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CHANGE I N  PULP FIBRE DENSITY 
WITH ACID-CHLORITE DELIGNIFICATION 

El sa  M. L. Ehrnrooth 
Swedish Fores t  Products Research Laboratory 

Paper Technology Department 
Box 5604, S-114 86, STOCKHOLM, Sweden 

ABSTRACT 

The d e n s i t i e s  of a c i d - c h l o r i t e  d e l i g n i f i e d  Asplund spruce 
f i b r e s  with degrees  of d e l i g n i f i c a t i o n  between 0 and 62.4 Z were 
determined. 
mixtures  of carbon t e t r a c h l o r i d e  and to luene ,  u s ing  a d e n s i t y  
g r a d i e n t  column. The d e n s i t y  of t h e  d r y  f i b r e s  inc reased  l i n e a r l y  
wi th  decreasing l i g n i n  con ten t  and t h e  d e n s i t y  of l i g n i n  and 
h o l o c e l l u l o s e  i n  s i t u  were found t o  be 1397 and 1541 kg/m3 re- 
spec t ive ly .  Assuming a d e n s i t y  of 1559 kg/m3 f o r  a -ce l lu lose ,  t h e  
d e n s i t y  of hemicel lulose i n  s i t u  was c a l c u l a t e d  t o  be 1520 kg/m3. 
The physical  imp l i ca t ions  of t h e  measured va lues  are discussed.  
It is concluded t h a t  t h e r e  is no change i n  t h e  d e n s i t y  of holo- 
c e l l u l o s e  o r  l i g n i n  between 20 and 62.4 Z d e l i g n i f i c a t i o n .  
suggested t h a t  t he  d e n s i f i c a t i o n  of t h e  f i b r e  during t h e  i n i t i a l  
s t a g e  of d e l i j n i f i c a t i o n  i s  due t o  increased o rde r  i n  t h e  hemi- 
c e l l u l o s e s .  

The d e n s i t y  measurements were c a r r i e d  ou t  a t  23OC i n  

It is  

INTRODUCTION 

The d e n s i t y  o r  i t s  r e c i p r o c a l ,  t h e  s p e c i f i c  volume, i s  one of 

t h e  most important polymer p r o p e r t i e s  from both a p r a c t i c a l  and 

t h e o r e t i c a l  po in t  of view. The d e n s i t y  can be used f o r  t h e  

c h a r a c t e r i z a t i o n  of polymers. 

f o r  i n s t ance ,  t h e  d e n s i t y  i s  c l o s e l y  r e l a t e d  t o  t h e  degree of  

c r y s t a l l i n i t y  , and i n  composite polymers and copolymers the  

Within a given familv of polymers 
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92 EHRNROOTH 

density is directly related to the weight fraction of homopolymers. 
Density determinations are commonplace in the characterization of 
man-made polymers and regenerated cellulose, but they have been 
applied less in the study of the structure and composition of 

native cellulose and wood fibres. 
that the intricate porous structure of native fibres also compli- 
cates the evaluation of the results obtained. 

A likely reason for this is 

The present study describes the measurement of the density of 
Asplund-type spruce fibres of different final lignin contents. 
Special emphasis has been placed on the drying of the fibres prior 

to the measurements. The dryness of the fibres, the accessibility 
of the fibre to the solvents and the interaction between the 
solvents and the wood polymers are discussed. 

between the chemically determined lignin content and the measured 
specific volume, numerical values for the density of lignin and 
holocellulose are deduced. 
on the physical state of the wood polymers is discussed. 

From the relationship 

Finally the influence of delignification 

BACKGROUND 

Early investigations of the density of cellulose and wood 
fibres have been reviewed by Hermans* and Stamn3. 
of mod and cellulose fibres have been determined using water and 
non-swelling liquids as displacement media. Measurements of the 
density of cellulose in water and at different moisture contents 
have given information about the interaction between cellulose and 

4 water and the crystallinity of native and regenerated cellulose . 
Dry-volume densities are determined in non-swelling liquids . 
When the dry-volume density of a cellulose fibre is determined, 
there are three general conditions which should be met: the speci- 
men should be absolutely free from water, the dry solid substance 
should not interact with the liquid medium into which it is im- 

mersed during measurement and the specimen should be completely 
accessible to the liquid medium. The last condition means that 

The densities 
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PULP FIBRE DENSITY 93 

the  l iqu id  should be able t o  f i l l  a l l  t he  void volume of the  

specimen which i s  not occupied bv the so l id  substance. 

A l l  f i b r e  walls contain poTes, t he  s i z e  and d i s t r i b u t i o n  of 

I f  dens i t i e s  which vary depending on the  h i s to ry  of t he  f ib re s .  

are t o  be measured by the method of solvent  displacement a d i s t inc -  

t i o n  must be made between macropores and micropores. 

