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EFFECTS OF NON-AQUEOUS PLASTICIZERS 
ON THE THERMAL SOFTENING OF PAPER 

Lennart SalmBn, Ernst  Back and Ylwa Alwarsdot ter  
Swedish Forest Products Research Laboratory 

P.O. Box 5604, S-114 86 Stockholm, Sweden 

Dedicated t o  Prof .  J.L McCarthy on the  
Occasion o f  h i s  70th Bi r thday 

ABSTRACT 

The s t ress -s t ra in  p roper t i es  o f  a NSSC-fluting medium p l a s t i -  
c ized w i t h  var ious amounts o f  ethybene g l y c o l  have been measured 
over a temperature range up t o  250 C. By comparison w i t h  d e l i g n i -  
f i e d  and hemicel lu lose-extracted samples i t  i s  concluded t h a t  t he  
major sof ten ing i s  t o  a l a rge  extent  caused by the l i g n i n .  I t  i s  
shown t h a t  the Kaelb le  equat ion provides a good est imate o f  t he  
g lass t r a n s i t i o n  temperature i n  l i g n i n  p l a s t i c i z e r  systems. A 
reasonable c o r r e l a t i o n  i s  a l s o  found between the measured so f ten -  
ing i n  NSSC-papers conta in ing ethylene g l y c o l  and the  p r e d i c t i o n s  
o f  the p l a s t i c i z i n g  e f f e c t  on l i g n i n  and carbohydrates based on 
the Kaelble approach. On t h i s  basis, the thermal sof ten ing o f  a 
NSSC-fluting medium and i t s  l i g n i n  and carbohydrate polymers when 
p l a s t i c i z e d  by water i s  discussed, p a r t i c u l a r l y  i n  r e l a t i o n  t o  
the hot corrugat ing process. 

INTRODUCTION 

The so f ten ing  o f  paper due t o  mois ture can be det r imenta l  o r  

b e n e f i c i a l  i n  product performance and i n  conver t ing operat ions 

such as corrugat ing.  I n  the hot corrugat ing process the paper 

must be s o f t  enough t o  be formed i n t o  the f l u t e  p r o f i l e ,  but  i t  

must emerge from the co r ruga t ing  n i p  w i t h  a s t a b l e  f l u t e  p r o f i l e .  

Normally corrugat ion i s  c a r r i e d  ou t  a t  a moisture content o f  5 t o  
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348 SALMEN, BACK, AND ALWARSDOTTER 

9 % and with a press nip temperature substantially above 100°C. 
The best fluting medium is often based on NSSC-pulp containfng 
about 24 % lignin with a 1.2 % sulphur content. It is suggested 
that the softening of the lignin in the corrugating nip is impor- 
tant for flute formation. 1 

This study was undertaken in order better to establish the 
effects of lignin softening on the mechanical properties of a 
fluting medium under corrugating conditions, Slnce it i s  difficult 
to maintain equilibrium conditions with small amounts of water in 
the paper above 100°C, ethylene glycol, a higher boiling compound 
with similar softening ability to that of water, was used. The 
softening effect of both non-aqueous solvents and water on all the 
polymeric paper components, i.e. cellulose, hemicelluloses and 
lignin, is discussed. 

EXPERIMENTAL APPROACH 

To study the plasticizing effects of water on NSSC-paper at 
0 temperatures above 100 C, measurements under pressure are required, 

which are rather tedious procedures. As an alternative approach a 
higher boiling compound with a plasticizing action similar to that 
of water has here been used. 

A plasticizer is a substance, usually a monomer, added to a 
polymer to soften it, i.e. to lower its glass transition tempera- 
ture and thereby its stiffness-temperature relationship. The 
softening ability of a plasticizer 
with the polymer. This interaction 
comparing the solubility parameter 
intermolecular forces in the mater 
for estimating the reduction o f  th 

is related to its interaction 
can be partly described by 
6, which is a measure of the 

2 al. The relation of Kaelble 
glass transition temperature 

for a given amount of added plasticizer is also based on this 

solubi 1 i ty parameter. 
The plasticizer here chosen was ethylene glycol, a fairly 

good solvent for the wood polymers having a boiling point of 
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EFFECTS OF PLASTICIZERS 349 

