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SOME EFFECTS OF ELEVATED TEMPERATURES ON THE STRUCTURE 
OF CELLULOSE ANTI ITS TRANSFORMATION 

R. H. Atalla, J. D. Ellis, and L. R. Schroeder 
The Institute of Paper Chemistry 

Appleton, Wisconsin 54912 

ABSTRACT 

In many commercial processes cellulose is exposed to elevated tem- 
peratures in the 100 to 200°C range. Though this range is below 
the glass transition temperature (Tg) of dry cellulose, in the 
presence of polar media Tg is depressed, and molecular mobility is 
sufficient to allow structural reorganization. In the present 
study , a number of regenerated celluloses, some amorphous and some 
semicrystalline, were heat treated at elevated temperatures in 
water under pressure, as well as in other polar media. Two groups 
of factors were found to influence the type and amount of struc- 
tural change. The first were the characteristics of the cellu- 
lose, that is, the degree of polymerization (DP) and the structure 
of the cellulose prior to treatment. The other group were the 
nature of the medium and the time and temperature of the treat- 
ment. The amorphous high DP celluloses were found to aggregate as 
cellulose IV, with the time and temperature determining the extent 
of ordering rather than resulting in qualitative reorganization. 
The low DP celluloses, which were of low enough molecular weight 
to reduce the constraints on molecular mobility imposed by molecu- 
lar entanglements, had a more diverse pattern of responses. At 
ambient temperatures the aggregation was into high crystallinity 
cellulose 11; at intermediate temperatures, a variety of forms 
fitting into the category of cellulose IV were produced; and 
finally, at high enough temperatures, a cellulose I of very high 
crystallinity was produced in low yield. 

INTRODUCTION 

In two earlier studies in our it was established 
that heat treatment of cellulosic fibers at elevated temperatures 
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466 ATALLA, ELLIS, AND SCHROEDER 

l e d  t o  an i n c r e a s e  i n  c r y s t a l l i n i t y  not  u n l i k e  t h e  annea l ing  e f f e c t  

which is a well-recognized phenomenon among s y n t h e t i c  s e m i c r y s t a l -  

l i n e  thermoplas t ic   polymer^.^ 
observed t h a t  e l e v a t e d  temperatures  of regenera t ion  i n f l u e n c e  t h e  

polymorphic c h a r a c t e r  of t h e  r e s u l t i n g  ~ e l l u l o e e . ~ ' ~  

g e t h e r  t h e  s t u d i e s  suggested t h a t  exposure t o  e l e v a t e d  temperatures  

a c t i v a t e s  complex t ransformat ions  of molecular  form which r e s u l t  

i n  both q u a l i t a t i v e  and q u a n t i t a t i v e  a l t e r a t i o n s  i n  t h e  states of 

aggrega t ion  of t h e  c e l l u l o s i c  cha ins .  The s t u d i e s  repor ted  h e r e  

r e p r e s e n t  f u r t h e r  explora tory  i n v e s t i g a t i o n s  of t h e s e  phenomena. 

In s e p a r a t e  s t u d i e s  i t  was a lso  

Taken to- 

BACKGROUND 

The response of c e l l u l o s e  t o  e l e v a t e d  temperatures  has been 

t h e  s u b j e c t  of a number of r e c e n t  i n v e s t i g a t i o n s  which, however, 

focused on o t h e r  a s p e c t s  of behavior .  One series of r e p o r t s  

cen tered  on t h e  k i n e t i c  a s p e c t s  of t h e  i n i t i a l  s t a g e s  i n  t h e  order-  

ing of amorphous c e l l u l o s e s .  6-10 

number of t r a n s i t i o n s  i n  t h e  mechanical response of c e l l u l o s i c s ,  

which appear t o  be similar t o  second o r d e r  t r a n s i t i o n s .  The high- 

est among t h e s e ,  at 22OoC, has been c h a r a c t e r i z e d  as t h e  g l a s s  

t r a n s i t i o n  temperature. 

