t i m e  a x i s  a t y p i c a l  chromatogram 

would be obtained.  Above 280 nm, t h e r e  appears  t o  be no s i g n i f i -  

c a n t  absorbance. Among t h e  f a c t o r s  examined i n  t h i s  work were t h e  

r e l a t i o n s h i p  of UV absorbance a t  any wavelength and t h e  process- 

a b i l i t y  of n i t r o c e l l u l o s e  i n  p r o p e l l a n t  formulat ions.  Of in te res t  

46 

They observed a maximum a t  a somewhat lower 
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was the finding that in propellant processing, the nitrocellulose 

undergoes some sort of change, as yet undefined, which is 

manifested as an increase in the absorbance in the range 250  to 

280 nm. Their results indicate that this change is beneficial to 

processing of good propellant, as "good" (extrudable) batches of 

propellant always had a greater absorbance in this region than 

"bad. (non-extrudable) propellant. 

Carbon 13 NMR 

Carbon 13 NMR has proven to be an extremely valuable 

spectroscopic technique for nitrocellulose. As mentioned in 

Chapter 2 ,  it has been used to quantify the fraction of mono-, di- 

and tri-substituted anhydroglucose units as a function of the 

average degree of substitution. Most notably, the work of Wu and 

Clark, Stephenson and Heatley has established the relative rates 

of reaction at the three hydroxyls 'Or4'. Using a 25.2 MHz proton 

decoupled 13C-NMR and analyzing samples from very low (DS=0.4) to 

very high (DS=3.0) nitration levels, a number of complex spectra 

were deconvoluted with respectnm4' to band assignments. Once band 

assignments were established, integration of the peaks yielded the 

relative degree of substitution at each substitution site. Figure 

10 shows a representative spectrum, with band assignments given in 

Table 2 .  
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Leider and Pane used the same technique to examine the 

stability of the nitrate groups to thermal aging . It is 

interesting to m t e  that the C6 site, which is the one which 

reacts the fastest, is also the most stable to the aging process. 

The reaction rates proceed as C6>C2>C3, while the thermal 

49 

TABLE 2 

Band Assignments of I3C Peaks 

Peak Number Assiqnment 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

C1 in 3.6 disubstituted 
C1 in 6 monosubstituted 
C1 in trisubstituted 
C1 in 2,6 disubstituted 
C3 in 3,6 disubstituted 
C2 in 2,6 disubstituted 
C3 in trisubstituted 
C4 in trisubstituted 
C2 in trisubstituted 
C2 in 3,6 disubstituted 
C5 6 C6 

decomposition rates found by Leider and Pane proceed as C2>C3>C6. 

No explanation was given for the difference in nitration/ 

denitraticm reaction order. 

X-ray Techniques 

It was also mentioned in Chapter 2 that X-ray analysis has 

been used to obtain dimensions of the unit cell of nitrocellulose. 

The diffraction of x-rays by crystals was first discovered in 1912 

and was the first means for measuring the wavelength of the 
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rays”.  

measure t h e  spac ing  between c r y s t a l  p l a n e s  of a material. F i g u r e  

11 i l l u s t r a t e s  how i n t e r c h a i n  s p a c i n g  r e f l e c t s  X-rays. The 

spac ing ,  d, is  r e l a t e d  t o  t h e  wavelength of  r a d i a t i o n  by Bragg’s 

Law: 

x-ray c r y s t a l l o g r a p h y  makes u s e  of t h e  same p r i n c i p l e s  t o  

nA - 2d s i n e  

The t echn ique  h a s  been a p p l i e d  i n  a‘n e f f o r t  to  s t u d y  t h e  

d i s t r i b u t i o n  of n i t r a t e  g roups  along the c h a i n  on n i t r o c e l l u l o s e  

molecules. C l a r k  and Stephenson no ted  t h a t  t h e  i n t e r c h a i n  spac ing  

of n i t r o c e l l u l o s e s  of  a g i v e n  DS prepared by d e n i t r a t i o n  of more 

h i g h l y  n i t r a t e d  material w a s  a lways g r e a t e r  t h a n  f o r  material wi th .  

t h e  same DS prepa red  by d i r e c t  n i t r a t i o n 5 1 .  

s p a c i n g  is h i g h e r  f o r  more h i g h l y  n i t r a t e d  materials, t h e  most 

l i k e l y  conc lus ion  i s  tha t  the d e n i t r a t e d  materials h a s  a more 

r e g u l a r  c o n f i g u r a t i o n  and i n t e r m o l e c u l a r  i n t e r a c t i o n s  are 

dominated by the s u b s t i t u t e d  r e s i d u e s  (recall F i g u r e  71. 