198OC. Ethylene g l yco l3  has a s o l u b i l i t y  parameter 6 o f  33 .4 -10  3 
(J/m3)*, which comes c lose t o  tha t  o f  water3 which i s  48-10 3 

(J/m3)*. Both ethylene g l y c o l  and water have h igh hydrogen bonding 

p o t e n t i a l s .  The sof ten ing temperature, i.e. the g lass t rans t i o n  

o f  the l i g n i n ,  i n  wood samples whether immersed i n  ethy lene g l y c o l  

o r  water occurs a t  about 8OoC a t  0,OZ Hz , t h i s  being the 1 m i t i n g  

so f ten ing  temperature of l i g n i n  i n  these p l a s t i c i z e r s .  Th is  means 

i t  i s  the lowest temperature a t t a i n a b l e  i n  these systems, inde- 

pendent o f  p l a s t i c i z e r  concentrat ion,  above the l i m i t i n g  value. 

For comparison a few experiments w i t h  g l y c e r o l  w i t h  a 6 o f  

4 

43.2.10 3 (J/m 3 4  ) are a l so  reported. 

EXPERIMENTAL DETAILS 

The papers here tested were based on a commercial NSSC- 

f l u t i n g  medium conta in ing 50 % b i r c h  and 50 % o the r  hardwood 

species. For comparison, samples o f  t h i s  paper have been d i s i n t e -  

grated and the pulp then d e l i g n i f i e d  and i n  one case a l s o  hemi- 

c e l l u l o s e  ext racted p r i o r  t o  the format ion o f  i s o t r o p i c  hand- 

sheets. The d e l i g n i f i c a t i o n  was performed i n  sodium c h l o r i t e  and 

the hemicel lu lose was ext racted w i t h  a l k a l i  according t o  a proce- 

dure o f  Spiegelberg5. The chemical compositions o f  a1 1 t he  papers, 

analysed and ca l cu la ted  according t o  a procedure o u t l i n e d  by 

Aurel16, a re  given i n  Table 1. The degree o f  c r y s t a l l i n i t y  was 

estimated from X-ray d i f f r a c t i o n  spectra of d i s i n t e g r a t e d  samples, 

according t o  a procedure of Jayme and Knol le7 and was c a l c u l a t e d  

from the i n t e n s i t i e s  o f  the c r y s t a l l i n e  and amorphous peaks. 

A l l  samples f o r  mechanical t es ts  were d r i e d  i n  vacuum a t  65OC 

f o r  4 hours, Samples t o  be measured w i thou t  p l a s t i c i z e r  were then 

stored i n d i v i d u a l l y  i n  sealed tubes con ta in ing  water- f ree n i t r o g e n  

gas. Other samples were placed i n  an autoclave a t  65OC under low 

pressure f o r  20 days and exposed t o  var ious amun ts  o f  e thy lene 

g l yco l  o r  g l yce ro l  vapor. The ethylene g l yco l  o r  g l y c e r o l  absorbed 

was determined from the weight increase. The ex is tence o f  res idua l  
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350 SALMEN, BACK, AND ALWARSDOTTER 

TABLE I 

Composition o f  Papers Invest igated 

r e l a t i v e  weight % % c rys -  ft 
l i a n i n  t a l l i n i t y  c e l  l u -  hemi- - 

1 ose c e l l  l u l o s e  

NSSC-fluting medium 48 29 23 65 

d e l i g n i f i e d  NSSC-pulp 70 29 1 74 

del i g n i  f ied and hemi - 
c e l l u l o s e  ext racted NSSC 89 

k ra f  t sack paper 77 

0 1 76 

6 7 70 

9r 
based on sum o f  c e l l u l o s e  and hemicel lu lose 

amounts o f  water was checked by Kar l  Fischer t i t r a t i o n 8  and l i m i -  

ted t o  a maximum o f  0.5,%. 
9 The s t r e s s - s t r a i n  t e s t s  were performed on an Alwetron TCT 20 , 

a t  a s t r a i n  r a t e  o f  0.17 %/s. The t e s t  span was 100 m and the 

s t r i p  w id th  15 mm. The samples were soaked i n  s i l i c o n e  o i l  i n  