c e l l u l o s e  IV reviewed i n  t h e  earlier l i t e r a t u r e .  13-15 

e v e r ,  involved h e a t  t rea tment  in t h e  range between 180 and 25OoC 

i n  g lycero l .  Our purpose was t o  e x p l o r e  a number of v a r i a b l e s  

o t h e r  than temperature ,  and t o  extend the range of temperatures  

w e l l  below 180OC. Our primary o b j e c t i v e  was not  so much t o  accom- 

p l i s h  a p a r t i c u l a r  t ransformat ion  as t o  explore  t h e  i n h e r e n t  ten- 

denc ies  of c e l l u l o s e  t o  aggrega t ion  i n  d i f f e r e n t  forms under 

d i f f e r e n t  condi t ions .  The i n v e s t i g a t i o n  focused on samples of 

c e l l u l o s e  i n  two c a t e g o r i e s .  The f i r s t ,  c o n s i s t i n g  of materials 

ranging i n  DP from about 300 t o  3300 were taken as r e p r e s e n t a t i v e  

of the  broad range of c e l l u l o s i c s  of g e n e r a l  i n t e r e s t .  The second 

group were c e l l u l o s e s  with a DP i n  t h e  15 t o  20 range which perhaps 

Others  have concent ra ted  on a 

11-12 

Perhaps mre c l o s e l y  r e l a t e d  t o  our work are t h e  s t u d i e s  of 

These, how- D
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EFFECTS OF TEMPERATURES 467 

could be regarded as the  high end of t he  ce l lo-o l igosacchar ides ,  

more commonly re fer red  as the ce l lodex t r in s .  These were included 

because we bel ieve  they can revea l  more c l e a r l y  the  inherent  ten- 

dencies of the  molecular chains t o  aggregate or undergo t ransfor -  

mation. The mvements of t he  r e l a t i v e l y  shor t  o l igosacchar ide  

chains a re  less l i k e l y  t o  be cons t ra ined  by molecular entangle- 

ments which can restrict molecular mobili ty.  

For both ca tegor ies  of samples the  primary experiments involved 

regenerating the  samples in amorphous form and then exploring 

t h e i r  response t o  elevated temperatures in d i f f e r e n t  media and 

under d i f f e r e n t  conditions. The program f o r  the  low DP c e l l u l o s e  

was extended t o  include the  response of samples i n i t i a l l y  re- 

generated as ce l lu lose  I1 of high c r y s t a l l i n i t y .  In add i t ion  

some regeneration s tud ie s ,  complementary t o  those reported 

were ca r r i ed  out on the  low DP ce l lu lose .  

EXPERIMENTAL PROGRAM 

Materials & Preparation 

The ce l lu loses  used as the s t a r t i n g  mater ia l s  were a l l  derived 

from cot ton  l i n t e r s .  The higher DP samples, received i n  f ib rous  

form, had number average DPs of 3300 and 1700. The t h i r d ,  ava i l -  

ab l e  in microcrys ta l l ine  form, had a number average DP of 333. 

The low DP ce l lu lose  was prepared by hydrolysis f o r  s i x  weeks 

i n  85% phosphoric acid. More s p e c i f i c a l l y ,  85 grams of micro- 

c r y s t a l l i n e  ce l lu lose  was wetted with 62 mL of d i s t i l l e d  water and 

then added t o  1590 mL of 85% phosphoric ac id  with continuous stir- 

r ing .  The so lu t ion  became c l e a r  a f t e r  standing over night.  It 

w a s  f i l t e r e d  through coarse f r i t t e d  g l a s s  and allowed t o  stand f o r  

s i x  weeks. It was then f i l t e r e d  through a f i n e  g l a s s  f i l t e r  (pore 

s i z e  4 t o  5.5 p) and added t o  th ree  times i ts  volume of d i s t i l l e d  

water. The p rec ip i t a t ed  c e l l u l o s e  was washed till n e u t r a l  and 

f reeze  dried.  X-ray diffractograms ind ica t e  a high c r y s t a l l i n i t y  

c e l l u l o s e  11. This mater ia l  was the  s t a r t i n g  material in a number 

of the heat treatment s tud ies .  
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46 8 ATALLA, ELLIS, AND SCHROEDER 

The amorphous ce l lu loses  were prepared by regeneration from 

t h e  DMSO-PF solvent system16 under anhydrous conditions.  

e f f ec t ive  procedure involved regeneration i n  a so lu t ion  of sodium 

isopropoxide i n  isopropyl a lcohol ,  and washing i n  isopropyl 

alcohol,  anhydrous e thy l  e the r ,  and cylcohexane, followed by 

drying from the  cyclohexane. 

completely amorphous character.  

