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VISCOSITIES OF UNBLEACHED ALKALINE PULPS. 11. 

THE G-FACTOR 

G . J .  Kubes, B. I .  Fleming, J . M .  MacLeod, and H . I .  Bolker 
Pulp  and Paper Research I n s t i t u t e  of Canada, 

570 S t .  John ' s  Roulevard, 
P o i n t e  Claire,  Quebec, Canada, H9R U9; 

and 

D.P. Werthemann 
Ciba-Geigy L t d . ,  

CH-4002 Basle, Swi tzer land .  

ABSTRACT 

The a c t i v a t i o n  energy f o r  the  loss of pulp v i s c o s i t y  ( c e l l u -  
l o s e  c h a i n  c leavage)  dur ing  soda-AQ pulping was found t o  be the 
same as  i n  k r a f t  cooking: 179 2 4 W/mol. CalcuLat ions based on 
l i t e r a t u r e  d a t a  gave a value of 175 k.J/mol f o r  soda pulping. The 
agreement confirms previous f i n d i n g s  t h a t  reducing a d d i t i v e s  do not 
a f f e c t  pulp v i s c o s i t y  (n). When high sodium hydroxide charges a r e  
employed, s t r a i g h t - l i n e  p l o t s  of l/U versus  cooking time at  maxirniim 
tempera ture  are obtained.  A "G-factor" i s  proposed t o  combine 
cooking t i m e  and temperature  i n t o  a s i n g l e  v a r i a b l e ,  similar in 
concept  t o  Vroom's H-factor, f o r  c a l c u l a t i n g  the  e f f e c t  on pulp 
v i s c o s i t y  of widely varying cooking cyc les .  

INTRODUCTION 

In a previous publ ica t ion '  w e  concluded t h a t  the v i s c o s i t i e s  

of unbleached a l k a l i n e  pulps from black spruce ,  made a t  a cooking 

tempera ture  of 17OoC, depended only on the a l k a l i n i t y  of t h e  l i q u o r  

and t h e  cooking t i m e .  The v i s c o s i t i e s  were independent of the  
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314 KUBES ET AL,. 

presence of an thraquinone  or su lphide  i o n  i n  the  cooking l i q u o r .  

To i n v e s t i g a t e  t h e  k i n e t i c s  of t h e  v i s c o s i t y  loss, we have now 

examined more c l o s e l y  t h e  e f f e c t s  of a l k a l i n i t y ,  cooking tempera- 

t u r e ,  and t i m e .  

RESULTS AND DISCUSSION 

R e c i p r o c a l - v i s c o s i t y  p l o t s  

I n  t h e  experiments  descr ibed  below, a high liquor-to-wood 

r a t i o  was used t o  main ta in  a l a r g e  r e s e r v o i r  of hydroxide ion so 

t h a t  i t s  c o n c e n t r a t i o n  would not change a p p r e c i a b l y  dur ing  cooking 

(see c o n d i t i o n s  and r e s u l t s  in Table  I). We then  found i t  p o s s i b l e  

t o  p l o t  l/n (n = v i s c o s i t y  of 0.5% cuene s o l u t i o n s )  versus  cooking 

t i m e  at maximum temperature  and, for each a l k a l i  c o n c e n t r a t i o n ,  

o b t a i n  a s t r a i g h t  l i n e  wi th  a high c o r r e l a t i o n  c o e f f i c i e n t ,  r ( F i g .  

1). The r e c i p r o c a l - v i s c o s i t y  term r e l a t e s  t o  the number of cel- 

l u l o s e  c h a i n s  per  u n i t  weight of pulp2,  so t h a t  the  s l o p e s ,  

d ( l / o ) / d t ,  of t h e  l i n e s  i n  Figure 1 i n d i c a t e  the  rate of c h a i n  

c leavage  (k ). P l o t t i n g  the  s l o p e s  a g a i n s t  t h e  i n i t i a l  hydroxide 

i o n  c o n c e n t r a t i o n s ,  [OH-]o, gave a s t r a i g h t  l i n e  (Fig.  2) i n d i -  

c a t i n g  t h a t  f o r  k r a f t  pu lp ing ,  c e l l u l o s e  cha in  c leavage  i s  f i r s t  

o r d e r  i n  hydroxide ion. S i m i l a r  r e s u l t s  (no t  shown) were obta ined  

f o r  soda-Aq pulping.  

v i s  

Graphs of r e c i p r o c a l  v i s c o s i t y  versus  t i m e  have been used t o  

e x p r e s s  t h e  v i s c o s i t y  l o s s  of c e l l u l o s e  undergoing a c i d  hydroly- 

s i s 3 y 4  o r  p y r o l y s i s 5 ,  and we have a l s o  found t h a t  t h e  r e s u l t s  of 