order t o  avoid contact  w i t h  mois t  a i r  and then clamped i n s i d e  a 

thermostat ing chamber and heated o r  cooled t o  the t e s t  temperature 

by d i r e c t  contact  w i t h  the i n e r t  pre-thermostated s i l  icone o i l  

w i t h i n  a few seconds. For more d e t a i l s  see 

The t e n s i l e  p roper t i es  were evaluated 

range from -2OOC t o  200 o r  250°C depending 

content. One s t r i p  was measured f o r  approx 

0 

over the temperature 

on the p l a s t i c i z e r  

mately each 2OC i n t e r -  

va l .  The e l a s t i c  modulus i s  g iven as the s p e c i f i c  e l a s t i c  modulus, 

i.e. as the e l a s t i c  modulus d i v ided  by densi ty .  I t  i s  obta ined by 

d i v i d i n g  the t e n s i l e  s t i f f n e s s  by the dry  bas is  weight o f  p l a s t i -  

c i z e r - f r e e  samples. T rans i t i on  temperatures were evaluated as 
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EFFECTS OF PLASTICIZERS 35 1 

maxima i n  the d e r i v a t i v e  curves o f  the logar i thm o f  the modulus o f  

e l a s t i c i t y  against  temperature. 

S t ress-s t ra  i n Propert  i es 

The s t r e s s - s t r a i n  p roper t i es  of the  NSSC-fluting medium have 

been measured a t  ethylene g l y c o l  contents o f  0.0, 4.5, 6.4 and 

12 % between O°C and 200' t o  25OoC. I n  f i g .  1 data f o r  the s p e c i f i c  

e l a s t i c  modulus are given as a f u n c t i o n  o f  temperature. For an 

ethy lene g l yco l  content o f  12 % on l y  the mean curve obtained i s  

shown due t o  over lap w i t h  data f o r  an ethy lene g l y c o l  content  of  

6.4 %. I t  i s  apparent t h a t  the so f ten ing  region i s  successively 

lowered by an increase i n  the ethylene g l yco l  content.  However a t  

an ethy lene g l y c o l  content o f  12 % sa tu ra t i on  seems t o  have oc- 

curred, i.e. a l i m i t i n g  so f ten ing  temperature i s  reached. This  

behaviour i s  s i m i l a r  t o  t h a t  no t i ced  w i t h  water as a p l a s t i c i z e r  
f o r  wood l1 and var ious i so la ted  l i g n i n  preparat ions 11,12,13 

For NSSC-fluting medium wi thout  p l a s t i c i z e r ,  the so f ten ing  

region has e a r l i e r  been shown t o  cons is t  of  two g lass t r a n s i t i o n s ,  

one f o r  l i g n i n  a t  205OC and one f o r  c e l l u l o s e  a t  23OoC 14.  For the 

samples conta in ing ethy lene g l yco l  no such separat ion i n t o  several  

t r a n s i t i o n s  i s  r e a d i l y  apparent. The reduct ion i n  the  s p e c i f i c  

modulus i s  more d i s t i n c t  t he  h igher  the ethylene g l y c o l  content.  

Corresponding data f o r  the breaking elongat 

f i g .  2. Obviously a considerable increase i n  the 

t i o n  accompanies the reduct ion i n  modulus o f  the 

increase being more d i s t i n c t  the h igher  the ethy 

ten t .  For p l a s t i c i z e r - f r e e  samples such a marked 

on a re  g iven i n  

breaking e l  onga- 

papers, the 

ene g l y c o l  con- 

increase i n  

breaking e longat ion over a ra the r  1 i m i  ted temperature range has 

been a t t r i b u t e d  t o  the so f ten ing  o f  the l i g n i n  component re-  

f l e c t i n g  i t s  p l a s t i c  f low. A l i m i t i n g  breaking e longat ion i s  

apparent ly reached a t  about 2.5 % e longat ion.  

1 4  
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35 2 SALMEN, BACK, AND ALWARSDOTTER 

FIGURE 1. S p e c i f i c  e l a s t i c  modulus versus temperature f o r  NSSC 
f l u t i n g  papers conta in ing d i f f e r e n t  amounts by weight of ethy lene 
g l yco l .  