The mst 

X-ray diffKaCtOgKamS indica ted  a 

Heat Treatments - 
The heat treatments were ca r r i ed  out i n  small c y l i n d r i c a l  

s t a i n l e s s  s t e e l  pressure ves se l s  ( 5  cm high, 2 cm diameter) 

immersed i n  an o i l  bath wherein temperature was cont ro l led  within 

f 2°C. The response time was such t h a t  the contents of the  vesse ls  

a t t a ined  bath temperature within about 5 minutes. Careful a t ten-  

t i o n  was given t o  degassing water and water-immersed samples p r io r  

t o  heat treatment. I n  some exploratory s tud ie s  DMSO was used as a 

medium f o r  heat treatment as w e l l .  

In  t he  course of the  inves t iga t ion  i t  became c l e a r  t h a t  when 

amorphous low DP ce l lu lose  was immersed i n  water p r io r  t o  r a i s i n g  

i ts  temperature f o r  heat treatment,  it would c r y s t a l l i z e  i n  the  

ce l lu lose  I1 l a t t i c e  form. Thus, an a l t e r n a t e  procedure was devel- 

oped wherein two vesse ls  were connected with s t a i n l e s s  steel tub- 

ing  containing a valve so t ha t  t he  ce l lu lose ,  under n i t rogen  i n  

one vesse l ,  could be exposed t o  the  vapor from water i n  the  o ther  

vesse l ,  a f t e r  both were brought up t o  the  temperature of heat 

treatment. This technique was later a l s o  applied t o  some of the 

high DP amorphous ce l lu loses .  

Characterization 

The ordering responses of t he  high DP ce l lu loses  were qua l i t a -  

t i v e l y  similar, varying primarily i n  the  degree of progress of 

c rys t a l l i za t ion .  The response was  t he re fo re  charac te r ized  i n  terms 

of changes i n  the  X-ray diffractograrn. Three parameters were 
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EFFECTS OF TEMPERATURES 469 

used: the  width at half height of the  002 peak; the c r y s t a l l i n i t y  

index based on the  In t ens i ty  of the  002 peak and the  i n t e n s i t y  a t  

18", assumed representa t ive  of t he  amorphous content;  and the  

r a t i o  

l o s e  I1 t o  the  i n t e n s i t y  of the 002 peak. None of these  was 

assigned absolu te  s ign i f i cance ;  r a the r  they were taken a s  comple- 

mentary measures of progress i n  order ing ,  and in some respec ts  as 

providing f o r  i n t e r n a l  consistency. 

of the  i n t e n s i t y  at the  pos i t i on  of the  lOi peak of ce l lu -  

For the  low DP ce l lu loses  the  primary cha rac t e r i za t ion  r e l i e d  

on q u a l i t a t i v e  d i f fe rences  in t he  diffractograms which r e f l e c t  

polymorphic f o m ,  although these  a l s o  a r e  r e f l ec t ed  i n  the  values 

of the parameters noted above. In add i t ion  t o  the  d i f f r a c t o m e t r i c  

cha rac t e r i za t ion ,  the Raman spec t r a  of many samples were recorded. 

These provided valuable add i t iona l  cha rac t e r i za t ion ,  p a r t i c u l a r l y  

f o r  the  amorphous samples. 

RESULTS 

High DP Cellulose8 

The diffractogram shown i n  Fig. 1 is representa t ive  of the 

response of the  high DP c e l l u l o s e s  t o  heat treatment. It is 

r a t h e r  d i f f i c u l t  t o  c l a s s i f y  i n  terms of a pure polymorphic form. 

When compared with the diffractograms i n  Fig. 2, which a r e  f o r  

highly c r y s t a l l i n e  representa t ives  of polymorphs I, 11, and I V ,  

t h e  diffractogram of Fig. 1 appears t o  be predominantly of the  I V  

form, although h i n t s  of f ea tu re s  of I and I1 occur. 

The i n i t i a l  explorations were f o r  t he  e f f e c t  of t i m e  and tem- 

perature.  The e f f e c t  of t i m e  is depicted i n  Table 1, which shows 

t h a t  much of the  ordering occurs i n  the  ea r ly  phases and is 

r e f l ec t ed  i n  rapid development of the 002 peak, and the  rise i n  

t h e  c r y s t a l l i n i t y  index. Later phases of the heat treatment lead 

t o  growth or g rea t e r  per fec t ion  of the order ,  with very l i t t l e  

change i n  the  type of order. 

half-height of the 002 peak, the  dec l ine  i n  the  I(lOi)/I(002) 
r a t i o ,  and the  slow rise i n  the  c r y s t a l l i n i t y  index. 