L a i 6 s 7  e t  a l .  f o r  v i s c o s i t y  loss of c o t t o n  h y d r o c e l l u l o s e  dur ing  

a l k a l i n e  h y d r o l y s i s  can be p l o t t e d  i n  t h i s  way t o  g ive  s t r a i g h t  

l i n e s .  Direct p l o t s  of v i s c o s i t y  a g a i n s t  t i m e  produce hyperbolae 

which can be mis leading3 s4. The r e c i p r o c a l - v i s c o s i t y  v e r s u s  time 

r e l a t i o n s h i p  is r e a d i l y  der ived  by cons ider ing  the random s c i s s i o n  
of a long c h a i n  polymer ( s e e  k i n e t i c  model). 

The E f f e c t  of Temperature 

F igure  3 p r e s e n t s  t h e  k r a f t  data from Table  XI p l o t t e d  t o  show 

t h a t  a t  c o n s t a n t  a l k a l i  charge,  s t r a i g h t - l i n e  p l o t s  of l / n  versus  
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Figure 1. Reciprocal viscosities (0.5X cuene) of unbleached black 
spruce kraft pulps are plotted against time at maximum 
temperature. A l l  cooks were done at 170°C but at dif- 
ferent effective alkali concentrations vhlch are indica- 
ted (as g / l  NapO) on the graph. 

L I I 

0 1 7 3 4 5 1 6 8  

Effective Akdi Concentration, s/L as Na,O 

Figure 2. The slopes (kvis) of the lines in Fig. 1 plotted against 
the effective alkali concentration. 
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PULP VISCOSITIES. I1 317 

I 

F i g u r e  3. Reciproca l  v i s c o s i t i e s  ( 0 . 5 %  cuene) of unbleached black 
spruce  k r a f t  pulps  are p l o t t e d  a g a i n s t  t i m e  a t  four  
d i f f e r e n t  maximum tempera tures .  A l l  cooks vere  done a t  
an e f f e c t i v e  a l k a l i  c o n c e n t r a t i o n  of 34 g/L (as NapO). 

t i m e  were obta ined ,  with a d i f f e r e n t  s l o p e  f o r  each cooking temper- 

a t u r e .  S i m i l a r  r e s u l t s  (no t  shown) were obta ined  fo r  soda-AQ pulp- 

ing.  

The s l o p e s  r e p r e s e n t  t h e  s p e c i f i c  rates, kvis, of the  cha in  

c leavage  r e a c t i o n ,  and t h e i r  s i g n i f i c a n c e  d e r i v e s  from the  Arrheni- 

u s  equat ion  (eq. 1) which relates a r e a c t i o n  r a t e ,  k, t o  the  

a b s o l u t e  temperature ,  T,  and t h e  a c t i v a t i o n  energy,  Ea, of t h e  

r e a c t i o n ;  A and R are c o n s t a n t s .  

For v i s c o s i t y  loss as a f u n c t i o n  of temperature  ( a l k a l i  charge 

h e l d  c o n s t a n t ) ,  t h e  Arrhenius  e q u a t i o n  can be r e w r i t t e n  a s  equat ion  

2 ,  where t h e  k v a l u e s  are t h e  s l o p e s  of t h e  l i n e s  in Figure  3, 

and E r e p r e s e n t s  t h e  a c t i v a t i o n  energy f o r  v i s c o s i t y  loss. 
v i s  

a ,  v i s  

k v i s  = Avis  ' 

- % p i s  
RT 
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318 KUBES ET AL. 

W T a )  

TABLE I1 - A l k a l i n e  Pulp ing  of Black Spruce a t  D i f f e r e n t  Cooking Temperatures  

SODA-AQ~) 

