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THE VISCOSITIES OF UNBLEACHED ALKALINE PULPS 

I V .  THE EFFECT OF ALKALI 

B.I. Fleming and G . J .  Kubes 
P u l p  and P a p e r  R e s e a r c h  I n s t i t u t e  o f  Canada 

570 S t .  J o h n ' s  Boulevard  
P o i n t e  C l a i r e ,  P.Q., Canada H9R 339 

ABSTRACT 

An e q u a t i o n  h a s  been d e v e l o p e d  t o  r e l a t e  t h e  v i s c o s i t y  of 
unbleached  p u l p  to  t h e  r e s i d u a l  a l k a l i  i n  t h e  s p e n t  l i q u o r ,  and 
t h e  t i m e - t e m p e r a t u r e  p r o f i l e  o f  t h e  cook ( e x p r e s s e d  a s  t h e  
G - f a c t o r ) .  The e q u a t i o n  i s  a p p l i c a b l e  t o  k r a f t ,  kraft-AQ and 
soda-AQ p u l p i n g  and t o  a v a r i e t y  o f  wood s p e c i e s .  

INTRODUCTION 

When wood p u l p  was cooked w i t h  a l a r g e  e x c e s s  o f  e f f e c t i v e  

a l k a l i  (so t h a t  t h e  a l k a l i  c o n c e n t r a t i o n  d i d  not  change a p p r e c i -  

a b l y  d u r i n g  c o o k i n g ) ,  t h e  r a t e  of v i s c o s i t y  l o s s  was found t o  be 

f i r s t  o r d e r  w i t h  r e s p e c t  t o  h y d r o x i d e  i o n  c o n c e n t r a t i o n  [ l ] .  

T h e o r e t i c a l  c o n s i d e r a t i o n s  t o  s u p p o r t  t h e  e x p e r i m e n t a l  o b s e r v a -  

t i o n s  l e d  t o  e q u a t i o n s  1 and 2, where [ql0 and [ q I t  a r e  t h e  

= 0.75 k '  [OH-] kvis  
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2 18 FLEMING AND. KUBES 

intrinsic viscosities of the pulp before cooking, and after cook- 

is the rate constant for viscosity loss at ing for time t; 

constant hydroxide ion concentration; and k' is the bimolecular 

rate constant for chain cleavage. By substituting for k in 

equation 1, we obtain equation 3 which describes the effect of 

alkali on pulp viscosity, [nit. For certain special experi- 

mental cooks in which the alkali charge is set high enough so 

that the alkali concentration remains constant during pulping, 

equation 3 can be simplified to equation 4. 

kvi s 

vis 

t 
= 0.75 I k'(t) [OH-](t)*dt 1 

- - -  0 

t 
1 = 0.75 [OH'] I k'(t)*dt T i q - q  0 

( 3 )  

( 4 )  

In these equations , k'(t> indicates that the rate constant 

k' (which is temperature dependent) is varying as a function of 

time as the digester temperature changes. The value of the 

integral 1 k'( t)* dt is proportional to the "G-factor", which 

can be calculated as described earlier [ l ] .  Thus, equation 4 

predicts that a plot of l / [ q ]  vs. G x [OH'] will be linear, pro- 

vided that [OH-] does not vary during the cook. 

t 

0 

RESULTS AND DISCUSSION 

Constant Hydroxide Ion Concentration 

An attempt was made to confirm the prediction of Equation 4 

by using data taken from illustrations in an article by Basta and 

Samuelson [2]. They used a liquor-to-vood ratio of 130:l to cook 

spruce woodmeal, and as a result, the alkali concentration was 

aLmoat unchanged after the cook. When the product of the 

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



ALKALINE PULPS 219 

G-factor and t h e  i n i t i a l  hydroxide  c o n c e n t r a t i o n  was p l o t t e d  

a g a i n s t  t h e  r e c i p r o c a l  v i s c o s i t y  of t he  pulp ,  a s t r a i g h t  l i n e  

graph  w a s  ob ta ined  (R2 = 0.95). This r e s u l t ,  i l l u s t r a t e d  i n  

F igu re  1, s u p p o r t s  t he  v a l i d i t y  of Equation 4. The i n t e r c e p t  on 

t h e  o r d i n a t e  (0.74 x ) corresponds  to  an i n t r i n s i c  v i s c o s i t y  

o f  1350 dm3/kg which  i n  t u r n  cor responds  t o  a =  of 2140 [ 3 a ] .  