S i n c e  the i n t e r c h a i n  

I n f r a r e d  Spec t romet ry  

A l m o s t  from t h e  i n c e p t i o n  of i n f r a r e d  a n a l y s i s ,  t h e  t e c h n i q u e  

h a s  been a p p l i e d  t o  n i t r a t e d  compounds. One o f  t h e  ear l ies t  w a s  

t h e  i d e n t i f i c a t i o n  of components i n  a m i x t u r e  of n i t r o p a r a f f i n s  

i n  194352 A compi l a t ion  of t h e  i n f r a r e d  spectra of i n g r e d i e n t s  

used i n  e x p l o s i v e s  and p r o p e l l a n t s  w a s  p u b l i s h e d  i n  1960 by a 

g roup  working a t  t h e  P i c a t i n n y  Arsena l .  Dover, NJS3. They were 
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developing an infrared method for use in propellant quality 

control and, as a first step, generated neat spectra of 68 

ingredients, additives, and related components of the more common 

explosive formulations in use at the time. This included 

nitrocellulose, which was cast as a film for the analysis. The 

development of Fourier transform infrared instruments (FT-IR) has 

made the collection of infrared spectra. simpler and faster. This 

has permitted the application of XR techniques in kinetic studies 

where changes in the entire IR spectrum can be evaluated rather 

than monitoring of a single wavelength. This technique has been 

applied to decomposition studies of nitrocellulose by researchers 

at Universite Laval, Quebec, Canada . They examined the 

degradation of nitrocellulose films heated from 413 K to 473 K. 

Figure 12 shows the FT-IR spectrum of a nitrocellulose film in the 

region from 4000 to 500 cm . The assignments of the frequencies 
are given in Table 3. 

54 

-1 

TABLE 3 

FT-IR Band Assignments 

Wavenumber Assiqnment 

3512, 3315 
2973, 2083 
2927 
1653 
1282 
1070 
1025, 1004, 910 
840 
749, 692 

OH stretching 
CH stretching 
CH stretching 
NO asymmetric stretching 
NO2 symmetric stretching 
C-6 stretch, Cl-O-C4 
C-0 stretching 
O-N02 stretching 
0-NO deformation 

2 

2 
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The degradation studies are represented in Figure 13, showing only 

the region from 2000 to 800 cm . What is evident is that the Q- 

NO2 bond is the most labile in the nitrocellulose molecule. This 

is seen in the loss of the band at 1653 cm , with a concomitant 

increase in a band at 1740 cm from a carbonyl stretch. Recall 

from the discussion on degradation that the principal products of 

thermolysis are aldehydes. 

-1 

-1 

-1 

Other applications of infrared analysis to nitrocellulose have 

focussed upon quantitative procedures. Norwitz and Chansan used 

the intensity of the band at 1653 cm-l for the determination of 

percent nitrogen in raw nitrocellulose samples55. 

a method could be developed which could quantity the percent 

nitrogen with a standard deviation of 0.028%. To achieve this 

level of precision, it was necessary to control the sample mass, 

in grams, and quantity based on the percent nitrogen through a 

previously established standard curve. They found no interference 

from the inorganic salts present, but the water present in 

commercial THF (0.02%) does absorb near 1650 cm . This required 

ratioing against a blank for each sample run. 

They found that 

-1 

Raisor and Law used the same wavenumber in the GPC/FT-IR of 

nitrocellulose for computation of the molecular size 

distributions6. 

pristine samples and 9-10% for samples extracted from lacquers. 