PULPING CONDITIONS I RESULTS 

150 272 
381 
490 
599 
708 
816 

160 

170 

180 

108 
152 
196 
2 41 
286 
333 

46 
66 
86 
105 
125 
145 

0 
9 
18 
24 
35 
44 

800 34.7 
1100 21.6 
1 400 16.5 
1700 13.1 
2000 11 .8 
2 300 10.2 

800 35.8 
1100 22.1 
1400 16.4 
1700 13.6 
2000 11.5 
2300 9.8 

800 38.7 
1100 22.0 
1400 16.2 
1700 12.6 
2000 10.9 
2300 8.8 

800 45.9 
1100 27.2 
1400 19.2 
1700 13.9 
2000 11.9 
2300 10.3 

47.6 
38.8 
30.5 
25.5 
21.6 
18.8 

45 .O 
33.5 
25.0 
21.5 
17.9 
14.8 

37.1 
26.7 
19.6 
16.1 
13.3 
11 .o 

39.8 
29.3 
21.6 
16.5 
13.0 
10.5 

63.9 24.6 
46.8 20.7 
35.9 19.4 
27.1 16.8 
22.3 13.9 
20.4 13.2 

58.5 24.4 
39 -9 18.8 
31.1 16.6 
24.4 14.3 
20.5 13.1 
16.2 11.5 

62.9 22.0 
43.4 17.8 
29.7 14.4 
23.1 12.4 
19.5 10.5 
16.4 9.0 

62.3 19.8 
47.5 15 -0 
30.0 11.4 
24.0 10 .o 
18.2 8.5 
14.2 7.2 

a)  Cons tan t  c o n d i t i o n s :  k r a f t :  81.8% E.A. u Na20 on 0.d.  wood 
34.0 g f L  as Na20 
24:l liquor-to-wood r a t i o  
30% s u l p h i d i t y :  
Tim t o  tempera ture  - 90 nin 

40 SfL as N a 2 0 :  
24: 1 liquor-wood ra t io  
0.25% AQ on 0.d .  wood 
Tim t o  tempera ture  - 90 min 

b)  Cons tan t  c o n d i t i o n s :  soda-AQ: 96.5% E.A. as Na20 on 0.d. wood 

c) 0 . X  cuene (TAPPI S tandard  Method T-230) 
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Figure  4. K r a f t  ( c i r c l e s )  and soda-AQ (diamonds) cooks of black 
spruce  y i e l d  t h e  same Arrhenius  p l o t  f o r  v i s c o s i t y  l o s s  
d u r i n g  a l k a l i n e  pulping.  The k r a f t  p o i n t s  a r e  t h e  
l o g a r i t h m s  of  t h e  s l o p e s  ( k v i s )  of t h e  l i n e s  shown i n  
F ig .  3. The s l o p e  6f t h i s  graph g i v e s  t h e  a c t i v a t i o n  
energy €or v i s c o s i t y  l o s s ,  Ea,vis, as 179 W/mol. 

A co-variance a n a l y s i s  showed t h a t  t h e  soda-AQ and k r a f t  data 

p o i n t s  of t h e  Arrhenius  p l o t  were not s i g n i f i c a n t l y  d i f f e r e n t .  We 

t h e r e f o r e  p l o t t e d  a l l  t h e  r e s u l t s  t o g e t h e r  (Fig. 4) and obtained an 

a c t i v a t i o n  energy of 179 f 4 kJ/mol (42.8 kcal /mol)  f o r  v i s c o e i t y  

loss i n  soda-AQ and k r a f t  pulping.  

The G-factor 

As der ived  for a p p l i c a t i o n  t o  t h e  k i n e t i c s  of d e l i g n i f i c a t i o n ,  

Vroom's H-factor' can be def ined  accord ing  t o  Equat ion 3, where 

is t h e  d e l i g n i f i c a t i o n  r a t e  a t  1oo'C (373 K). Now, by k l i g ( 3 7 3 )  
analogy wi th  t h e  H-factor, we can d e f i n e  t h e  G-factor f o r  v i s c o s i t y  

loss as a means of express ing  t h e  e f f e c t  of cooking t i m e  and 

temperature  in a single v a r i a b l e  (equat ion  4 ) .  

t 1 
H -  ' l ig(T) '  dt ' l ig(373)  o 

( 3 )  
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320 KUBES ET AL. 

TABLE 111 - Relative rate of cuene v i scos i ty  loss (k&) 

for alkaline pulpinga) 