This va lue  cor responds  t o  t h e  v i s c o s i t y  of t he  c e l l u l o s e  i n  

uncooked spruce  woodmeal. It is  w i t h i n  the  range quoted f o r  

n i t r a t e d  wood c e l l u l o s e  [ 3 b ] ,  a l though much lower than  v a l u e s  

ob ta ined  by T i m e 1 1  e t  a l .  [4,5]. 

W 

Bas t a  and Samuelson have used " i n t r i n s i c  v i s c o s i t y "  v a l u e s  

which a r e  symbolized by "[q]", and a r e  measured by SCAN C-15:62.  

Because a l i n e a r  r e l a t i o n s h i p  e x i s t s  [ l ]  between [q]-l and q-L 

(where q r e f e r s  t o  the  TAPPI T-230 cuene v i s c o s i t y ) ,  Equation 4 

w i l l  apply  t o  both  k inds  of v i s c o s i t y  measurement. 

Decreas ing  Hydroxide Ion Concen t ra t ion  

The d a t a  p l o t t e d  i n  F igu re  1 show t h a t  v i s c o s i t y  p r e d i c t i o n  

u s i n g  the  G-factor i s  p o s s i b l e  provided t h a t  the  a l k a l i  con- 

c e n t r a t i o n  i s  w e l l  d e f i n e d .  I n  i n d u s t r i a l  a l k a l i n e  pu lp ing ,  

however, t h e  hydroxide ion  c o n c e n t r a t i o n  v a r i e s  a s  a f u n c t i o n  of 

t i m e  i n  a complex  way. S i n c e  t h e  i n t e g r a l  I [OH-]=dt f o r  an 

i n d u s t r i a l  cook seems t o  be i n a c c e s s i b l e ,  t he  problem i s  t o  f ind  

some a l k a l i  term which will g ive  a l i n e a r  c o r r e l a t i o n  wi th  t h e  

i n t e g r a l .  

t 

0 

I n  an a t tempt  t o  f ind  such a term we have examined t h e  com- 

monly measured parameters :  i n i t i a l  e f f e c t i v e  a l k a l i  (EAi) , and 

r e s i d u a l  e f f e c t i v e  a l k a l i  i n  t h e  l i q u o r  a t  t h e  end of t h e  cook 

(EA,). The r e s i d u a l  a l k a l i  term seemed from the  o u t s e t  t o  be 

more promising: Bas ta  and Samuelson provided r e s i d u a l  a l k a l i  
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220 FLEMING AND KUBES 

I I I I 1 

500 1000 1500 2000 2500 3000 

EA ,. G x 10.: g.h.L' 

FIGURE 1. Soda pulp ing  of spruce  woodmeal a t  a liquor-to-wood 
r a t i o  of 130:l. Data from Ref. 2 spanning a range of 
a l k a l i  charges  and cooking times produce a s t r a i g h t -  
l i n e  graph when r e c i p r o c a l  v i s c o s i t y  is  p l o t t e d  
a g a i n s t  G x i n i t i a l  hydroxide  concen t r a t ion .  0 
i n d i c a t e s  cooks with  an i n i t i a l  a l k a l i  concen t r a t ion  
of 7.75 g / t ,  A i n d i c a t e s  15.5 g/L, 0 i n d i c a t e s  31 
g/L and 0 i n d i c a t e s  62 g/L a s  Na20. 

d a t a  which correspond t o  t h e  i n i t i a l  a l k a l i  va lues  used i n  F igu re  

1. The r e s i d u a l  a l k a l i  va lues  d i f f e r e d  only  s l i g h t l y  from the  

i n i t i a l  v a l u e s ,  but t h e  f i t  of the d a t a  t o  a p l o t  of tq1-l v e r s u s  

EAr*G w a s  improved (R2 = 0.97). 