For the breaking load the so f ten ing  reg ion i s  n a t u r a l l y  less 

d iscern ib le ,  as seen i n  f i g .  3 .  Ethylene g l yco l  lowers the break- 

ing load over almost the e n t i r e  temperature range stud ied,  The 

r e l a t i v e l y  broader so f ten ing  region i n  t h i s  case i s  common f o r  

polymers and may be a t t r i b u t e d  to an e a r l y  onset o f  p u l l - o u t  o f  

chains o r  f i b e r s  below the t r a n s i t i o n  region . 14 

S i m i l a r  e f f e c t s  occur w i t h  g l y c e r o l  as a sof tener  as shown i n  

f i g .  4 which depic ts  the e f f e c t  on the breaking e longat ion.  The 

sof ten ing region i s  here somewhat broader than t h a t  w i t h  ethy lene 

g l yco l .  I t  i s  a l so  d i f f i c u l t  t o  determine an exact so f ten ing  

temperature from the corresponding data f o r  the e l a s t i c  modulus, A 

l i m i t i n g  breaking e longat ion of  about 2.5 % i s  again reached. 
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% ethylene glycol: 

:,----!- 0 0 100 2 00 

Temperature O C  

FIGURE 2. Breaking elongation versus temperature f o r  the NSSC- 
papers i n  f igure  1 with d i f f e r e n t  amounts by weight o f  ethylene 
g lycol .  

0 
0 50 100 150 200 2 

Temperature O C  

I0 

FIGURE 3 .  Breaking load versus temperature f o r  the NSSC-papers in  
f igures 1 and 2 wi th  d i f f e r e n t  amounts by weight o f  ethylene 
g lycol .  
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35 4 SALMEN, BACK, AND ALWARSDOTTER 

11.5 O h  glycero1 

0 ’  50 . 160 ’ 150 . 200 . 2 
Temperature OC 

FIGURE 4 Breaking e longat ion versus temperature f o r  the NSSC- 
papers o f  f i g u r e s  1 t o  3 con ta in ing  11.5 weight % o f  g l y c e r o l .  

E f fec ts  o f  Chemical Composition 

The in f luence on the e l a s t i c  modulus o f  the corresponding pa- 

pers p l a s t i c i z e d  w i t h  ethylene g l yco l  o f  d e l i g n i  i c a t i o n  w i t h  

c h l o r i t e  and o f  d e l i g n i f i c a t i o n  w i t h  c h l o r i t e  f o  lowed by ex- 

t r a c t i o n  w i t h  a l k a l i  t o  remove hemicel lu loses i s  shown i n  f i g .  5. 
The minor d i f f e rences  i n  ethy lene g l yco l  content may be d i s r e -  

garded when d iscuss ing the  so f ten ing  behaviour. The reduct ion i n  

modulus over the sof ten ing region i s  considerably reduced by ch lo-  

r i t e  d e l i g n i f i c a t i o n .  The subsequent e x t r a c t i o n  o f  hemicel lu loses 

has l i t t l e  f u r t h e r  e f f e c t .  I t  i s  thus reasonable t o  conclude t h a t  

a s i g n i f i c a n t  p a r t  of the so f ten ing  seen i n  NSSC-papers p las-  

t i c i z e d  w i t h  ethy lene g l y c o l  i s  due t o  the  l i g n i n  component. i n  

comparison, f o r  p l a s t i c i t e r - f r e e  papers d e l i g n i f i c a t i o n  causes a 

sof ten ing a t  205OC t o  disappear w h i l e  hemicel l u lose  e x t r a c t i o n  has 

no apparent e f f e c t  . 14 
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EFFECTS OF PLASTICIZERS 355 

3 .O 

c, 

Y 5 2.0 
ln 
C 

8 
+ 

W 
C - 

1 .o 

0 

delignified NSSC - 
NSSC -pulp 6.4 'lo e 
6% ethylene glycol 

' 1  

' Pulp 
thylene glycol 

delignified and 
hernicellulose - 
extracted NSSC-pulp I 

7.5 ethylene glycol 

'I 

I I I 

0 100 200 
Temperature, O C  

FIGURE 5. The na tu ra l  logar i thm o f  the s p e c i f i c  e l a s t i c  modulus, 
Zn E versus temperature f o r  papers o f  an NSSC-pulp, an NSSC-pulp 
d e l i g n i f i e d  w i t h  c h l o r i t e  and an NSSC-pulp both d e l i g n i f i e d  and 
ext racted w i t h  a l k a l i  t o  remove hemicel lu loses - a l l  p l a s t i c i z e d  
w i t h  ethylene g l yco l .  The curves have here been separated v e r t i -  
c a l l y  by the a d d i t i o n  o f  a constant, thus on ly  the r e l a t i v e  change 
w i t h  temperature i s  considered. 