Temperature, 
*C 

LOO 
101 
102 
103 
104 
105 
106 
107 

109 
110 
111 
112 
113 
114 

115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 

129 

ioa 

128 

Relative 
Rate 

1 
1 
1 
2 
2 
2 
2 
3 
3 
4 
4 
5 
6 
7 
a 
9 

11 
12 
14 
16 
19 
22 
25 
28 
33 
37 
43 
49 
56 
64 

Temperature, 
O C  

130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 

145 
146 
147 

149 
150 
151 
152 
153 
154 
155 
156 
157 

159 

148 

158 

Relative 
Rate 

73 

95 
109 
124 
141 
160 

207 
235 
267 
303 
343 

440 

a4 

182 

389 

498 

718 
a11 

563 
636 

915 
1030 
1160 
1310 
1470 
1660 

2090 
2350 
2640 

1860 

Temperature, 
.C 

160 
161 
162 
163 
164 
165 
166 
167 

169 
170 
171  
172 
173 
174 

175 
176 
177 

179 

181 
182 

168 

178  

1 ao 

183 
L a4 

187 
1 aa 
189 

185 
186 

Relative 
Rate 

2960 
3320 
3720 
4170 
4670 
5220 

6530 
7300 

9100 
10200 
11300 
12600 
14100 

15600 
17400 
19400 
2 1600 
26000 
29600 

40300 
44700 
49500 
54800 
60100 
54800 
60700 
67200 

5840 

a150 

32800 

a )  The calculation of these rates is described i n  the Experimental sect ion.  
For comparison, the relat ive de l ign i f i ca t ion  rates  uned i n  the -"-factor 
cnlculation' are a8 f o l l o w :  1 (1OO'C). 25 (130'C), 165 (150'C), 401 
( i60°c ) ,  927 ( 1 7 0 ~ ~ )  2042 (1ao.c). 

t . d t  1 
G -  'vis(373) a kvis(T) 

Following Vroom's approach, the next s t e p  i s  to  calculate the 

to  obtain the r e l a t i v e  rate constant vis(T) to kvis(373) r a t i o  of k 
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The v a l u e  of t h i s  c o n s t a n t  a t  var ious  temperatures  is k:is ( T )  ' 
g i v e n  i n  Table  111, and t h e  c a l c u l a t i o n  is d e s c r i b e d  I n  the  exper i -  

mental  s e c t i o n .  The f o o t n o t e  t o  the t a b l e  shows t h a t ,  as a conse- 

quence of its h igh  a c t i v a t i o n  energy, v i s c o s i t y  loss accelerates 

more r a p i d l y  than d e l i g n i f f c a t i o n  as temperature  increases .  There- 

f o r e ,  only in t h e  case of i so thermal  pulping (no rise-to-tempera- 

t u r e )  would a l i n e a r  r e l a t i o n s h i p  e x i s t  between C and H. 

Using t h e  r e l a t i v e  r a t e s  given in Table 111, t h e  G-factor of 

any temperature  rise p r o f f l e  (e.g., Fig. 5 )  can be c a l c u l a t e d  by 

adding up t h e  accumulated "G" over 15 minute segments as descr ibed  

by Vroome f o r .  the  H-factor. A sample c a l c u l a t i o n  is given in Table 

IV. Regardless  of the  combinations of cooking times and tempera- 

t u r e s ,  cooking c y c l e s  which g ive  equal  C-fac tors  would be expected 

t o  produce unbleached pulps  of the  same v i s c o s i t y  ( o t h e r  parameters  

being he ld  c o n s t a n t ) .  

V e r i f i c a t i o n  of t h e  G-factor 

Three tests were a p p l t e d  t o  v e r i f y  the  G-factor. 

1. Basta  and Samuelsong have used high a l k a l i  charges  f o r  the  soda 

pulp ing  of Scandinavian spruce ,  and we could check t h e  a c t i v a -  

t i o n  energy f o r  v i s c o s i t y  loss in soda pulping by r e p l o t t i n g  

d a t a  taken from t h e i r  f i g u r e s .  We obta ined  u e l l - c o r r e l a t e d  l / n  

v e r s u s  time p l o t s  a t  4 hydroxide ion c o n c e n t r a t i o n s  (Fig.  6a)  

and 3 temperatures  (Fig.  7a). Once a g a i n ,  v i s c o e i t y  loss was 

was f i r s t - o r d e r  i n  hydroxide ion  (P ig .  6b) ,  and the  Arrhenius  

p l o t  (Fig. 7b) y i e l d e d  an EaYvis of 175 kJ/mol (41.8 kcal /mol) .  

Wi th in  exper imenta l  e r r o r ,  t h i s  is t h e  same as the va lue  

o b t a i n e d  f o r  soda-AQ and k r a f t  pulping. 

The d a t a  given in re ference  9 are i n t r i n s i c  v i s c o s i t i e s  

(I.V.) v a l u e s ,  but t h e  r e c i p r o c a l  v i s c o s i t y  versus  time graphs 

are nonethe less  l i n e a r .  When we converted cuene v i s c o s i t i e s  

(Tables  I and 11) i n t o  i n t r i n s i c  v i s c o s f t i e s l 0 y  11, t h e  data 
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322 KUBES ET AL. 

Figure  5. The r e l a t i v e  r a t e  of v i s c o s i t y  l o s s  dur ing  a cooking 
c y c l e .  The area under the  r e l a t i v e  r a t e  curve ( s o l i d  
l i n e )  is the t o t a l  "G- f a c t o r "  accumulated. 

f i t t e d  e q u a l l y  w e l l  i n t o  a r e c i p r o c a l  v i scos i ty- t ime p l o t .  