When our own d a t a  for  normal k r a f t  cooks done a t  c o n s t a n t  

cooking time were examined by p l o t t i n g  the  r e c i p r o c a l  of t h e  
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ALKALINE PULPS 22 1 

cuene v i s c o s i t y  a g a i n s t  t h e  a l k a l i  t e rms ,  n e i t h e r  graph  was 

p e r f e c t l y  s t r a i g h t  (F igu re  2 ) .  However, a s t r a i g h t  l i n e  does 

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

s i g n i f i c a n c e  ( i .e. ,  EAi * 40-65 g/L, EAr - 5-25 g/L). I t  the re -  

f o r e  seems l i k e l y  e i t h e r  EA or EAr  would be a d e q u a t e  a l k a l i  

terms f o r  t h e  purpose of v i s c o s i t y  p r e d i c t i o n  under w e l l  con- 

t r o l l e d  pulp ing  c o n d i t i o n s .  

i 

F igure  3 shows a p l o t  o€ [EAi x GI a g a i n s t  r e c i p r o c a l  v i s -  

c o s i t y  f o r  cooks done under normal k r a f t  pu lp ing  c o n d i t i o n s .  

Some scatter is  e v i d e n t ,  e s p e c i a l l y  a t  lower v i s c o s i t y  l e v e l s ,  

bu t  t h e  m a j o r i t y  of t h e  p o i n t s  f a l l  c l o s e  t o  t h e  l i n e  which 

cu rves  s l i g h t l y  in t h e  h igh  v i s c o s i t y  r eg ion .  Both hardwood and 

softwood d a t a  p o i n t s  seem t o  f i t  roughly the  same curve .  A 

s t r a i g h t - l i n e  p l o t  was a l s o  cons idered  f o r  t h e s e  d a t a ,  but when 

[ E A i  x G I  is  ze ro ,  a s t r a i g h t - l i n e  p l o t  i n d i c a t e s  a n e g a t i v e  

r e c i p r o c a l  v i s c o s i t y  which has  no p h y s i c a l  meaning. 

F igu re  4 shows p l o t s  of [EA, x GI ve r sus  r e c i p r o c a l  v i s -  

c o s i t y  f o r  t h e  same cooks as those  on which F igu re  3 is based. 

I n  t h i s  ca se  w e  ob ta ined  s t r a i g h t - l i n e  p l o t s  wi th  d i f f e r e n t  

s l o p e s  for hardwoods and softwoods.  The r e l a t i o n s h i p  i l l u s t r a t e d  

i n  F igu re  4 is expres sed  by equa t ion  5 where &he va lues  of C and 

1 - k [EAr]G + C 
71 ( 5 )  

k were 5.6 x and 2.5 x f o r  hardwoods, or 7 . 2  x and 

1.6 x f o r  softwoods.  

The p r e d i c t i v e  va lue  of equa t ion  5 and of F igure  3 was t e s t -  

ed wi th  a number of cooks i n  which s p e c i e s ,  a l k a l i  charge ,  cook- 

ing  p rocess ,  t i m e  and tempera ture  were v a r i e d  over  a wide range. 

I n  Table 1 t h e  p r e d i c t e d  v i s c o s i t y  v a l u e s  a r e  compared wi th  the  
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222 E E M I N G  AND KUBES 

t 

0 Jack pine 
A Black spruco 
A I (duplicates) 

(A) 

0 
n 
A 

0 10 20  30 40 50  60 7 0  80 

EAi , g/L as Na20 

-- 0.08 

0 Jack Pine (B) 0 
A 

0 A 

0 5 10 15 20 25 30 -35 

EAr , g/L as Na20 

FIGURE 2. Constant G-factor pulping: reciprocal viscosity is 
plotted against (A) the initial effective-alkali con- 
centration and (B) corresponding residual alkali con- 
centrations for normal kraft cooks terminated at a 
constant G-factor of 14,060 (equivalent to 1400 H at 
170'C). 
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'0 