Thus the  narrowing of the  width at 
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470 ATALLA, ELLIS, AND SCHROEDER 

Figure 1. Diffractogram of DP 3300 c e l l u l o s e  a f t e r  heat treatment 
in water a t  190°C f o r  6 hours. The s t a r t i n g  material 
w a s  amorphous. 

The e f f e c t  of temperature i s  shown i n  Table 2 where it is seen 

that the  higher temperatures r e s u l t  i n  a greater degree of order.  

Here it is c l e a r ,  however, t h a t  some of the c e l l u l o s e  is l o s t  

during heat treatment a t  the higher temperatures. It may be t ha t  

t h e  l o s t  ce l lu lose  a r i s e s  primarily from the  amorphous component; 

thus ,  t he  degree of ordering may appear exaggerated. Nevertheless, 

t h e  pa t t e rn  of response t o  higher temperature is cons is ten t  with 

expectation on the  bas i s  of e a r l i e r  experience. 

A number of experiments were ca r r i ed  out i n  which amorphorous 

ce l lu lose  regenerated from the  samples having DPs of 333, 1700, 
and 3300 were compared with respect t o  t h e i r  response a t  d i f f e r e n t  

times and temperatures. 

were r e l a t i v e l y  s imi l a r ,  although the  r a t e s  of increase  i n  

c r y s t a l l i n i t y  declined with increase  i n  DP. 

The genera l  pa t t e rn  was t h a t  the responses 

F ina l ly ,  i n  another series of experiments the higher DP ce l lu-  

l o s e s  were heat t rea ted  i n  steam. In every ins tance  the ind ices  

pointed t o  more rapid ordering when the  heat treatment was i n  steam. 

Low DP Cellulose -- 
The e a r l i e s t  experiments with the low DP ce l lu lose  es tab l i shed  

t h a t  i t  c r y s t a l l i z e d  very rap id ly  t o  c e l l u l o s e  I1 upon immersion 

i n  water. Indeed, exposure t o  atmospheric moisture is s u f f i c i e n t  

t o  cause some c rys t a l l i za t ion .  The inves t iga t ion  of the low DP 
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EFFECTS OF TEMPERATURES 471 

I 

I, CELL 

, l r l r r l l l  ' $8 24 20 16 12 0 
2 0  

Figure 2. Diffractograms of high crysta l l in i ty  samples of ce l lu-  
l o se  I ,  11, and I V .  The ce l lu lose  I sample ha8 a small 
residue of ce l lu lose  I1 i n  i t .  A l l  the samples are low 
DP cellulose.  
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472 ATALLA, ELLIS, AND SCHROEDER 

Time, hr 

TABLE 1 
Effect of time at 180'C; DP 3300 

Whha 
(002) 

-- - 1.494 0 

1.5 3.33 0.748 44.9 
6.0 2.66 0.635 54.7 
24.0 2.35 0.487 58.7 

,. 

aWidth at half-height 002 peak in degrees. 
bRatio:intensity (101) peak/intensity (002) peak; 
the (101) taken at its position for 11. 

CCrystallinity index. 

TABLE 2 
Effect of temperature held for 6 hr; 

Whh I( i o i )  
Temp., 'C (002) 'I0 CI 

130 3.98 0.891 44.8 
150 3.59 0.801 46.9 
180 2.66 0.635 54.7 
190 2.10 0.478 70.7 
2 00 1.67 0.313 79.5 
2 10 1.55 0.352 77.8 

DP 3300 

LOSS, x 
7.5 
4.4 
19.3 
24.3 
43.1 
51.5 

TABLE 3 
Effect of temperature held for 2 hr; DP 15-20 

130 1.46 1.093 88.5 14.3 
150 1.34 1.093 91.2 21.2 
170 1.46 0.913 89.2 33.7 
180 1.33 0.476 87.3 61.0 
190 1.30 0.326 87.2 62.1 
200 1.31 0.245 89.8 86.1 
2 10 1.28 0.054 94.4 96.7 
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UFECT.S OF TEMPERATURES 473 

c e l l u l o s e  was, therefore ,  modified t o  bypass t h i s  s t age  when hea t  

treatment was t o  be in water as the  medium. Thus, t he  s t a r t i n g  

ma te r i a l  was  the  high c r y s t a l l i n i t y  c e l l u l o s e  11 regenerated from 

phosphoric acid.  