T h i s  w a s  s u r p r i s i n g  because t h e  cuene v i s c o s i t y  - i n t r i n s i c  

v i s c o s i t y  r e l a t i o n s h i p  is non-l inear ;  the  explana t ion  is t h a t  

r e c i p r o c a l  cuene v i s c o s i t y  versus  r e c i p r o c a l  I . V .  p l o t s  a r e  

l i n e a r  (r = 0.998) over t h e  v i s c o s i t y  range encompassed by t h i s  

work. Thus, i n t r i n s i c  and TAPPI cuene v i s c o s i t i e s  can be 

t r e a t e d  e q u a l l y  w e l l  by r e c i p r o c a l  v i s c o s i t y  p l o t s .  

2 .  A second test w a s  t o  see i f  cooks done at  high a l k a l i  charge t o  

t h e  same G-factor but at d i f f e r e n t  temperatures  and d i f f e r e n t  

times would indeed produce pulps  of t h e  same v i s c o s i t y .  The 

r e s u l t s  are shown in Table V. Pulp ing  at 172' and 160' t o  

c o n s t a n t  G-factor gave v i s c o s i t y  va lues  which were c o n s t a n t  

w i t h i n  t h e  exper imenta l  error of the  t es t ,  whereas the  kappa 
numbers were completely d i f f e r e n t  ( t h e  H-factors were not 

i d e n t i c a l ) .  

3. A l l  t h e  cooking r e p o r t e d  here  has been done v i t h  very high 

a l k a l i  charges  t o  maintain f i x e d  hydroxide ion  c o n c e n t r a t i o n s  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL

E 
IV

 - 
C

al
cu

la
ti

o
n

 o
f 

G
-f

ac
to

r 
fo

r 
a 

ty
p

ic
a

l 
a

lk
a

li
n

e
 c

oo
ka

) 

T
im

 
fr

om
 s

ta
rt

, 
T

em
pe

ra
tu

re
, 

R
el

at
iv

e 
ra

te
 

A
ve

ra
ge

 x
 

T
im

e 
G-

 f
 a

c t
o

r 
h 

"C
 

of
 

v
is

co
si

ty
 

R
at

e 
In

te
rv

a
l 

In
cr

em
en

tb
) 

lo
se

 

0.
00
 

0.
25
 

0.
50
 

0.
75

 
1.
00
 

1.
25
 

1.
50
 

3.
16
 

20
.0
 

45
.5
 

71
 .O

 
96
.5
 

12
2.
0 

14
7.
5 

17
0.

0 
17
0.
0 

-
 

~~
~~

~~
 

0 0 0 0 25
 

12
.5
 

x 
0.
25
 

- 
71

8 
37
1.
5 

x 
0.
25
 

- 
91
00
 

49
10

 
x 

0.
25
 

=
 

91
00

 
91

00
 

x 
1.
67
 

- 
T

o
ta

l 
"G

" 
fa

c
to

r 
=

 

3 93
 

12
28

 
15

20
0 

16
52
4c

) 
-
 

a
) 

C
o

n
d

it
io

n
s:

 
C

oo
ki

ng
 

ti
m

e 
to

 m
ax

im
um

 
te

m
p

er
at

u
re

 
. .

 . 
. .

 . 
. 

90
 

m
in

ut
es

 
Co
ok
in
g 

ti
m

e 
a

t 
m

ax
im

um
 

te
m

p
er

at
u

re
 

. .
 . 

. .
 . 

. 1
00
 

m
in

ut
es

 
M

ax
im

um
 

co
ok

in
g 

te
m

p
er

at
u

re
 

. .
 . 

. .
 . 

. .
 . 

. .
 17O

'C 

b)
 

G
-f

ac
to

r 
in

cr
em

en
t 

=
 

A
ve

ra
ge

 
ra

te
 x

 
tim

e 
in

te
rv

a
l 

c)
 T

he
 

co
rr

es
p

o
n

d
in

g
 H

-f
ac

to
r 

is
 
17

00
 

H
 

m
 

tn
 

H
 

H
 

W
 

N
 

W
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



324 KUBES El' At. 

1 4  

12 

10 

Initial Alkali Concentration , Mol/L Na0)l 

Figure  6. ( a )  P l o t s  of r ec ip roca l  v i s c o s i t y  versus  cooking time 
for soda pulping of Scandinavian spruce a t  170°C with 
d i f f e r e n t  a l k a l i  concent ra t ions  (da t a  taken from r e f .  
9 ) .  (b) The s lopes  of the  l i n e s  i n  ( a )  p lo t t ed  aga ins t  
the  a l k a l i  concen t r a t  ion. 