'0 
- - 

n 0.08 - 
E 

.% - > 0.06 - 
0 
0 0.04 - 

- : 
5; 

0.02 - 
- 

0 Jack pin. 
A Black spruce 

Birch 

0 

10 

0 

d 

20 : 
E 
z 15 
w - 
0 

> 25 .z 
33 

100 

0 1  I 1 I I 
I I I I 

350 550 7 50 950 1150 

EAi *G g.h.C' 

FIGURE 3. Pulp ing  at  d i f f e r e n t  G-fac tors  wi th  t h e  a l k a l i  charge 
l i m i t e d  t o  t h e  i n d u s t r i a l  range .  Rec ip roca l  v i s c o s i t y  
i s  p l o t t e d  a g a i n s t  EAi x G, w i th  EA; v a l u e s  of 
30-65 g/L ( a s  NaqO) and G v a l u e s  ranging  from 13,150 
t o  25,700; s u l f i d i t y ,  30%. 

I 0 Jack pine 

'(b 

c 

E 

0-02 t 

a Black spruce 
Aspen 
Birch 

c 

SOFTWOODS 
0.04 

> 

I I 1 1 I I I t I I 

0 a0 160 240 320 

FIGURE 4. Rec ip roca l  v i s c o s i t y  i s  p l o t t e d  a g a i n s t  EA, x G f o r  
k r a f t  pu lp ing  of  hardwoods, and softwoods at  30% sul- 
f i d i t y .  The EAi v a l u e s  and G-factor ranges  were the  
same as  i n  F igure  3. 

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



TA
BL

E 
I.

 
P

re
d

lc
tl

o
n

 o
f 

P
u

lp
 V

lr
c

o
rl

ty
 

T
lm

 a
t 

T
en

p
., 

h 

2 1.5
 

I 1 I 1.
75

 

1.
5 

3 

YO
O

d 
S

p
e

cl
e

s 
G 

14
,x
K)
 

15
,0

00
 

22
.1
26
 

12
.9

00
 

12
.9
00
 

17
,2
50
 

15
,0
00
 

8.
88
0 

Ja
ck

 P
l

n
 

Ue
st
er
n 

H
em

lo
ck

 

E
ll

&
 

S
pr

uc
e 

O
w

g
ls

r 
F

lr
 

E.
 

H
er

d
rm

d
 

MI
 x

tu
re

 

A
sp

en
 

R
ed

 C
bd

M
 

A
sp

en
 

B
le

a
ch

a
b

le
-g

ra
d

e
 

k
ra

ft
 

K
ra

tt
, 

e
xc

e
ss

lv
e

 e
lk

a
ll

 

K
ra

lt
, 

%
I@

 te
m

p
e

ra
tu

re
" 

16
7 

17
0 

17
7 

60
.0
 

45
.0
 

35
 .O

 

36
.5
 

B
I e

ac
ha

b 
la

-g
ra

de
 

so
&

-N
J 

(0
.0
5a
i 

B
le

a
ch

a
b

le
-g

ra
d

e
 

h
rs

ft
 

I I, 
H 

Ig
h-

vl
 s

co
s 
I t

y
 h

ra
ft

-W
 

(0
.0
51
1 

23
.2

 

12
.8
 

6.
50

 

6.
30
 

19
.0
 

52
.8
 

20
.2
 

18
.2
 

E
A

lb
oC

1 
I 

g
A

 
as

 N
a2

0 
g

R
 a
s 

N
aZ

O
 

42
.5
 

46
.2

 

48
.6
 

47
.5
 

58
.5
 

Sa
ck
 k

ra
lt

 

B
le

a
ch

a
b

le
-g

ra
d

e
 

k
ra

lt
 

v I
 sc

os
 It

y 
P

re
d

lc
te

d
 

f
r

m
 F

ig
. 

3.
 