I t  i s  d i f f i c u l t  t o  determine the e f f e c t  o f  the e x t r a c t i o n s  on 

the temperature o f  the sof ten ing due t o  the changes i n  chemical 

composition. Nevertheless, no major s h i f t  seems to have occurred. 

I n  the corresponding data f o r  the breaking e longat ion o f  the 

two ext racted papers no abrupt increase which i n d i c a t e  the s o f t -  

ening region i s  seen. On the other  hand, a t  lower temperatures the 
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356 SALMEN, BACK, AND ALWARSDOTTER 

extracted papers e x h i b i t  a greater  increase i n  breaking e longat ion 

w i t h  temperature than the o r i g l n a l  NSSC-fluting medium. The same 

phenomenon has a l s o  been not iced f o r  corresponding p l a s t i c i z e r -  

f ree papers of ext racted NSSC-pulps compared w i t h  unextracted 

samples . 14 

For o the r  papers w i t h  a low l i g n i n  content such as a k r a f t '  

sack paper the  so f ten ing  region f o r  p l a s t i c i z e d  samples i s  compa- 

rab le w i t h  t h a t  no t i ced  f o r  d e l i g n i f i e d  NSSC-papers, as seen i n  

f i g ,  6. S t r i c t l y  speaking a sof ten ing reg ion can on ly  be discerned 

here as a d i s c o n t i n u i t y  i n  the f a i r l y  l i n e a r  behaviour o f  the 

e l a s t i c  modulus versus temperature. These r e s u l t s  do n o t  permi t  

t h i s  sof ten ing region i n  papers o f  low l i g n i n  content t o  be 

re fe r red  t o  any g iven component. I t  may be no t i ced  t h a t  the degree 

o f  sof ten ing a t  the t r a n s i t i o n  temperature seems t o  be r a t h e r  

unaffected by changes i n  hemicel lu lose content.  For s i n g l e  pu lp  

f i be rs ,  the r e l a t i v e  composition, i.e. the amount o f  l i g n i n  o r  o f  

hemicelluloses, has a l s o  been found t o  have l i t t l e  i n f l uence  on 

the degree o f  reduct ion i n  the modulus caused by the so f ten ing  o f  

the hemicel lu loses . 16 

Calcu lat ing the Glass T r a n s i t i o n  i n  Polymer-p last ic ized Systems 

Both empir ica l  and t h e o r e t i c a l  equations have been put  f o r -  

ward t o  descr ibe the glass t r a n s i t i o n  o f  a po l ymer -p las t i c i ze r  

mixture.  Examples a r e  t h a t  o f  Ke l l ey  and Bueche17 r e l a t i n g  T 
9 

f r e e  volume, tha t  one o f  Couchman and Karasz" consider ing volume 

o r  entropy c o n t i n u i t y  condi t ions,  t h a t  o f  D i  Marzio and Gibbs 

using a s t a t i s t i c a l  mechanical i n t e r p r e t a t i o n  o f  composition 
2 e f f e c t s  on T that  o f  Kaelb le  r e l a t i n g  T t o  the cohesive energy 

and l a t t i c e  coordinate numbers and t h a t  o f  Nose" assuming a "hole 

theory". For p r a c t i c a l  purposes the choice can be made on the 

basis o f  the a v a i l a b i l i t y  o f  the ma te r ia l  parameters requi red i n  

the respect ive equations. 

t o  

19 

g '  9 
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12 
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6 
5 
4 

100 150 200 250 
m Temperature O C  

FIGURE 6. S p e c i f i c  e l a s t i c  modulus versus temperature f o r  a k r a f t  
sack paper w i thou t  p l a s t i c i z e r  - r i g m d  scale.  - and p l a s t i c i z e d  
w i t h  5.5 % by weight o f  ethylene g l y c o l  - le f t -hand scale.  