They found standard deviations of 6-8% with 
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Thermal Methods 

Thermal methods of a n a l y s i s  a r e  o f t e n  appl ied  t o  polymeric  

systems t o  t e s t  s t a b i l i t y .  I n  t h e  case of n i t r o c e l l u l o s e ,  thermal  

aging a t  e leva ted  temperatures  i s  used t o  estimate t h e  long t e r m  

s torage  s t a b i l i t y  of t h e  f i n a l  product .  Carignan and Turngren 

monitored decomposition and cha in  degrauatio'n of 13.208 n i t r o g e n  

nitrocellulose, using t h e  s tandard h e a t  test f o r  p r o p e l l a n t s  . 
I n  this test, the sample is placed i n  a test tube  and f i t t e d  wi th  

a s l o t t e d  s topper  t o  allow slow escape of evolved gases .  The 

se tup  is heated to  134.5.C and decomposition monitored by 

measuring t h e  percent  n i t rogen  and weight loss of t h e  r e s i d u e  and 

t h e  percent NO2 evolved. 

t h e  f i r s t  12 hours, f i v e  hours up t o  24 hours  of hea t ing ,  and 

every 24 hours t h e r e a f t e r  . Their  results show a moderate weight  

loss (5 t o  6%)  f o r  t h e  f i r s t  10 hours ,  followed by a per iod  of 

rap id  weight l o s s .  A f t e r  7 2  hours ,  t h e  rate of loss f a l l s  o f f  and 

25% of t h e  o r i g i n a l  sample remains. While they admit t o  too  few 

da ta  poin ts ,  they f e e l  t h e  decomposition k i n e t i c s  can be 

represented by t h e  genera l  d i f f e r e n t i a l :  

56 

Sampling i n t e r v a l s  were two hours  f o r  

dX/dt - k (l-X)l-q 

where X is t h e  f r a c t i o n a l  decomposition, t t h e  t i m e  c o n s t a n t ,  k 

t h e  r a t e  cons tan t ,  and p and q are system parameters with va lues  

between 0 and 1. Roughly 50% of t h e  weight l o s t  is a s  NO2 , t h e  

rest as C02, Co and ~ ~ 0 .  
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Barendregt and Verhoeff used thermogravimetry as a s u b s t i t u t e  

58 method f o r  t h e  s tandard hea t  tes t  a s  used i n  t h e  Netherlands . 
The s tandard test  i n  t h e  Nether lands u s e s  a temperature  of 8SoC, 

a s  compared w i t h  t h e  134.5OC used i n  t h e  U. S. Thermogravimetry 

makes u s e  of a record ing  microbalance t o  measure the weight of t h e  

sample dur ing  t h e  hea t ing  process. I n  a d d i t i o n ,  t h e  hea t ing  rate 

can be v a r i e d  such t h a t  the weight loss' can be condensed i n t o  a 

smaller t i m e  frame, or d i f f e r e n t  weight loss reg ions  can be 

monitored. This  work compared i so thermal  with temperature  

programmed measurements, and c a l c u l a t e d  t h e  rate cons tan t  

according to t h e  equat ion:  

dX/dt = k ( 1 - X ) "  

This  equat ion i s  similar t o  t h a t  given above, with p = l  and n-1-q. 

A major d i f f e r e n c e  i n  this work was t h e  t e s t i n g  of t h e  o r d e r  of 

the rate equat ion,  n ,  by e v a l u a t i n g  t h e  s tandard  d e v i a t i o n s  of t h e  

rate constant,  k. A second order  f i t  gave t h e  lowest s tandard  

devia t ions ,  based on f i v e  r e p l i c a t e  ana lyses .  This  would seem t o  

be i n  c o n f l i c t  with the equat ion  as  g iven  by Carignan and 

Turngren, and no explana t ion  can be  given. Support f o r  t h e  second 

order  conclusion can be found i n  a paper  by P f e i l ,  E isenre ich ,  and 

Krause, who used GPC t o  analyze samples quenched a t  d i f f e r e n t  

 temperature^^^. 
degradat ion.  In  a d d i t i o n ,  they compared t h e  change i n  n i t r a t e  

e s t e r  group I R  absorp t ion  with t h e  decrease  i n  molecular weight ,  

and found t h a t  t h e  molecular weight decreases  s i g n i f i c a n t l y  before  

They a l s o  found a second order  rate of 
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any decrease  i n  XR absorpt ion is de tec ted .  The average molecular  

weight of t h e  material decreased t o  about  one t e n t h  i t s  i n i t i a l  

value when the IR s i g n a l  began dropping o f f .  The decay of t h e  

n i t r a t e  concentrat ion is reported t o  be a u t o c a t a l y t i c ,  and t h e  

weight l o s s  p r o f i l e  takes  t h e  c h a r a c t e r i s t i c  S-shaped curve  

(Figure 1 4 ) .  