Hermans2, whose concepts have been adopted i n  t h i s  work, micro- 

pores a r e  inherent elements of t he  s o l i d  homogeneous f i b r e  com- 

pos i t e  material, while p i t s ,  c a p i l l a r i e s ,  cracks,  voids ,  de fec t s  

etc. cons t i t u t e  t he  macropores. 

According t o  

The f i b r e s  a r e  considered t o  be completely access ib le  t o  a 

l i qu id  medium i f  t he  l i qu id  f i l l s  t he  macroporous space of t he  

f i b r e .  The solvents  are considered not  t o  i n t e r a c t  with the  so l id  

homogeneous substance i f  they do not pene t ra te  the  micropores. 

Native f i b r e s  have a broad d i s t r ibu t ion  of pore s i z e s  and shapes. 

Thus the d i s t i n c t i o n  between micropores and macropores i s  a r b i t r a r y  

and may be considered as a means of descr ibing the  a b i l i t y  of the  

solvent  t o  s w e l l  t he  so l id  substance. For solvents  which do not 

s w e l l  the  so l id  substance the contr ibut ion of t he  micropores t o  

the  t o t a l  volume occupied by the  solvent  is very small. 
contr ibut ion of the  micropores should be eliminated by choosing a 

l i qu id  with no a b i l i t y  t o  swell the  c e l l  wall substances. It a l so  

follows, t h a t  it i s  only relevant  t o  t a l k  about the  densi ty  deter-  

mined i n  a given solvent.  

The 

The dens i t i e s  of wood f i b r e s  have been determined using 

Earlier 
7-10 

d i f f e ren t  methods and d i f f e ren t  non-swelling l iqu ids .  

work was  car r ied  out using pycn~metr ic ' -~  and suspension 

methods. In  more recent work, dens i ty  gradient columns have been 

used l1-I4. 

toluene 7'9'10'12, chloroform 13* 14, xylene" o r  benzene8, have been 

used a s  displacement media. 

and mixtures of carbon t e t r ach lo r ide  and 

Density measurements have provided a valuable too l  i n  the  

study of the  s t ruc tu ra l  fea tures  of wood f ib re s .  Howsmon and 
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94 EHRNROOTH 

M a r c h e s s a ~ l t ~ ~  showed a l i n e a r  re la t ionship  between the  dens i ty  

and the  equilibrium moisture content of b a l l  milled ce l lu lose  

pulps and establ ished a numerical value f o r  the  spec i f i c  volume of 

amorphous cel lulose.  

subs t i tu t ion  of a chemically modified cot ton was l i n e a r l y  r e l a t ed  

t o  the density.  Studies  r e l a t ing  the beating rate of pulp1* and 

the  mechanical proper t ies  of wodSs6 t o  the  measured dry  dens i ty  

have also been reported.  

volume, are general ly  addi t ive  physical charac te r i s t ics16 .  

fo re  the  spec i f i c  volume, v f ,  of t h e  wood f i b r e  can be ca lcu la ted  

from the  spec i f ic  volumes and weight f r ac t ions  of i t s  cons t i tuent  

polymers, using the  general  formula: 

Orr and coworkers” found t h a t  t he  degree of 

The dens i ty  and i t s  inverse,  t he  spec i f i c  

There- 

vf = C wi vi 

where w. and v. are the  weight f r ac t ions  and the spec i f ic  volumes 

of the  wood polymers. 
1 1 

The add i t iv i ty  of t he  spec i f ic  volumes of cell w a l l  compo- 
8 nents has been u t i l i z e d  and confirmed i n  many s tudies .  

measured the  densi ty  of i so la ted  hemicelluloses of hardwoods and 

softwoods and found t h a t  the  dens i ty  of wood calculated from the  

relative amounts and dens i t i e s  of t he  i so l a t ed  wood cons t i tuents  

agreed with the  experimental values. 

showed t h a t  t he  spec i f ic  volume of wood is equal t o  the sum of the  

weight f r ac t ion  contr ibut ions of t he  spec i f ic  volumes of holo- 

ce l lu lose  and l ignin.  

between s t ruc tu ra l  va r i a t ions  of l i gn in  and t h e i r  spec i f ic  grav- 

i t i e s  by ca lcu la t ions  based on the  a d d i t i v i t y  of molar volumes. 

Kellogg and coworkers” evaluated the  accuracy of determining the  

c e l l  w a l l  densi ty  of hardwoods and softwoods using the  dens i t i e s  

of the i so la ted  wood polymers. The cor re la t ion  between the  mea- 

sured and calculated values  was so poor tha t  Kellogg concluded 

tha t  the  dens i t i e s  of some of the  wood polymers must be d i f f e ren t  

Beall 

399 Stamm and Sanders 

S t  arm” a l so  s tudied the re la t ionship  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PULP FIBRE DENSITY 95 

in situ than in the isolated state. Paulson13 demonstrated that 

the lignin content distribution in pulp fibres can be calculated 
from measured densities, utilizing theoretical values for the 

density of lignin and holocellulose. 
gated the lignin content distribution of several pulps. 
relationship between the average lignin content and the average 
fibre density confirmed the additivity of the specific volumes. 
From the measured fibre densities numerical values for lignin and 
holocellulose were derived. 