dur ing  pulping.  Never the less ,  the  c o r r e l a t i o n  of G-factor with 

v i s c o s i t y  should s t i l l  e x i s t  at low a l k a l i  charges ,  i f  we as- 

sume t h a t  the dec l ine  of the  e f f e c t i v e  a l k a l i  follows a s i m i l a r  

p a t t e r n  in each cook. F igure  8 shova v i scos i ty  data repor ted  

by Hart and Strappl* f o r  the k r a f t  pulping of spruce with vari- 

ous a l k a l i  charges ,  p lo t t ed  aga ins t  G-factors ca l cu la t ed  from 

t h e  r e l a t i v e  rates given i n  Table 111. A l l  but oae of the da ta  
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I l r r l r " ' l l  
0 T o o  200 300 400 500 

Cooking Time a t  Maximum Temperature, min 

(8) 

Figure  7. (a) Reciproca l  v i s c o s i t y  versus  cooking t i m e  p l o t s  f o r  
soda  pulping of Scandinavian s r u c e  in 1M sodium hydrox- 
i d e  a t  d i f f e r e n t  temperatures'. (b) The Arrhenius  plot 
d e r i v e d  from ( a ) .  
mol. 

The s l o p e  y i e l d s  Ea,vis = 175 Id/ 

p o i n t s  f a l l  on smooth curves  f o r  each a l k a l i  l e v e l .  Thus, 

r e g a r d l e s s  of t h e  cooking temperature  (160", 170" or 180°C), 

t h e  r e s u l t s  of a l l  cooks a t  the  same a l k a l i n i t y  f a l l  on t h e  

same G-factor curve. 

A K i n e t i c  Model 

The development of t h e  G-factor was based on t h e  d iscovery  

t h a t  a t  c o n s t a n t  hydroxide ion c o n c e n t r a t i o n ,  a s t r a i g h t  l i n e  is 
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L 

3 
P 
Q a 

i 

@*22.0-22.3 % NaOH 
6122.6-22.8 % NaOH 

1 
I 1 1 I 1 I I I 

0 10 20 30 40 
G=W' 

Figure  8. V i s c o s i t y  d a t a  taken from r e f .  12 are p l o t t e d  a g a i n s t  G- 
f a c t o r .  Open symbols i n d i c a t e  cooks done a t  170', s o l i d  
symbols 160", and h a l f - s o l i d  symbols 180'. The i n i t i a l  
charges  of e f f e c t i v e  a l k a l i  ( a s  NaOH on 0.d. wood) are 
i n d i c a t e d  f o r  each curve. 

ob ta ined  on p l o t t i n g  l / n  versus  t i m e  a t  maximum temperature .  This  

enabled us  t o  show t h a t  v i s c o s i t y  l o s s  is f i r s t - o r d e r  i n  hydroxide 

ion, and t o  c a l c u l a t e  the  a c t i v a t i o n  energy. We nov p r e s e n t  a kine- 

t i c  model which can e x p l a i n  t h e s e  observa t ions .  

The h y d r o l y t i c  c leavage  of any g l y c o s i d i c  bond in a l i n e a r  

po lysacchar ide  cha in  y i e l d s  two polymer cha ins  each having a lower 

molecular  weight than t h e  o r i g i n a l .  Therefore ,  t h e  molar concen- 

t r a t i o n  of carbohydra tes  i n c r e a s e s  with t i m e .  Assuming t h a t  t h e  

r e a c t i o n  is of a bimolecular  type,  where a hydroxide ion, d i r e c t l y  

or i n d i r e c t l y ,  a t t a c k s  a g l y c o s i d i c  bond, t h e  rate equat ion  f o r  

h y d r o l y t i c  c leavage  may be expressed as equat ion  5, where [C] and 

[OH-] are t h e  molar c o n c e n t r a t i o n s  of carbohydra te  and hydroxide 
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ion, t is time and k' is the  b imolecular  rate cons tan t .  [Gly]  is a 

molar c o n c e n t r a t i o n  t e r m  f o r  g l y c o s i d i c  bonds as def ined  in equa- 

t i o n  6 .  

Because the  number of g l y c o s i d i c  bonds is very l a r g e ,  t h e i r  

c o n c e n t r a t i o n  h a r d l y  a l t e r s  dur ing  pulping13. T h i s  can be visu-  

a l i z e d  by c o n s i d e r i n g  a monodisperse c e l l u l o s e  sample of DP 2000. 