The equat ion o f  Kaelb le  has been used by Salmen and Back t o  

est imate the p l a s t i c i z i n g  e f f e c t  o f  water on amorphous carbohy- 

drates lP2' '22. The corresponding a p p l i c a t i o n  t o  o t h e r  sof teners 

does no t  d i f f e r  i n  p r i n c i p l e .  

t a l l y  determined" t o  be about 22.5-1O3(J/m3)*. I n  f i g .  7 the 

Kaelb le  equat ion i s  app l i ed  t o  the l i g n i n  and dimethyl  ph tha la te  

system. This a p p l i c a t i o n  i s  based on the data of t a b l e  2 and shows 

good agreement w i t h  experimental data o f  Sakata and Senjul'. No 

l i m i t i n g  g lass t r a n s i t i o n  temperature i s  no t i ced  i n  t h i s  case, 

probably due t o  the b e t t e r  c o m p a t i b i l i t y  of  t h i s  p l a s t i c i z e r  than 

f o r  instance f o r  water. For more p o l a r  p l a s t i c i z e r s  l i k e  ethy lene 

g l yco l  or water i n  p a r t i c u l a r ,  the f r e e  volume theo r ies  may have 

l i m i t a t i o n s .  However, the d r a s t i c  reduct ions i n  the T o f  var ious 

For l i g n i n ,  the s o l u b i l i t y  parameter 6 has been experimen- 

g 
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FIGURE 7. Glass transition temperature of thiolignin versus 
dimethyl phthalate fqntent. The points refer to e x p e r i m  data 
o f  Sakata and Senju . The line represents calculations according 
to the Kaelble equation using parameters in table 2. 

lignins caused by small amounts of water 12'13, e.g. for a thio- 
12 lignin from 174OC down to 115OC by a moisture content of 5 % , 

is qualitatively predictable by the Kaelble equation'. Further 
addition o f  water has comparatively little effect, i.e. a limiting 
softening temperature is reached. 

In applying this approach to the multicomponent polymer 
system of a NSSC-fluting there are several limitations to be 
considered. The distribution ratio of the plasticizer, here ethy- 
lene glycol, between the lignin and the amorphous carbohydrates is 
unknown. Here the distribution ratio for ethylene glycol is ar- 
bitrary set to 0.2 considering that cellulose has a higher ab- 
sorption for hydrophil ic monomers than lignin. 

The crystallinity o f  the cellulose influences the calculations 
since plasticizers are generally absorbed only in the amorphous 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



EFFECTS OF PLASTICIZERS 35 9 

TABLE 2 

Material Parameters used for Calculations of Glass Transition 
Temperatures according to the Kaelble Equation* 

transit ion 
temperature 

water 1 3626 

ethylene glycol 1 5526 

dimethyl phthalate 19527 

cellulose 493 

1 ignin 478 
hemicellulose 493 1 

thiol ignin 44712 

solubi 1 i ty 
pa rame t e r 

6 

( J/m3) 4.1 0-3 

48.1 28 

33. 428 
28 21.5 

22.5 

22.512 

molar 
vo 1 ume 

V 

3 6 m /mol -10 

18 

56 

163 

133 

para- 
meter 
hD or h 

P 

d imen- 
s ion1 ess 

71 

96 

95 

151 ’21 
151 
34 

34 

regions of the polymers. Neglecting the differences noted between 
the glass transition temperatures of hemicelluloses and of amor- 
phous cellulose’ s22 calculations are made for an amorphous carbo- 
hydrate fraction containing both cellulose and hemicellulose with 
a glass transition of 220OC. The crystalline fraction of the 
carbohydrates (cel lulose and hemicel lulose) may be given by X-ray 
diffraction data and is for the NSSC-fluting medium estimated to 
be about 65 % of the total carbohydrate fraction. 