To explore i ts  response t o  temperature, the  low DP c e l l u l o s e  

was heat t r e a t e d  at temperatures ranging from 130 t o  210OC f o r  two 

hours. The r e s u l t s  a r e  summarized in Table 3 and Fig. 3. The 

r e s u l t s  show t h a t ,  beginning a t  1 7 O o C ,  t he  ce l lu lose  I1 la t t ice  
seems to  be perturbed i n  a manner t h a t  l eads  t o  transformation 

f i r s t  t o  c e l l u l o s e  IV and eventua l ly  t o  ce l lu lose  I. The t rans-  

formation t o  ce l lu lose  I V  is not e n t i r e l y  unexpected in l i g h t  of 

p r i o r  repor t s  in the  l i t e r a t u r e .  The eventual appearance of a 

small res idue  of ce l lu lose  I was e n t i r e l y  unexpected. Yet it was 

not incons is ten t  with our p r io r  encounters with c e l l u l o s e  I in 

small  y ie ld  in ce l lu loses  regenerated from phosphoric acid.  4 

A question arises with respect t o  the  formation of c e l l u l o s e  

I. Because of the low y ie ld ,  can it be a residue t h a t  had never 

been dissolved in phosphoric ac id  in t he  f i r s t  ins tance?  A number 

of t e s t s  have ruled t h i s  out. SEM micrographs revea l  a p a r t i c l e  

s i z e  l a rge r  than the  pore s i z e  of the  f i l t e r .  An e f f o r t  t o  de te r -  

mine the  DP w i n g  the t r i c a r b a n i l a t e  method17 revealed t h a t  the  DP 

w a s  too low t o  be resolved by the  column, thus l i k e l y  below 20. 

F ina l ly  a small  amount of the  sample was redispersed in phosphoric 

ac id  and did in f a c t  go i n t o  so lu t ion .  The so lu t ion  was examined 

under a po lar iz ing  microscope but showed no sign of b i re f r ingence .  

In l i g h t  of the  low y ie ld ,  a second question arose.  Was the  

c e l l u l o s e  I formed during the  regenera t ion ,  or the  heat treatment? 

A p a r t i a l  answer was provided by subjec t ing  a sample of the  regen- 

e ra t ed  c e l l u l o s e  11 t o  ac id  hydro lys is ;  it was reasoned t h a t  i f  

t he  ce l lu lose  I r e s i s t ed  hydro ly t ic  a c t i o n  a t  210°C, it might, a t  

t h e  l e a s t ,  be enriched by hydro lys is  i n  acid. After 48 hours of 

bo i l i ng  in 4N HC1, a residue of c e l l u l o s e  I was found in y ie ld  

approximately s imi la r  t o  t h a t  from the  heat treatment in water a t  
21OOC. Clear ly ,  at l e a s t  the  nuc le i  f o r  t h i s  ce l lu lose  I were 

present i n  the  ce l lu lose  11 regenerated from phosphoric acid.  
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474 ATALLA, ELLIS, AND SCHROEDER 

I I I I I I 1 I I 1 
28 24 20 16 12 

28 

Figure 3. Diffractograma of samples of low DP ce l lu lose  a f t e r  
heat treatment i n  water a t  190°C, 2 O O 0 C ,  and 21OoC, fo r  
2 hours. The s t a r t i n g  mater ia l  was high c r y s t a l l i n i t y  
ce l lu lose  11. 

Whether 24 hours of bo i l ing  in 4: HC1 a r e  equivalent t o  two hours 

in water a t  210'C remains an open question. 

The next series of experiments Involved comparison of the  

response of the amorphous low DP ce l lu lose  t o  heat treatment in 

d i f f e r e n t  media at 130OC. The comparison included DMSO, water,  

and steam. The r e s u l t s ,  shown in Fig. 4, a r e  q u i t e  remarkable, 

f o r  although the treatment i n  water produced a ce l lu lose  I1 88 
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WATER 

STEAM 

DMSO 

DEGREES 20 
I I 1 I I 1 I I 1 

26 24 22 20 18 16 14 12 10 

Figure 4. DiffKaCtOgKams of low DP c e l l u l o s e  h e a t  t r e a t e d  a t  
13OoC f o r  two hours  i n  t h e  media i n d i c a t e d .  The 
s t a r t i n g  material was amorphous. 