Tichy and Procter14 investi- 
The 

RESULTS AND DISCUSSION 

To measure the density using mixtures of carbon tetrachloride 

and toluene as a displacement medium the fibres should be ab- 
solutely dry and the cellulose and lignin should not interact 
with, but be as completely accessible as possible to, toluene and 
carbon tetrachloride. 

The interaction between cellulose and carbon tetrachloride 
has been studied by Lauer and Davidson. 
carbon tetrachloride and toluene are absorbed by native cellulose 

19 fibres but have no influence on the fibre volume. Davidson 
showed that measurements of the density of cotton in benzene, 
toluene, chloroform, carbon tetrachloride, and nitrobenzene, after 
preparation of samples at room temperature, yielded practically 
the same value. 

Lauer" showed that 

Schuerch" showed that native and low molecular weight 
lignins were insoluble in carbon tetrachloride. 
interaction between polymers and solvents can be estimated in 
terms of the Hildebrand parameter21 or by comparing dielectric 
constants according to Ekman and Lindberg". 
solvents to swell or dissolve lignin increases as their Hildebrand 

Theoretically the 

The ability of 
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96 EHRNROOTH 

parameter approaches a value of 11. 

carbon t e t r a c h l o r i d e  i s  8.620. 

cons tan ts  between 12.5 and 17.5 are good so lvents  f o r  l i g n i n  

The d i e l e c t r i c  constants  of carbon t e t r a c h l o r i d e  and toluene a r e  

2.2 and 2.4 respec t ive ly  . 
t h a t  t h e  l i g n i n  and holocel lulose do not i n t e r a c t  with toluene or 

carbon te t rachlor ide .  

The Hildebrand parameter f o r  

Solvent mixtures with d i e l e c t r i c  
22 

23  It thus  seems j u s t i f i a b l e  t o  state 

The r e s u l t s  of t h e  d e n s i t y  measurements on wood f i b r e s  

having degrees of d e l i g n i f i c a t i o n  from 0 t o  62.4 %, dr ied  ac- 
cording t o  t h r e e  d i f f e r e n t  methods, are shown i n  Table 1. 

The solvent-exchange-dried and super-dried f i b r e s  have t h e  

same d e n s i t i e s  a t  corresponding degrees of de l ign i f  i c a t i o n .  

d e n s i t i e s  of vacuum-dried f i b r e s  a r e  about 10 t o  20 kg/m lower 

than  those of t h e  svlvent-dried fibres, over  t h e  whole range of 

de l ign i f ica t ion .  

0 and 20 X d e l i g n i f i c a t i o n ,  t h e  d e n s i t y  of both vacuum-dried and 

solvent-dried f i b r e s  increases  roughly as much a s  during t h e  

f u r t h e r  d e l i g n i f i c a t i o n  between 20 and 60 %. 

The 
3 

During t h e  i n i t i a l  d e l i g n i f i c a t i o n  s t e p  between 

Both t h e  v a c u w d r i e d  and t h e  super-dried f i b r e s  have been 

a i r  dr ied i n i t i a l l y  a f t e r  t h e  d e l i g n i f i c a t i o n  (Fig. 3). As t h e r e  

can be no fundamental s t r u c t u r a l  d i f f e r e n c e  between two i d e n t i c a l  

a i r -dr ied samples, t h e  d i f fe rence  i n  dens i ty  of t h e  vacuum-dried 

and super-dried samples must reflect non-structural  d i f f e r e n c e s  

between t h e  f i b r e s .  

higher  t h e  measured dens i ty  values  a re ,  t h e  c l o s e r  they are t o  t h e  

r e a l  dens i ty  of t h e  f i b r e .  

of t h e  super-dried f i b r e  represents  t h e  dens i ty  of t h e  s o l i d  

substance and t h a t  t h e  low d e n s i t y  of t h e  vacuum-dried f i b r e  i s  

caused by t h e  presence of water o r  air .  

dens i ty  of t h e  vacuum-dried f i b r e  is caused by water only,  t h e  

water content corresponding t o  t h e  dens i ty  decrease can be cal-  

culated from t h e  d a t a  i n  Table l. I f  i t  is assumed t h a t  the  

super-dried f i b r e s  a r e  completely dry,  t h a t  the s p e c i f i c  volumes 

It can genera l ly  be an t ic ipa ted  t h a t  t h e  

We therefore  assume t h a t  t h e  d e n s i t y  

If  we assume t h a t  t h e  low 
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PULP FIBRE DENSITY 97 

TABLE 1 

Mean D e n s i t i e s  of Wood E'ulp F i b r e s  i n  Carbon Te t r ach lo r ide -  
Toluene a t  23OC. 