Figure 8 gives the estimated glass transition temperature as 
a function of the ethylene glycol content in the NSSC-fluting 
medium for the lignin and carbohydrate fractions. For the lignin 
plasticized with ethylene glycol a limiting softening tempera- 
ture probably exists at 8OoC, 0.02 Hz4. Considering the strain 
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100- 

NSSC -pulp 

O !  1 I I I 

FIGURE 8. Glass t r a n s i t i o n  temperatures o f  1 i g n i n  and c e l l u l o s e  
versus ethy lene g l y c o l  content i n  an NSSC-pulp. The c a l c u l a t i o n s  
are based on a 1 i g n i n  content o f  23 %, a carbohydrate c r y s t a l  1 i- 
n i t y  of  65 % and a d i s t r i b u t i o n  r a t i o  o f  e thy lene g l y c o l  between 
l i g n i n  and amorphous carbohydrates o f  0.2. The po in ts  r e f e r  t o  
sof tening temperatures estimated from f i g .  1 .  

r a t e  here used and the increase i n  sof ten ing temperature w i t h  the 

increase i n  deformat ion ra te ,  a sof ten ing temperature o f  l l O ° C  i s  

here more reasonable. 

The ca l cu la t i ons  i n d i c a t e  o n l y  small d i f f e rences  i n  so f ten ing  

temperature between the  1 i g n i n  and the carbohydrate polymers of  

the NSSC-fluting medium w i t h  a l o w  a d d i t i o n  o f  e thy lene g l yco l .  

Th is  may exp la in  why on ly  a s i n g l e  t r a n s i t i o n  region i s  observed 

i n  f i gu res  1 and 5. The sof ten ing temperatures est imated from the 

i n f l e c t i o n  po in ts  i n  f i g u r e  1 are  a l s o  included i n  f i g u r e  8. 
Obviously the observat ions have been r a t i o n a l i z e d  on the bas is  o f  

p l a u s i b l e  values of t he  parameters used i n  t h i s  estimate. B e t t e r  

techniques o f  measuring absorpt ion r a t i o s  and degrees of c r y s t a l -  

l i n i t y  are however necessary t o  ob ta in  a more s o l i d  proof .  Some 
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EFFECTS OF PLASTICIZERS 361 

measurements a t  h igher p l a s t i c i z e r  content might a l s o  support the 

p i c t u r e  given. 

DISCUSSION 

Obviously the l i g n i n  component o f  the NSSC-fluting medium 

has a l a rge  e f f e c t  on the thermal so f ten ing  o f  t h i s  paper. Pa r t  

o f  t h i s  e f f e c t  may be due t o  the sulphonat ion o f  t he  l i g n i n  i n  

t h i s  paper. 

Yeo and Eisenberg have, recognized that,  f o r  a p o l y e l e c t r o l y t e  

such as sulphonated l i g n i n ,  the maximum loss c o e f f i c i e n t  increases 

and the rubbery modulus decreases w i t h  increas ing p l a s t i c i z e r  

content23. Such behaviour i s  apparent i n  f i g .  1. The more d i s t i n c t  

so f ten ing  reg ion a t  a h igher  e thy lene g l y c o l  content may thus be 

explained as being a consequence o f  the p o l y e l e c t r o l y t e  behaviour 

o f  the sulphonated l i g n i n ,  This behaviour i s  opposi te  t o  the 

normal behaviour o f  p l a s t i c i z e d  polymers24. However the f a c t  t h a t  

t he  glass t r a n s i t i o n s  o f  the l i g n i n  and o f  the carbohydrates 

occur a t  about the same temperature w i t h  increas ing amount o f  

p l a s t i c i z e r  may a l so  tend t o  narrow the so f ten ing  region. 

The so f ten ing  occu r r i ng  i n  d e l i g n i f i e d  papers i s  probably 

due t o  the sof ten ing o f  the carbohydrate components. The so f ten ing  

temperatures measured f o r  d e l i g n i f i e d  NSSC-pulp and f o r  the k r a f t  

sack paper a l s o  agree f a i r l y  w e l l  w i t h  p r e d i c t i o n s  us ing  the  

Kaelb le  approach f o r  carbohydrates p l a s t i c i z e d  by ethy lene g l y c o l .  

I t  i s  however not  ye t  poss ib le  t o  d i sc r im ina te  between the so f ten -  

ing o f  hemicel lu loses and the amorphous pa r t s  o f  c e l l u l o s e .  