R
P

a*
s 

17
2 

17
2 

28
.2
 

14
.1

 

12
.8
 

47
.8
 

45
.2

 

33
.0

 

30
.0
 

-1
00

 

v I
 sc

os
 i t

y
 

P
re

d
 I c

te
d

 
fr

a
n

 E
q.

 
5,

 
E

P
a*

S
 

29
.0
 

15
.9

 

19
.1

 

48
.5
 

38
.5
 

40
.8
 

30
.3
 

81
.7
 

A
ct

ua
l 

Y 
is

c
o

s
l t

y
 

Fo
un

d.
 

@
a*

 s
 

26
.5
 

f 
0.5
 

17
.0
 

t 
0.5
 

21
.7

 
f 
0.5
 

48
.0

 
f 

1.
4 

36
.6
 
t 

1.1 

38
.2
 
f 

0
.3

 

26
.8
 

f 
0.
9 

66.
1 

T
o

ts
 I 

ca
pp

a 
I Yleld, 

a
) 

C
o

n
st

a
n

t 
c

o
n

d
lt

lo
n

s
: 

ll
qu
or
 t

o
 m

o
d

 r
s

tl
o

; 
4 

L
/k

g
 

(e
x

c
lu

d
ln

g
 w

oo
d 

m
ls

tu
re

l.
 

C
h

ip
s 

p
re

st
o

m
w

d
 t

o
 a

b
m

t 
53
% 

m
ls

tu
re

, 
s

u
lf

ld
lt

y
, 

tl
n

m
 

to
 t

e
n

p
e

ra
tu

re
 

= 
90
 m

in
ut

es
. 

E
ac

h 
ty

p
e

 
of

 
&

 
ua

s 
do

ne
 

In
 d

~
p

ll
c

a
te

; 
th

e
 d

a
ta

 
re

p
o

rt
e

d
 

h
e

re
 

a
re

 t
h

e 
m

an
 

va
lu

e
s 

o
b

ta
ln

e
d

. 
an

d 
th

e 
ra

n
g

e
 o

f 
th

e
 o

b
se

rv
e

d
 

v
ls

c
o

s
lt

y
 

va
lu

e
s 

Is
 I

n
d

lc
a

te
d

. 
b

l 
E

A
I 

re
fe

rs
 t

o
 t

h
e 

c
o

n
c

e
n

tr
a

tl
m

 o
f 

e
lk

a
ll

 
In

 t
h

e
 c

o
ck

in
g

 
ll

q
u

o
r 

b
e

fo
re

 d
ll

u
tl

o
n

 u
lt

h
 w

oo
d 

m
ls

tu
re

. 
c)

 
16

 g
A 

- I 
Ib

/c
u.

 
ft

. 

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



ALKALINE PULPS 225 

measured cuene  v i s c o s i t i e s .  A l l  t h e  cooks and measurements  were 

done i n  d u p l i c a t e .  The v i s c o s i t y  p r e d i c t i o n s  from EA, v a l u e s  

and E q u a t i o n  5 were more a c c u r a t e  t h a n  t h o s e  made by u s i n g  Ui 

v a l u e s  and t h e  c u r v e  shown i n  F i g u r e  3. This c a n  be c l e a r l y  s e e n  

f o r  t h e  a s p e n  soda-AQ cook,  and f o r  t h e  k r a f t  cooks o f  b l a c k  

s p r u c e ,  and for  t h e  hardwood m i x t u r e ;  i n  t h e  o t h e r  c a s e s ,  bo th  

p r e d i c t i o n  methods came c l o s e  t o  t h e  o b s e r v e d  v a l u e s .  The l a s t  

cook i n  T a b l e  1 r e p r e s e n t s  an a t t e m p t  t o  see how w e l l  E q u a t i o n  5 

p e r f o r m s  when e x t e n d e d  t o  a r e g i o n  well o u t s i d e  t h e  normal com- 

m e r c i a l  r a n g e .  