~ ~ ~~ ~~~ 

Dens i ty  Degree o f  T o t a l  
De l ign i f i -  Lignin solvent-exchange- 
c a t i o n  Content vacuum-dried d r i e d  super-dried 

% x kg /m kg /m3 kg/m3 

0.4 26.2 1468.8 1488.7') - 
4.6 25.1 1477.8 1496.01) - 
4.9 25.0 1477. 71) 1490.1 - 
6.1 24.7 1475.4 1496.51) - 

3 

0 26.3 1462.9 1485.0 - 

1499.8 
1) - 8.4 24.1 1482.7 1499.1 

11.4 23.3 1481.2 1502.21) 

20.9 20.8 1500.4 1515.8 
22.1 20.5 1495.7 - - 
25.5 19.6 - 1508.4 - 
25.9 19.5 - 1507.2 - 
27.0 19.2 1498.4 - 1515.3 
35.7 16.9 1494.5 1516.2 1513.6 
42.2 15.2 - 1512.1 - 
46.8 14.0 1504.2 1521.9 - 
51 .O 12.9 - 1522.6 1518.6 
52.1 12.6 - 1522.6 - 
56.7 11.4 - 1529 .O 1521.6 
62.4 9.9 1509.4 1530.2 - 

14.4 22.5 1491.6l) 1504. 71) - 
- 

"Value from s i n g l e  experiment. 

of f i b r e  and water are a d d i t i v e ,  and t h a t  t h e  s p e c i f i c  volume of 

the bound water4 is 0.865 m3/kg, t h e  mean water c o n t e n t  of 

t h e  vacuum d r i e d  f i b r e s  would be about 4 %. 

and it i s  t h e r e f o r e  be l i eved  t h a t  t h e  reason f o r  t h e  low d e n s i t y  

v a l u e s  i s  p a r t l y  t h e  presence of entrapped a i r .  

Th i s  value i s  h igh  

The solvent-exchange-dried and super-dried f i b r e s  have t h e  

same d e l i g n i f i c a t i o n  h i s t o r y  but  t h e i r  drying background i s  

d i f f e r e n t .  

never-dried f i b r e s  i n  which t h e  vo ids  c r e a t e d  by d e l i g n i f i c a t i o n  

The solvent-exchange-dried f i b r e s  o r i g i n a t e  from 
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98 EHRNROOTH 

a r e  s t i l l  open. The super-dried f i b r e s  on the o ther  hand o r ig i -  

nate  from air-dr ied f ib re s ,  i n  which some of the macropores have 

closed during drying. 

c r y s t a l l i n i t y  of ce l lu lose  hydrogels i s  independent of t he  water 
content. 

o f  a i r -dr ied and solvent-exchange-dried f i b r e s  i s  the  same a t  a 

given l i gn in  content. 

super-dried f i b r e s  should d i f f e r  only i n  macroporosity. 

dens i t i e s  of super-dried and solvent-exchange-dried f i b r e s  a re ,  

however, the  same a t  a given l i g n i n  content.  Thus, the measured 

densi ty  must be independent of t he  macroporosity of the  f ibres .  

Consequently, t he  super-dried and solvent-exchange-dried f i b r e s  

a r e  t o t a l l y  accessible  t o  the  displacement l iqu ids .  

t h a t  these densi ty  measurements on super-dried and solvent-exchange- 

dr ied f i b r e s  meet the  c r i t e r i a  f o r  t he  determination of densi ty .  

Westman and Lindstriim4 found t h a t  the  

It is  here assumed t h a t  t he  holocel lulose c r y s t a l l i n i t y  

Thus the  solvent-exchange-dried and the  

The 

This suggests 

The spec i f ic  volumes of the  de l ign i f ied  f i b r e s  have been 

calculated from the  dens i t i e s  of solvent-dried f i b r e s  between 0 

and 62.4 % del igni f ica t ion .  

From a chemical point of view the  de l ign i f ied  f i b r e s  can be 

c l a s s i f i ed  i n t o  two ~ a t e g o r i e s ~ ~ .  

f i c a t i o n  there  i s  an increasing chemical modification of the 

l ignin.  

only i n  r e l a t i v e  contents of pro to l ign in  and holocellulose.  

d i f f e ren t  behaviour above and below 20 % de l ign i f i ca t ion  can a l s o  

be seen i n  Fig. 1. 

volume have been computed, based on the data  i n  Table 2. The 

r e s u l t s  a r e  shown i n  Fig. 2, where the two s t r a i g h t  l i n e s  represent 

the spec i f ic  volume versus l i gn in  content f o r  solvent-dried f i b r e s  

above and below 20 % del igni f ica t ion .  Above 20 % de l ign i f i ca t ion ,  

the spec i f ic  volume of the f i b r e ,  v f ,  i s  a funct ion of the  weight 

f r ac t ion  of l ign in ,  wR given by the  best  f i t  to  t h e  data  

The r e s u l t s  a r e  shown i n  Table 2. 