I f  we break one g l y c o s i d i c  link anywhere i n  each molecular  cha in ,  

t h e  number-average DP is thus reduced t o  1000, but t h e  number of 

g l y c o s i d i c  links is only decreased by l / l 9 9 9 t h  or 0.05%. 

T h e r e f o r e ,  i n  equat ion  5 ,  [Gly] can be r e p l a c e d  by a cons tan t .  

In a d d i t i o n ,  a t  very high hydroxide ion charges  a s  used in our 

work, [OH'] is c o n s t a n t .  T h i s  l e a d s  t o  a zero-order  rate equat ion  

(eq.  7 ) ,  which, when i n t e g r a t e d  with r e s p e c t  t o  time, y i e l d s  equa- 

t i o n  8 ,  where Co r e f e r s  t o  the i n i t i a l  Concent ra t ion  of carbohy- 

d r a t e .  

= k' [Gly] [OH'] ( 5 )  d t  

( 6 )  
conc. of g l y c o s i d i c a l l y  bonded monomers 

Mu of mnomer IGlrl = 

- k' [Gly][OH-] = k ( 7  1 d t  

I n  c e l l u l o s e ,  t h e  number of g l y c o s i d i c  bonds is very c l o s e  t o  

t h e  number of monomer u n i t s ,  so equat ion  6 can be s i m p l i f i e d  as 

shown in equat ion  9, which, when s u b s t i t u t e d  in equat ion  10 ( a  

d e f i n i t i o n  of [C]) gives  a new e x p r e s s i o n  (equat ion  11) r e l a t i n g  

[ C ]  t o  [ G l y ]  and sw*. Combining e q u a t i o n s  8 and 11 y i e l d s  equa- 

t i o n  12, in which DP and Ew(o) are t h e  weight-average degrees  
w ( t )  

* For high molecular  weight polymers t h e  r a t i o  of t o  Ew is 1:2 n 
(14). 
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of polymer iza t ion  a t  t i m e  t and t i m e  zero ,  r e s p e c t i v e l y .  Equat ion 

12 relates t h e  zero-order rate c o n s t a n t ,  k, t o  t h e  degree of poly- 

m e r i z a t i o n  of t h e  polysacchar ide ,  and is similar t o  an equat ion  

obta ined  i n  a d i f f e r e n t  way by Vink” who considered t h e  random 

s c i s s i o n  of a long-chain polymer. 

(9) 
conc. of g lycoa id ica l ly  bonded monomers .1 conc. of polysaccharide 

W of monomer W of monomer I G l Y l  - 

conc. of po lysacchar ide ,  g / l  
[Cl = 

MW OP wnomer.DPn 
(10) 

Equat ion 13 shows15 how va lues  relate t o  i n t r i n s i c  v i scos-  

i t y ,  [n]. The exponent a has u s u a l l y  been given a value of somewhat 

less than 1 (e.g. 0.905)’6 a l though o c c a s i o n a l l y  it has been set at 

unity’’. For pulping purposes, u n i t y  is an acceptab le  approxima- 

t i o n  because t h e  e r r o r s  incur red  in cons ider ing  the  DP-value pro- 

p o r t i o n a l  t o  t h e  i n t r i n s i c  v i s c o s i t y  a r e  counterbalanced,  t o  some 

e x t e n t ,  by t h e  e f f e c t s  of n e g l e c t i n g  glucose u n i t s  removed by peel- 

ing. 

W 

By s u b s t i t u t i n g  f o r  and i n  equat ion  12 we o b t a i n  

a n  equat ion  (eq. 14)  showing how pulp v i s c o s i t y  v a r i e s  w l t h  t i m e .  

The e x p r e s s i o n  0.75 k/[Gly]  is equiva len t  t o  t h e  observed r a t e  

c o n s t a n t  f o r  v i s c o s i t y  l o s s ,  kvis. The e x p r e s s i o n  f o r  k is 

r e l a t e d  t o  t h e  second-order rate cons tan t  by s u b s t i t u t i n g  from eq. 

7 t o  g ive  e q u a t i o n  15. Equat ion 14 e x p l a i n s  t h e  exper imenta l  f a c t s  

g i v e n  in F i g u r e  1, while  F igure  2 is expla ined  by Eq. 15 which 

s h o v s  t h a t  t h e  s l o p e s  (k ) of Figure 1 are p r o p o r t i o n a l  t o  t h e  

hydroxide i o n  concent ra t ion .  

W(t)  W ( 0 )  

v i s  

v i s  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



330 

- 0.75 k'[OH'] %is 

KUBES ET AL. 