The EA; v a l u e s  used i n  t h i s  work c o r r e s p o n d  t o  t h e  a l k a l i  

c o n c e n t r a t i o n  of t h e  added cooking  l i q u o r ,  and a c o n s t a n t  d i l u -  

t i o n  w i t h  wood m o i s t u r e  i s  assumed. It is n o t  s u r p r i s i n g  t h a t  

r e s i d u a l  a l k a l i  v a l u e s  were found t o  c o r r e l a t e  b e t t e r  w i t h  

v i s c o s i t y  b e c a u s e  they  compensate ,  a t  l eas t  i n  p a r t ,  for e x c e s -  

s i v e  wood m o i s t u r e ,  r o t t e n  m o d ,  and d i f f e r e n t  wood a c i d i t i e s ,  

a l l  of which d e c r e a s e  t h e  c o n c e n t r a t i o n  of t h e  cooking  a l k a l i .  

EXPERIMENTAL 

Wood c h i p s  (250  g ,  0 . d . )  were cooked w i t h  1 l i t r e  of l i q u o r  

i n  2L s t a i n l e s s  s t ee l  bombs which were r o t a t e d  i n  an o i l  b a t h .  

The c o n s t a n t s  k and C were e v a l u a t e d  f o r  t h e  H - f a c t o r  r a n g e  

1100-2500. The r e s i d u a l  a l k a l i  c o n c e n t r a t i o n  w a s  d e t e r m i n e d  by 

t i t r a t i n g  t o  a f i n a l  pH of 10.5 u s i n g  1.0 M h y d r o c h l o r i c  a c i d .  

The p u l p  v i s c o s i t i e s  were measured by TAPPI S t a n d a r d  Method T-230 

0s-76 a f t e r  f i r s t  d e l i g n i f y i n g  t h e  p u l p  i n  t h e  f o l l o w i n g  way: 

Unbleached p u l p  (15 g, o.d.1 a t  20% c o n s i s t e n c y  was shredded  

and mixed w i t h  150 mL of  aqueous sodium c h l o r i t e  (100 g/L) .  100 

mL of b u f f e r  s o l u t i o n  (pH 4.0) c o n t a i n i n g  sodium a c e t a t e  (5  g )  

and a c e t i c  a c i d  (10 g) was added and t h e  p u l p  mass was well mixed 

once  a g a i n .  The p u l p  was a l lowed t o  react  i n  a s e a l e d  c o n t a i n e r  
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f o r  18 h a t  room t empera tu re  and t h e  d e l i g n i f i e d  pulp  was then  

d i l u t e d  and washed. 

CONCLUSIONS 

Our e a r l i e r  work showed t h a t  cooks done a t  d i f f e r e n t  temper- 

a t u r e s  b u t  at  a c o n s t a n t  G-value would produce  pulps  of similar 

v i s c o s i t y .  Thus t h e  G-factor  can be  used l i k e  t h e  H-fac tor ;  f o r  

a p a r t i c u l a r  wood f u r n i s h ,  a l k a l i  c h a r g e ,  and l iquor- to-wood 

r a t i o ,  t h e r e  i s  a c o r r e l a t i o n  between G-fac tor  and v i s c o s i t y  - 
j u s t  a s  t h e r e  i s  a c o r r e l a t i o n  between H-fac tor  and kappa number. 

The work has  now been  extended so t h a t  pu lp  v i s c o s i t i e s  can  be  

c a l c u l a t e d  wi th  r e a s o n a b l e  p r e c i s i o n  even when the  wood f u r n i s h  

and a l k a l i  cha rge  are v a r i e d .  Although d i f f e r e n c e s  i n  l i quor - to -  

wood r a t i o  or i n  methods of r e s i d u a l  a l k a l i  measurement would 

c a l l  f o r  some ad jus tmen t  of t h e  c o n s t a n t s  k and C ,  i t  is a n t i c i -  

p a t e d  t h a t  t h e  r e l a t i o n s h i p  expres sed  by Equat ion  5 w i l l  be ap- 

p l i c a b l e  t o  a spec t rum of a l k a l i n e  pu lp ing  p r o c e s s e s ,  p rovided  

t h a t  no o x i d a n t s  a r e  p r e s e n t .  
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