Between 0 and 20 % del igni-  

Between 20 and 62.4 % de l ign i f i ca t ion  the  f i b r e s  d i f f e r  

The 

Two d i f f e ren t  regression l i n e s  f o r  the spec i f i c  
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FIGURE 1 Density in carbon tetrachloride-toluene at 23OC of spruce 
pulp fibres of different final lignin contents. 
samples have been dried using the three different drying 
strategies. 

The 

= (0.067 wR + 0.649) m3/kg (2) Vf 

If it is assumed that the densities of lignin and hemicellulose 
are constant above 20 Z delignification, the specific volumes of 
holocellulose and lignin in situ can be evaluated from Eqs. (1) and 

( 2 ) .  The specific volume of holocellulose (w = 0) is 0.649 
m /kg and the specific volume of lignin (wa = 1) is 0.716 l oq3  
m /kg.  The corresponding densities for holocellulose and lignin 

are 1541 and 1397 kg/m , respectively. 

9, 3 
3 

3 
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100 EHRNROOTH 

TABLE 2 
S gcific Yolume of Wood Fibres in Carbon Tetrachloride-Toluene at 
2! C (cf. Table 1). 

~~ 

Degree of Weight Fraction Specific 
Delignif ication of Lignin Vo 1 m e  

(m3/kg) -10 3 X 
~~~ ~~ 

0 0.263 0.673 
0.4 0.262 0.671 
4.6 0.251 0.668 
4.9 0.250 0.671 
6.1 0.247 0.668 
8.4 0.241 0.667 
11.4 0.233 0.666 
14.4 0.225 0.665 
20.9 0.208 0.660 
25.5 0.196 0.663 
25.9 0.195 0.663 
27.0 0.192 0.660 
35.7 0.169 0.660 
35.7 0.169 0.661 
42.2 0.152 0.661 
46.8 0.140 0.657 
51 .O 0.129 0.658 
52.1 0.126 0.657 
56.7 0.114 0.656 
62.4 0.099 0.654 

I-_--_-__---__-------_--------------------------------------- 

the present study using Eq. (2)  are compared with literature data 
in Table 3. 

The good agreement between the lignin density in this study 
and literature data justifies the assumption that the densities of 
lignin and holocellulose are constant and additive between 20 and 
60 X delignification. The changes in the fibre density as a 
function of delignification thus seem to be fully accounted for by 
the loss of lignin, and it is concluded that there is no change in 
the density of the holocellulose or the lignin due t o  the acid 
chlorite treatment between 20 and 62.4 X delignification. 
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Weight fraction lignin 

FIGURE 2 Spec i f ic  volume i n  carbon te t rachlor ide- toluene a t  23OC 
of spruce pulp f i b r e s  of d i f f e r e n t  f i n a l  weight f r a c t i o n s  
of l ign in .  

TABLE 3 

Density of Lignin and Holocellulose.  

~ ~ ~ 

Origin Lignin Holocellulose Reference 
Density Density 

kg/m3 kg /m3 

Spruce, TMP- 1397 1541 present  study 
holoce l l .  

Douglas f i r ,  
Hemlock, Cedar- 1375 1549 Tichy, Procter  
k r a f t  pulp 

Bulk l i g n i n  1.4010 

Iso la ted  spruce 1 33 5- 13 76 Stam 
l i g n i n  

14  

3 - Goring2', Mark 26 

9,10,27 
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102 EHRNROOTH 

The slopes of t he  l i n e a r  regression l i nes  i n  Fig. 2 ind ica te  

tha t  t he  increase i n  f i b r e  densi ty  i n  the i n i t i a l  s tage of de- 

l i gn i f i ca t ion  cannot be accounted f o r  so l e ly  by the  l o s s  of 

l ignin.  

de l ign i f i ca t ion  some dens i f ica t ion  of t he  f i b r e  substance takes  

place. 

The physical changes which cause the  increase i n  f i b r e  dens i ty  

during the  i n i t i a l  de l ign i f i ca t ion  thus most l i k e l y  involve the  

l i g n i n  o r  hemicellulose components. 

l i gn in  and hemicellulose have been suggested i n  the l i t e r a t u r e .  

Wood and coworkers28 s tudied changes i n  the  W-absorpt ivi ty  of 

l i g n i n  i n  wood and found a d i s t i n c t  i n i t i a l  decrease i n  the  ab- 

sorbance, which they ascr ibed t o  some rapid i n i t i a l  axidat ion 

reac t ion  involving the  l ign in .  Time112' found a rapid i n i t i a l  

depolymer i za t ion  of hemicellulo ses  and Ahlgred'  discusses  the  

poss ib i l i t y  of removal of t he  arabinose subs t i tuent  of xylan and 

the  subsequent c r y s t a l l i z a t i o n  of the  hemicellulose i n  the  e a r l y  