expected,  t h e  t reatment  wi th  steam produced a c e l l u l o s e  I V .  The 

t rea tment  i n  DMSO also produced a c e l l u l o s e  I V ,  but with a 

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

Regeneration Experiments 

In  our previous s tudy i t  was found t h a t  DP and temperature  of 

regenera t ion  were key f a c t o r s  i n  determining t h e  polymorphic form 

of t h e  c e l l u l o s e  recovered. In p a r t i c u l a r  it was found t h a t  
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476 ATALLA, ELLIS, AND SCHROEDER 

e leva t ing  the temperature of regeneration resu l ted  i n  recovery of 

ce l lu lose  IV.  To complement these  earlier r e s u i t s ,  an e f f o r t  was 

made, i n  the present program, t o  regenerate the  low DP c e l l u l o s e  

i n  the  IV polymorph. It was found poss ib le  t o  do so by allowing 

t h e  DMSO-PF so lu t ion  t o  stand a t  75'C. The d i f f rac togram of t h i s  

sample is shown i n  Fig. 5. The most remarkable c h a r a c t e r i s t i c  of 

t h i s  sample is i t s  Raman spectrum, which is e s s e n t i a l l y  i d e n t i c a l  

t o  tha t  of the amorphous material recovered when the low DP 

ce l lu lose  is regenerated from the  DMSO-PF system using the 

anhydrous procedure described above. The Raman spec t r a  are shown 

i n  Fig. 6 together with the spec t r a  of high c r y s t a l l i n i t y  samples 

of  ce l lu loses  I and 11. 

DISCUSSION 

The r e s u l t s  described above represent  an i n t e r e s t i n g  set of 

observations revealing a pa t t e rn  not unlike t h a t  found in the  

s tud ie s  of regeneration. In those  s tud ie s  i t  was a l s o  observed 

t h a t  lower temperatures favored the  c e l l u l o s e  I1 form, whereas 

the  intermediate and elevated temperatures (80 t o  160'C) favored 

ce l lu lose  IV. Furthermore, it was a l s o  found tha t  i n  the spec ia l  

circumstance of low DP and temperatures a t  the  upper extreme of the 

range s tudied ,  a high c r y s t a l l i n i t y  ce l lu lose  I was recovered i n  

small  y ie ld .  

Though our observations a re  very much i n  keeping with the  

enigmatic charac te r  of c e l l u l o s e  I V ,  we  believe the  r e s u l t s ,  par- 

t i c u l a r l y  when taken i n  conjunction with the Raman spec t r a ,  point 

t o  a p laus ib le  mechaniatic i n t e r p r e t a t i o n  based on our general  

model of ce l lu lose  s t ruc tu re .  The model, which has been presented 

in grea te r  d e t a i l  elsewhere,18 is based on the  hypothesis t h a t  two 

s t a b l e  ordered conformations of the ce l lu lose  w l e c u l e  coexis t  i n  

d i f f e r e n t  proportions in mst ce l lu loses .  These conformations 

have been iden t i f i ed  as kI and kII based on t h e i r  dominance i n  

ce l lu loses  I and 11, respec t ive ly ;  the l e s s  ordered s t a t e  has been 

i d e n t i f i e d  as k ~ .  
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1 
2!0 24 22 20 18 10 14 12 10 

1 I I I I 1 I 

Figure 5. Dfffractogram of the low DP ce l lu lose  IV sample 
regenerated from DMSO-PF at 75'C. 

r . ~ ~ r r . . , . . , . . i  
200 400 000 800 1000 1200 1400 1000 

Figure 6. Raman spectra of highly crystall ine samples of 
ce l lu lose  I ,  XI, and IV, and of an amorphous low DP 
ce l lu lose .  

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



478 ATALLA, ELLIS, ANTI SCIBOEDER 

The relevance of t h e  model is suggested in Fig. 5, where t h e  
s p e c t r a  of c e l l u l o s e  I V  and an amorphous c e l l u l o s e  are compared 

wi th  t h e  s p e c t r a  of c e l l u l o s e  I and c e l l u l o s e  11. The f i r s t  po in t  

t o  be noted is t h a t  t h e  spectrum of c e l l u l o s e  I V  is  q u i t e  c l o s e  t o  

a s u p e r p o s i t i o n  of t h e  s p e c t r a  of I and 11. h i s  observa t ion ,  

t y p i c a l  of many c e l l u l o s e  IV samples, has  l e d  t o  our proposal  t h a t  

t h e  c e l l u l o s e  I V  lat t ice is a mixed la t t ice  i n  which kI and k I I  

c o e ~ i s t . ~  

that t h e  s p e c t r a  of c e l l u l o s e  I V  and t h e  amorphous c e l l u l o s e  are 
n e a r l y  i d e n t i c a l .  This l e a d s  t o  t h e  conclusion t h a t  the amorphous 