Wi th  ethylene g l yco l  as a p l a s t i c i z e r  good agreement i s  

apparent ly found between the  experimental data and the r e s u l t s  o f  

c a l c u l a t i o n s  according t o  the approach o f  Kaelble.  Due t o  the s i -  

m i l a r  sof ten ing behaviour of water and ethylene g l y c o l  i t  may 

be assumed t h a t  the Kaelble approach may be considered t o  be 

v a l i d  a l so  f o r  l i g n i n  w i t h  water as a p l a s t i c i z e r .  I n  f a c t  the 

Kaelb le  equat ion has been shown t o  w e l l  p r e d i c t  the so f ten ing  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



362 SALMEN, BACK, AND ALWARSDOTTER 

NSSC - pulp 

0 

in c 
0 
L 

in 

.- 
Y .- - 
Y 

3 0- s I I I I I 

0 5 10 15 
Moisture content .% based on wet sample weght 

FIGURE 9. In f luence of water on the so f ten ing  temperatures i n  an 
NSSC-pulp. The ca l cu la t i ons  a re  based on a l i g n i n  content o f  23 % 
and a d i s t r i b u t i o n  r a t i o  o f  water between l i g n i n  and amorphous 
carbohydrates o f  0.2. 

e f f e c t  o f  water on i so la ted  1 i gn in  preparates' ' 22 .  For h igh  y i e l d  

pulps, sof ten ing e f f e c t s  on both the amorphous carbohydrates and 

on the l i g n i n  have t o  be considered. F igure 9 gives the r e s u l t s  o f  

such ca l cu la t i ons  f o r  the components i n  NSSC-fluting medium again 

assuming a d i s t r i b u t i o n  r a t i o  o f  0.2 f o r  water between l i g n i n  and 

amorphous carbohydrates. The 1 i m i t i n g  sof ten ing temperature f o r  

the l i g n i n  i n  t h i s  NSSC-fluting medium i s  here se t  t o  be about 

l l O ° C .  This temperature i s  se t  h igher  than t h a t  normal ly  quoted 

because a t t e n t i o n  has been g iven to the frequency dependence of 

t h i s  t r a n s i t i o n  and t o  the web speed i n  the corrugator  when the 

f l u t i n g  medium i s  deformed. A lso  the NSSC-fluting medium contains 

1.2 % sulphur and the 1 i m i t i n g  g lass t r a n s i t i o n  temperature o f  

wa te r -p las t i c i zed  l i g n i n  i s  known t o  be lowered by increas ing the 

degree o f  sulphonat ion . 25 
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EFFECTS OF PLASTICIZERS 363 

Thus, w h i l e  r e l a t i v e l y  small amounts o f  water may so f ten  the 

carbohydrates even a t  room temperature, i t  i s  ev ident  t h a t  t he  

p l a s t i c i z a t i o n  o f  the l i g n i n  component i n  NSSC-fluting i s  impor- 

t a n t  i n  ho t  corrugat ion operat ions where web temperatures above 

100°C are reached. With a mois ture content between 5 and 9 %, a 

web temperature s u f f i c i e n t l y  above 100°C i s  necessary i n  the 

co r ruga t ing  n ip  t o  achieve a good format ion and f l u t e  p r o f i l e .  

This may mean a surface temperature i n  the corrugator  o f  about 

17OoC.  Steam release from the paper web as i t  leaves the c o r r u -  

ga t i ng  n i p  should q u i c k l y  cool i t  below the so f ten ing  temperature 

i n  order  t o  s o l i d i f y  and s t a b i l i z e  the  f l u t e  p r o f i l e .  

I t  should a l so  be no t i ced  t h a t  a t  moisture contents  above 3 % 

two  g lass t r a n s i t i o n s  i n  f a c t  ought to be observable in  the paper, 

one belonging t o  the carbohydrates, the o the r  t o  the  l i g n i n .  Th is  

should a l s o  be the case w i t h  ethylene g l yco l  as a p l a s t i c i z e r  (see 

f i g .  8) where i t  should be more easy t o  observe. This  i s  an i n -  

t e r e s t i n g  p o i n t  f o r  f u t u r e  studies.  
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