s tages  of acid c h l o r i t e  de l ign i f ica t ion .  

galactoglucomannans w i l l  c r y s t a l l i z e  without p r io r  removal of a 

port ion of t h e i r  s ide  chains or some reduction of t h e i r  chain 

length and they are believed t o  be present i n  the  amorphous s t a t e  

i n  the  l i v ing  tree . 
Stam'' has reported that the  dens i ty  of oxidized and hydro- 

This implies t h a t  i n  the  beginning of the  oxidat ive 

a-cellulose i s  known t o  be r e s i s t a n t  t o  oxidat ive a t tacks .  

Rapid i n i t i a l  changes i n  both 

Neither xylans nor 

31 

lysed l i gn in  increased by only 3 Z a f t e r  55 Z ac id  c h l o r i t e  

del ignif  i ca t ion  of spruce pulp32. 

values  obtained f o r  l i gn in  i n  ac id  c h l o r i t e  de l ign i f ied  f i b r e s  and 

i n  k r a f t  pulps (Table 3) a l s o  suggest t h a t  the  dens i ty  of l i gn in  

i s  not r ead i ly  a f fec ted  by oxidative at tack.  It therefore  seems 

unl ikely tha t  the  oxidation of l i g n i n  could be responsible f o r  the  

increase i n  f i b r e  densi ty  between 0 and 20 % de l ign i f i ca t ion  i n  

the present  study. 

sequently most l i k e l y  due t o  the  dens i f ica t ion  of the hemicellulose 

i n  s i t u .  It was e a r l i e r  

The almost i den t i ca l  densi ty  

The i n i t i a l  increase i n  f i b r e  densi ty  i s  con- 

t h a t  t he  weight r a t i o s  of c1- 
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PULP FIBRE DENSITY 103 

cellulose and hemicellulose in the holocellulose of delignified 
fibres are 0.6 and 0.4 respectively. 
specific volumes of a-cellulose and hemicellulose and choosing the 
value 0.643 
cellulose in carbon tetrachloride-toluene7, the specific volume of 
hemicellulose can be calculated. 
fication the specific volume of hemicellulose is 0.658 10 
m /kg, which corresponds to a density of 1520 kg/m . This value 
is of the same magnitude as the value 1.49 10 kg/m chosen by 
Frey-Wys~ling~~ for the mean density of native hemicelluloses, but 
lower than the densities of 1.6-1.8 10 kg/m determined by 
Beall for isolated softwood hemicelluloses. This confirms that 
hemicellulose in situ is much less ordered than the isolated 
hemicel lulo se s. 

Assuming additivity of the 

m3/kg measured for the specific volume of a- 

Between 20 and 62.4 Z deligni- 
-3 

3 3 
3 3 

3 3 

8 

EXPERIMENTAL 

The wood pulp fibres were a thermomechanical spruce pulp which 
had been treated with acid chlorite solutions at 65OC to different 
degrees of delignifi~ation~~. 
gravimetrically determined Klason lignin and spectroscopically 
determined acid-soluble tignin in Klason hydrolysates. 

Lignin content values are the sum of 

The solvents used in the solvent exchange drying and in the 
density measurement columns were analytical grade isopropanol, 
toluene and carbon tetrachloride which were stored over sodium 
sulphate or calcium sulphate and filtered through filter paper 
prior to use. 
purifying ethanol and carbon tetrachloride were manufactured by 
Union Carbide. 

The 3fi and 4A molecular sieves used in drying and 

DEY i?l&-of,F,ibre-samEles 
The wood fibre samples were prepared for density measurements 
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104 EHRNROOTH 

i n  carbon te t rachlor ide  using three  d i f f e ren t  drying s t r a t eg ie s .  

I n  the f i r s t  case the  f i b r e s  Were a i r  dr ied  from water and the  a i r  
dr ied f i b r e s  were evacuated i n  the  presence of dry carbon tetra- 
chloride.  

absolutely d ry  ethanol and then i n  carbon te t rachlor ide ,  which 

were continuously c i rcu la ted  wer 3A and 4A molecular sieves 
respect ively.  

used t o  aborh the  mter from t he  ethanol,  and i n  the  second 

sequence the  4A siwes were used t o  absorb the  ethanol and w a t e r  

from the  carbon te t rachlor ide .  rn the  t h i r d  case the  neut ra l  

snspensi'on of deligni'fied f i b r e s  was solvent exchanged with l'so- 

propanol and carbon te t rachlor ide .  

t o  t he  three  d i f f e ren t  drying procedures are ca l led  'tacuum- 