c e l l u l o s e  conta ins  a l a r g e  f r a c t i o n  of molecules l i n e a r l y  ordered 

in t h e  kI and k I I  conformations,  which n e v e r t h e l e s s  have not 

aggregated i n t o  c r y s t a l l i n e  domains. Fur ther ,  it is noted t h a t  

t h e  r e l a t i v e  propor t ions  of kI and k11 revea led  in t h e  s p e c t r a  of 

c e l l u l o s e  IV regenerated at 7 5 O C  are s i m i l a r  t o  those  i n  amorphous 

c e l l u l o s e ,  sugges t ing  that t h i s  propor t ion ,  which appears  i n  t h e  

range of 30% kI, may approximate an equi l ibr ium d i s t r i b u t i o n  i n  

t h e  DMSO-PF so lu t ion .  

Another po in t  t o  be noted wi th  r e s p e c t  t o  Fig. 5 is 

Low DP Cel lu loee  -- 
In  Fig. 4 It is  seen  t h a t  t rea tment  a t  13OoC I n  steam o r  DMSO 

r e s u l t s  i n  aggregat ion as c e l l u l o s e  IV. Thus t h e  i n d i c a t i o n  i s  

t h a t  the  balance between kI and kII  is approximately r e t a i n e d .  

The t reatment  media thus  provide t h e  r e q u i s i t e  molecular  m o b i l i t y  

without  d r a s t i c a l l y  a l t e r i n g  t h e  ba lance  between kI  and kII. 
The treatment  i n  water, however, appears  to  br ing  about a 

d r a s t i c  t ransformat ion  i n  t h e  balance,  r e s u l t i n g  i n  a high 

c r y s t a l l i n i t y  c e l l u l o s e  11. A pre l iminary  conclusion.  t h e r e f o r e ,  

is t h a t  an excess  of water a t  ambient temperature  r e s u l t s  i n  t h e  

t ransformat ion  of kI t o  kII r e s u l t i n g  i n  c r y s t a l l i z a t i o n  of pure 

polymorphic 11. Based on earlier experiments ,  i t  must be 

concluded t h a t  t h e  sample depic ted  i n  Fig. 4 as heat  t r e a t e d  i n  

water must have c r y s t a l l i z e d  as I1 immediately a f t e r  immersion i n  

water a t  ambient temperature ,  wi th  t h e  exposure t o  13OOC f o r  two 

hours  s e r v i n g  pr imar i ly  t o  promote h igher  c r y s t a l l i n i t y .  
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EFFECTS OF TEMPERATURES 479 

There are a number of i nd ica t ions  t h a t  the  balance between kI 

In the  and k I I  is s h i f t e d  toward kI as temperature i s  increased. 

earlier study of regeneration it was found tha t  c e l l u l o s e  I1 was 

recovered a t  ambient temperatures, but t h a t  ce l lu lose  IV, with in- 

c reas ing  proportions of k I ,  was recovered at higher temperatures. 

In t he  present study it would seem t h a t  the treatment with steam 

would have s h i f t e d  the  form toward c e l l u l o s e  I1 i f  a c e r t a i n  pro- 

por t ion  of k I  were not inherent ly  pa r t  of the most s t a b l e  state of 
t h e  system. 

The most d i f f i c u l t  t o  i n t e r p r e t  are the  transformations of t he  

low DP ce l lu lose8  at the  higher end of t he  temperature range. 

Though many aspects of the  transformations remain obscure, a plaus- 

i b l e  mechanism can be suggested. Thus, it is proposed t h a t  a t  high 

enough temperatures the dr iv ing  fo rce  f o r  t he  t r a n s i t i o n  from k11 

t o  kI becomes l a rge  enough t o  d i s rup t  t he  ce l lu lose  I1 lat t ice,  re- 
s u l t i n g  i n  a simultaneous conversion of some molecules from k I I  t o  

k I  and the  l o s s  of k I I  by d i s so lu t ion  and hydroylsis;  the  r a t i o n a l e  

f o r  g rea t e r  s u s c e p t i b i l i t y  of k I I  t o  hydrolysis has been presented 

elsewhere.” 

some kII t o  k I  make poss ib le  reaggregation of some kI and k I 1  

toge ther  t o  g ive  the more s t a b l e  I V  l a t t i c e .  The Raman spec t r a  

suggest t h a t  a t  the  higher temperatures the  l o s s  of k I I  is  g r e a t e r  

so t ha t  the  proportion of k1 i n  t he  IV lat t ice is higher. 

a t  a high enough temperature a l l  of the  k I I  is l o s t ,  leaving the 

highly c r y s t a l l i n e  aggregate of k I ,  which is ce l lu lose  I. 