Both D i f f e r e n t i a l  Thermal Analysis  (DTA) and D i f f e r e n t i a l  

Scanning Calorimetry (DSC) have a l s o  been appl ied  to  t h e  a n a l y s i s  

of p r o p e l l a n t s  t o  e s t a b l i s h  t h e  hea t  of explosion a t  a tmospheric  

pressure.  

half  those  reported by t h e  technique of bomb calorimetry6'. 

reason given w a s  t h e  incomplete combustion under high pressure.  

Since t h e  condi t ions  of a c t u a l  use of t h e  p r o p e l l a n t  genera te  high 

pressures ,  t h e  bomb c a l o r i m e t r i c  va lues  are probably more 

realistic. The DTA da ta  were also much lower than t h e  bomb 

calorimetric data  with a much wider range of values'l. 

r e s u l t s  i n d i c a t e  t h a t  these types  of ana lyses  are better s u i t e d  to 

nonpropel lant  formulat ions of n i t r o c e l l u l o s e  where high pressures  

i n  a c t u a l  condi t ions of u s e  a r e  n o t  achieved,  and t h e  d a t a  are 

more l i k e l y  t o  represent  a c t u a l  e n e r g i e s  re leased .  

DSC gave the  more reproducib le  va lues ,  which w e r e  about 

The 

These 
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Nitrocellulose has found many applications in commerce in its 

140 year history. Many of these applications were developed 

without much understanding of the underlying chemistry. What has 

been learned well is the mechanism for controlling the nitration 

level of commercial nitrocellulose using the mixed nitric and 

sulfuric acid method. What is not yet clear is the distribution 

of the nitrate groups along the polymer chain. Current research 

using 13C-NMR holds promise in answering this question. 

The chemistry of nitrocellulose is most often explained in 

terms of the number and likely distribution of nitrate groups and 

hydroxyl groups on individual chains. Experimentally, this is 

observed in the variation of solubilities of nitrocelluloses of 

different nitrogen content in the same solvent system. As new and 

more powerful analytical techniques are developed, they are often 

applied to the characterization of nitrocellulose which in turn 

suggest the great complexity of the nitrocellulose system. The 

number of variables which influence the chemistry of 

nitrocellulose include: (1) origin of the cellulose starting 

material, ( 2 )  the amount and distribution of non-glucopyranose 

units in the cellulose chain, ( 3 )  nitrating conditions, 

( 4 )  efficiency of final washes, and (5) the age of the final 

material. Each of these variables needs to be better understood 
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before it c a n  be said that  the chemistry of n i t r o c e l l u l l o s e  i s  

understood. 
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PIGURE 2 

Eight Substitution Patterns for.Nitrated Cellulose 
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Figure 3 

Unit Cell of Cellulose I 
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DEGREE OF SUBSTITUTION , DS 

FIGURE 4 

Fraction of Substituted Glucose Units, f , Where x=O For 
Unsubstituted, 1 For Hono-Nitrate, 2 Dinitrate, 

and 3 For Trinitrate 
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FIGURE 5 

Change in Intrinsic Viscosity With Nitrogen Content 
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- 

kitragen content, % 

FIGURE 6 

Solubility In Ether/Alcohol Versus Nitrogen Content of 
Nitrocellulose 
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(a) ComDletely substituted derivatives 

(b) Derivatives of substitution 2.3 

o Uvygen Hydrogen 8 Substituents 

FIGURE 7 

Illustration of Substituent Interaction for Completely 
and Partially Substituted Cellulose 

192 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



FIGURE 8 

GPC Calibration Curve for Nitrocellulose 

193 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



FIGURE 9 

UV Spectrum of Fractionated Nitrocellulose From 190-400 nm 
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i 

FIGURE 10 

13C NMR Spectrum of Nitrocellulose of DS-2.8 
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t d  

INNER LATTICE 
PLANE 

FIGURE 11 

Reflection of X-rays From a Crystalline Structure 
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FIGURE 12 

FT-IR Spectrum of Nitrocellulose Film 
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FREOUENCY (u+) 

FIGURE 13 

FT-IR Spectra of Nitrocellulose Film Heated to 480 K 
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rEHP.CK3 

FIGURE 1 4  

Normalized Average Molecular Weight a s  a Function of 
Temperature a t  a Heating Rate of 0 . 5  K h i n  
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