(13)  

The Arrhenius- type  temperature  dependence of k (F ig .  4) is 
expla ined  by t h e  temperature  dependence of t h e  b imolecular  r a t e  

c o n s t a n t  k'. In t h e  hea t ing-up  process ,  t h e  va lue  of t h i s  c o n s t a n t  

i s  a f u n c t i o n  of t i m e ,  and equat ions  8 and 14 become equat ions  16 

and 1 7 ,  r e s p e c t i v e l y ,  where t h e  time-dependence of k is given by 

t h e  temperature  program. Equat ion 17 shows t h a t  when the hydroxide 

i o n  c o n c e n t r a t i o n  is c o n s t a n t ,  processes  having the  same G-factor 

(eq. 4) should y i e l d  pulps  of equal  v i s c o s i t i e s .  

v i s  

CONCLUSIONS 

The o b s e r v a t i o n  t h a t  k r a f t ,  soda, and soda-AQ pulping a l l  

e x h i b i t  ( w i t h i n  exper imenta l  e r r o r )  t h e  same a c t i v a t i o n  energy f o r  

v i s c o s i t y  loss conf i rms  and extends our  prev ious  f i n d i n g 1  t h a t  

s u l p h i d e  and an thraquinone  a d d i t i v e s  do not  a f f e c t  pulp v i s c o s i t y .  

Under t h e  same r e s t r i c t i o n s  requi red  f o r  t h e  H-factor ( c o n s t a n t  

wood s p e c i e s  and a l k a l i  charge) ,  cooking a t  cons tan t  G-factor 

( e q u a t i o n  4) produced pulps of equal  v i s c o s i t y .  Once a G-factor 

v e r s u s  v i s c o s i t y  p l o t  has been e s t a b l i s h e d  for a given e f f e c t i v e  

a l l a l l  charge and c o n c e n t r a t i o n ,  pulp v i s c o s i t i e s  can be p r e d i c t e d  

f o r  a v a r i e t y  of times and temperatures .  Because v i s c o s i t y  l o s s  
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h a s  a h i g h e r  a c t i v a t i o n  e n e r g y  t h a n  d e l i g n i f i c a t i o n ,  h i g h e r  pu lp ing  

t e m p e r a t u r e s  w i l l  a lways  l e a d  to  lower p u l p  v i s c o s i t i e s  a t  any 

g i v e n  l i g n i n  c o n t e n t .  

I f  t h e  v a l u e  of [no] in e q u a t i o n  14 is rough ly  c o n s t a n t  f o r  

most vood E u r n i s h e s ,  w e  can  p r e d i c t  t h a t  t h e  f i n a l  pu lp  v i s c o s i t y  

s h o u l d  be independen t  of wood s p e c i e s .  Our p r e l i m i n a r y  r e s u l t s  

show t h i s  to  be so ,  and t h e s e  w i l l  he t h e  s u b j e c t  of a f u t u r e  

r e p o r t .  

EXPERIMENTAL 

Black  s p r u c e  m i l l  c h i p s  were cooked in 2L s t a i n l e s s  steel 

bombs r o t a t i n g  i n  an o i l  b a t h .  High 1iquor:wood r a t i o s  were used 

so t h a t  t h e  hydrox ide  ion c o n c e n t r a t i o n  was a p p r o x i m a t e l y  c o n s t a n t  

t h r o u g h o u t  t h e  cook. The AQ c h a r g e  in t h e  soda-AQ cooks was 0.25% 

on 0.d. vood and t h e  s u l f i d i t y  of t h e  k r a f t  l i q u o r  was 30% i n  e v e r y  

case. B e f o r e  t h e  v i s c o s i t i e s  were de te rmined  (Tappi  S t a n d a r d  

Method T-230). t h e  unb leached  p u l p s  were d e l i g n i f i e d  by a c i d  

c h l o r i t e  b l e a c h i n g  l a .  

T h e  r e l a t i v e  r a t e s  of v i s c o s i t y  loss (k' ) given in T a b l e  

I11 were c a l c u l a t e d  by combining t h e  d e f i n i t i o n  of k ( e q u a t i o n  

18) w i t h  t h e  A r r h e n i u s  e q u a t i o n  (eq. Z), y i e l d i n g  e q u a t i o n  19. 

I n s e r t i n g  t h e  c o n s t a n t s ,  E 179,000 and R = 8.315, l e a d s  t o  

e q u a t i o n  20, which was used to g e n e r a t e  T a b l e  111. 

v i s  

v i s  

a ,  v i s  

k v i s  (T ) 
I v  is k v i s  ( 3 7 3 ) 

21,527 = In'' (57.71 - - 
k'"is T )  
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