The d i s rup t ion  of the  11 lattice and conversion of 

F ina l ly ,  

Two more general  observations are re levant  here. The c e l l u l o s e  

I V  polymorph appears t o  be less a pure polymorph than a category 

of mixed c rys t a l s .  This is suggested by the  g rea t e r  v a r i a b i l i t y  

of the  r e l a t i v e  i n t e n s i t i e s  of the  peaks i n  its diffractograms. 

This is one c h a r a c t e r i s t i c  of mixed polymeric c r y s t a l l i n e  

mater ia l s .  20 

The second observation is t h a t  the  diffractogram of the  sample 

14 
t r e a t e d  at 200’ in Fig. 3 is suggestive of the diffractograms 

reported i n  the  l i t e r a t u r e  f o r  what has been ca l l ed  c e l l u l o s e  X. 

It cannot be co inc identa l  t h a t  it was a l s o  prepared by procedures 
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480 ATALLA, ELLIS, AND SCHROEDER 

including, at some point,  treatment with 85% phosphoric acid or 

very concentrated hydrochloric ac id ,  and that in those instances 
the  reported DPs were i n  the 15 t o  20 range. 

High DP Cellulose 

I h e  r e s u l t s  of heat treatment of the  high DP ce l lu loses  can be 

in te rpre ted  i n  terms of the  concepts set f o r t h  above toge ther  with 

the  considerable cons t ra in t  of molecular entanglements r e s t r a in ing  

molecular transformations. ' N o  observations are noteworthy at the 
outse t .  F i r s t ,  a l l  high DP ce l lu loses  responded i n  the  same 
manner, producing the I V  polymorph, though varying i n  the degree 

of order. Second, heat treatment i n  steam resul ted  i n  nure rapid 

ordering than treatment in water. 
A p laus ib le  in t e rp re t a t ion ,  based on p a r a l l e l s  with the low DP 

ce l lu loses ,  is t h a t  kI and kI1 coexis t  i n  the amorphous ce l lu-  

l o se ,  and aggregate i n t o  type I V  c r y s t a l l i n e  domains upon heat 

treatment. The cons t r a in t s  of rmlecular entanglement c l e a r l y  
limit aggregation as ce l lu lose  I1 OK transformation of a s i g n i f i -  

cant f r ac t ion  of molecules from the  kI t o  the  kII form. Yet when 

the  amorphous ce l lu lose  is wetted p r io r  t o  treatment i n  water, 
t h i s  seem to  r e t a rd  the ordering pKOCeSS r e l a t i v e  t o  its rate of 

progress i n  steam. 
It is not unreasonable t o  suggest t ha t  the wetting r e s u l t s  i n  

a small amount of highly loca l ized  aggregation as ce l lu lose  11, 

beyond the de tec t ion  limit, and tha t  the  presence of t h i s  com- 

ponent re ta rds  the progress of the ordering. A t  higher treatment 
temperstures, such loca l  aggregates would be disrupted and 

reaggregation i n  the IV form would continue. 

Another noteworthy observation is tha t  the weight losses  upon 

heat treatment of the high DP material were m c h  less than those 

f o r  treatment of the m c h  more c r y s t a l l i n e  low DP materials.  This 

re inforces  the view tha t  nuch of the lo s ses  i n  heat treatment of 

the  l a t t e r  were due t o  d i s so lu t ion  r a the r  than t o  chemical decom- 
posit ion.  
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EFFECTS OF TEMPERATURES 481 

Broader Implications 

The r e s a l t s  reported above suggest t ha t  exposure of c e l l u l o s i c  

materials t o  elevated temperatures, not un l ike  those occurring i n  

many commercial processes, can cause transformations i n  molecular 

conformations and s t a t e s  of aggregation. Such transformations 

have not been considered i n  most pas t  analyses because of the  d i f -  

f i c u l t y  of charac te r iz ing  the  transformations and the  morphologi- 

cal heterogeneity of commercial c e l h l o s e s .  (Xlr r e s u l t s  suggest a 

new approach t o  inves t iga t ing  and assess ing  the  e f f e c t s ,  and pro- 

v ide  a foundation f o r  exploring t h e i r  influence on proper t ies .  
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