dried", "super-dried" and "solvent-exchange-dried" f i b r e s  re- 
spectively.  

dried" f ibres .  

summarized i n  Fig. 3. 

In the  second case the  air  dr ied  samples were soaked i n  

In  the  f i r s t  sequence the 34 molecular siwes weTe 

The samples prepared according 

The l a t t e r  tm are j o i n t l y  described a s  "solvent- 

The methods a re  explained i n  d e t a i l  below and are 

The vacuum-dried f i b r e s  were prepared i n  the  following 

manner. 

necked groundjoint f lask .  

nected v i a  a vacuum stopcock and two f l a sks  containing phosphor 

pentoxide t o  a ro t a ry  vacuum pump, 

f l a s k  was connected t o  a 100 m l  ground-joint f l a s k  containing 

50 m l  dry carbon te t rachlor ide .  

stopcock, and the  f l a s k  containing t h e  carbon t e t r ach lo r ide  was  

imnersed i n  an ethanol-carbon dioxide s lush  bath a t  a temperature 

of -78OC. 

was opened and the  system evacuated. 
minutes a t  a pressure of 6 t o r r  t he  stopcock was closed and 

the  carbon te t rachlor ide  w a s  allowed t o  m e l t .  The degassed carbon 

te t rachlor ide  was again frozen and the  system evacuated f o r  1 t o  2 

hours. 

f i b r e s  w a s  immersed i n  a water-ice-salt s lush  bath. When t h e  

100 mg of a i r -dr ied f i b r e s  were immersed i n  a 100 m l  two- 

Through one neck the  f l a s k  was con- 

Through the  other  neck the  

The system was closed using the  

When the carbon te t rachlor ide  was frozen the  stopcock 

Af ter  evacuation f o r  15 

The system was again closed and the  f l a s k  containing the  
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PULP FIBRE DENSITY 105 

FIBRE - WATER SUSPENSION 

air drying at 

AIR-DRIED 
/ 

vacuum drying over 
phosphorus pentoxide 
carbon tetrachloride 

VACUUM-DRIED FIBRE 

FIBRE 

ethanol to carbon 
tetrachloride on 

SUPER-DRIED FIBRE 
\ 

\ 
NEVER-DRIED FIBRE 

I 
water to iwopanol  
to carbon tetrachbrlde 

SOLVENT-E XCHANGE 
-DRIED FIBRE 

\ / 
SOLVENT- D R I E D FIBRE 

FIGURE 3 Drying methods f o r  d e l i g n i f i e d  f i b r e s .  

f l a s k  containing t h e  carbon t e t r a c h l o r i d e  w a s  warmed i n  water the  

carbon t e t r a c h l o r i d e  was d i s t i l l e d  over t o  t h e  f ibre-containing 

f l a s k .  

containing t h e  f i b r e  carbon t e t r a c h l o r i d e  suspension w a s  detached 

and stoppered. 

The system w a s  f i n a l l y  f lushed with n i t rogen  and t h e  f l a s k  

The super-dried f i b r e s  were prepared using t h e  super dryer  
34 type apparatus  described by Weatherwax 

sample were placed i n  a small basket made of t h i n  copper mesh 

which was introduced i n  a sample-holding bulb. 

ethanol were added and t h e  sample-holding bulb w a s  closed. 

coolers  and a drying bulb were f i t t e d  t o  a three-necked f l a s k  and 

n i t rogen  was flushed through t h e  system, en ter ing  a t  the  top  of a 

v e r t i c a l  cooler  and escaping a t  t h e  top  of the  dryer  bulb.  About 

70 ml of 3A molecular s ieves  were poured i n t o  t h e  dryer  bulb and 

200 m l  of 99.5 % ethanol were poured i n t o  t h e  three-necked f l a s k .  

The ni t rogen stream w a s  discont inued,  99.5 % ethanol  was added t o  

cover the molecular s ieves  and the  system was closed using g l a s s  

stoppers.  

. 100 mg of an a i r -dr ied  

50 m l  of 99.5 % 

Two 

The sample bulb and i ts  cooler  were at tached t o  t h e  
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106 EHRNROOTH 

system which was closed by two b a l l  j o i n t s  connecting the  two 

v e r t i c a l  coolers. The three-necked f l a s k  was heated and the  

v e r t i c a l  cooler  was c i rcu la ted  with water a t  a temperature of 

85OC. 

l a t i o n  rate of 4 m l  per minute. 

hours. 

cool. 

containing 4A molecular sieves i n  carbon te t rachlor ide .  

sample basket was removed using f i b r e  tweezers and s tored i n  a 

stoppered g l a s s  containing dry  carbon te t rachlor ide  while t he  

apparatus was emptied and recharged with carbon te t rachlor ide .  

The same procedure was repeated with the new solvent.  When the  

carbon te t rachlor ide  had c i rcu la ted  f o r  16 hours the system was 
allowed t o  cool and t h e  sample was immersed i n  super dry carbon 

te t rachlor ide  and s tored i n  a stoppered g lass  i n  a desiccator  over 

phosphor pentoxide. 

The system reached an equilibrium with a solvent  circu- 

The solvent w a s  c i rcu la ted  f o r  16 

After t he  f i r s t  drying sequence the  system was allowed t o  

The dryer  bulb was removed and interchanged with a bulb 

The 

The solvent-exchange-dried f i b r e s  were prepared i n  the  

following manner. 
pension of de l ign i f ied  f i b r e s  containing about 80 mg of f i b r e s  was 

poured onto a s in te red  g l a s s  f i l t e r  and the  excess water was 

allowed t o  drain.  The w e t  f i b r e  m a t  was washed on the  f i l t e r  with 

three sltcceasive port ions of dry isopropanol with spontaneous 

draining a f t e r  efch washing. 

f i b r e  was immersed in  a 150 m l  weighing g l a s s  containing 30 m l  o f  

dry  isopropanol. 

upon the  dry isopropanol zose through the  f i l t e r  and soaked the  

f i b r e  mat .  Final ly ,  enough dry isopropanol was added t o  the  

drying g l a s s  t o  give the  same l iqu id  l eve l  ins ide  and outs ide the  

g lass  s i n t e r  and some drying s a l t  was  added t o  the  isopropanol 

outs ide the  s in te r .  

was stored i n  a desiccator  over phosphor pentoxide f o r  one week. 

The solvent exchange from isopropanol t o  carbon te t rachlor ide  was 

performed i n  an iden t i ca l  manner yielding carbon te t rachlor ide  

A sample of 20 m l  of t he  neut ra l  water sus- 

The g la s s  s i n t e r  with the  soaked 

Water suct ion was applied to  the  s i n t e r  where- 

The weighing g lass  was closed with a l i d  and 
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PULP FIBRE DENSITY 107 

suspensions of solvent-dried f i b r e ,  which were s tored  i n  stoppered 

g lasses  i n  a desiccator  over phosphor pentoxide. 

EEE2itYMe5EE?!%t2 

The dens i t i e s  of t he  f i b r e  samples w e r e  measured a t  23OC i n  

mixtures of carbon te t rachlor ide  and toluene using a dens i ty  

measurement apparatus (Davenport Ltd., Welwyn Garden City,  Herts., 

U.K.). 
of determinating dens i t i e s  a s  spec i f ied  i n  the  standard methods of 

BS 3715 and ASTM D. 1505. 

The apparatus employs the  dens i ty  gradient  column method 

The columns were charged with d i f f e r e n t  r a t i o s  of toluene and 
3 carbon te t rachlor ide  t o  give densi ty  ranges of 40 kg/m each, 

between 1430 and 1560 kg/m3. 

were determined using ca l ibra ted  reference f l o a t s  ( f i v e  s igni-  

f i c a n t  d ig i t s ;  Davenport Ltd.). 

p lo t t i ng  the  observed pos i t ions  of t he  f l o a t s  aga ins t  t h e i r  known 

dens i t ies .  

The dens i ty  gradients  of t he  columns 

Cal ibrat ion curves were made by 

3 The accuracy of the  method is  0.1 kg/m . 
The standard rout ine f o r  measuring the  dens i ty  of a f i b r e  

sample was a s  follows. 

carbon te t rachlor ide  were gent ly  squeezed i n  the  l i qu id  using two 

tweezers t o  form a small t i g h t  f i b r e  bundle. 

l i f t e d  from t he  carbon te t rachlor ide  and innnediately immersed i n  

the  CO~UIUII and released just  under the  l i qu id  surface.  

pos i t ion  of t he  f ibre sample i n  the  column was  observed a t  f r e -  

quent in te rva ls .  

The densi ty  v a l u e s  reported i n  t h i s  study correspond t o  the  

pos i t ion  of t he  sample a f t e r  48 hours i n  the column. The den- 

s i t i e s  of t he  samples were obtained t o  the  neares t  0.1 kglm 

graphical in te rpola t ion  from ca l ib ra t ion  curves. 

samples of the  same f i b r e  were measured the  mean value i s  reported.  

Two t o  10 mg of water-free f i b r e s  i n  dry  

The f i b r e  bundle was 

The 

Equilibrium was  normally reached a f t e r  20 hours. 

3 
by 

When two o r  more 
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