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J O U R N A L  O F  WOOD CHEMISTRY A N D  TECHNOLOGY, 6(1), 4 5 - 7 1  (1986)  

LIGHT-INDUCED BLEACHING OF HIGH-YIELD PULPS 
PART I .  SENSITIZED BLEACHING OF PULP SHEETS' 

J e s s e  0. Green 
F o r e s t  P r o d u c t s  L a b o r a t o r y , *  F o r e s t  S e r v i c e  

U . S .  Department  of  A g r i c u l t u r e  
Madison, Wiscons in  53705  

Bleached  h i g h - y i e l d  p u l p s  undergo a much h i g h e r  r a t e  of l i g h t -  
induced  b r i g h t n e s s  r e v e r s i o n  t h a n  t h e i r  chemica l  c o u n t e r p a r t s .  T h i s  
t e n d e n c y  t o  d i s c o l o r  is one of  t h e  main f a c t o r s  l i m i t i n g  t h e  a p p l i c a -  
t i o n  of h i g h - y i e l d  p u l p s  t o  s h o r t - t e r m  p r o d u c t s  such  a s  n e w s p r i n t ,  
t i s s u e ,  t o w e l i n g ,  arid foodboard .  

a b s o r p t i o n  r e s p o n s i b l e  f o r  a g i n g  c o u l d  be  u t i l i z e d  t o  a c t i v a t e  and 
s u b s e q u e n t l y  d e s t r o y  t h e  chromophores i n  h i g h - y i e l d  p u l p s .  T h i s  would 
p e r m i t  p r o d u c t i o n  o f  a b l e a c h e d  p u l p .  

Aspen thermomechanical  p u l p  (TMP) and w h i t e  oak  chemimechanical  
p u l p  (CMP) s h e e t s  were b l e a c h e d  by i r r a d i a t i o n  w i t h  n e a r  u l t r a v i o l e t  
l i g h t  (300-400 run) w h i l e  s a t u r a t e d  w i t h  a l c o h o l s  i n  t h e  p r e s e n c e  of 
oxygen.  A d d i t i o n  o f  benzophenone a n d / o r  hydrogen p e r o x i d e  a s  p h o t o s e n s i -  
t i r e r s  t o  t h e  a l c o h o l s  p r i o r  t o  i r r a d i a t i o n  a c c e l e r a t e d  t h e  b l e a c h i n g  
r a t e s  and i n c r e a s e d  t h e  s h e e t  r e f l e c t a n c e  ( 4 5 7  nm) 20 t o  30 p o i n t s .  High 
l i g h t  i n t e n s i t y  enhanced b l e a c h i n g ;  a l k a l i  and w a t e r  r e t a r d e d  t h e  
b r i g h t e n i n g  p r o c e s s .  

by u t i l i z i n g  l i g h t  e n e r g y  t o  s y n t h e s i z e  s i g n i f i c a n t  amounts of  o r g a n i c  
p e r o x i d e s  (a-hydroxyhydroperoxides) f o r  l i g h t - i n d u c e d  b l e a c h i n g .  I t  i s  
s u g g e s t e d  t h a t  i n  t h e  a b s e n c e  of added benzophenone o r  hydrogen p e r o x i d e ,  
chemica l  groups  i n  l i g n i n  ( i . e . ,  a - c a r b o n y l  g r o u p s )  a r e  r e s p o n s i b l e  f o r  
s e n s i t i z i n g  t h e  f o r m a t i o n  of a d e q u a t e  q u a n t i t i e s  of t h e s e  p e r o x i d e s  f o r  
b l e a c h i n g  t o  O C C U K .  The l i g h t  a l s o  a c c e l e r a t e s  b l e a c h i n g ,  p o s s i b l y  
by a c t i v a t i n g  l i g n i n  chromophores ,  and t h i s  enhances  t h e i r  r e a c t i v i t i e s  
towards  t h e  a l c o h o l  p e r o x i d e s .  

The p r e s e n t  s t u d y  was conducted t o  d e t e r m i n e  whether  t h e  . l i g h t  

Benzophenone and hydrogen p e r o x i d e  a c c e l e r a t e  b l e a c h i n g ,  presumably  

INTRODUCTION 

H i g h - y i e l d  p u l p s  b l e a c h e d  by a l k a l i n e  p e r o x i d e  o x i d a t i o n  undergo 

r a p i d  b r i g h t n e s s  r e v e r s i o n  when exposed t o  a i r  i n  d a y l i g h t .  The 
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46 GREEN 

bleached pulp still contains chemical groups that absorb ultraviolet 

(W) light with wavelength greater than 290 MI, because sunlight at 
the earth's surface contains practically no energy distribution below 

this wavelength. 

Imsgard, Falkehag and Kringstad' elucidated the mechanism of this 

discoloration and showed that W light (300-400 nm) induced the 

formation of quinones in isolated lignin and lignin model compounds. 

In high-yield pulps these quinones absorb light in the blue-green 
region and, therefore, make the pulps appear yellow. This light 

aging is mainly responsible for limiting commercial application of 
high-yield pulps. 

Leary' postulated and Lin and Kringstad4-' and 

Hypothetically, if the wavelength of the light responsible for 

light-induced brightness reversion (light-aging) were utilized to 

bleach the chromophores in high-yield pulps by photooxidation, 

a product with improved brightness stability should be obtained 

because the chromophores absorbing light in that region (300-400 NO) 

would be destroyed. 

Irradiation of carbonyl-containing sensitizers or hydrogen 

peroxide in alcohols in the presence of oxygen converts the alcohols 

into a-hydroxyhydroperoxides and organic acids. The 

a-hydroxyhydroperoxides are reactive oxidizing agents. They also 

decompose to form carbonyl compounds and hydrogen peroxide. The 

ketyl radicals formed after the carbonyl-containing sensitizers 
abstract hydrogen atoms can react with molecular oxygen thereby 

regenerating the sensitizers and forming additional quantities of 

hydrogen peroxide. These reactions are shown in scheme 1. Some 

specific photooxidations of alcohols by hydrogen per~xide'~ and 

some carbonyl-containing sensitizers such as benzophenone, "-16 

benzoquinone, l 7  and anthraquinone derivatives l8 have been reported. 

More recently, Brunow and Eriks~on'~ showed that 4-hydroxy-3- 

methoxyacetophenone sensitized the complete destruction of 
l-(4-hydroxy-3-methoxyphenyl)-propanol when these compounds were 
irradiated together in ethanol in the presence of oxygen. The 

authors did not consider the role of the alcohol solvent, but their 

results demonstrated the efficient and selective oxidizing potential 

of photooxidation in alcohols and oxygen for a lignin model. 
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SCHEME 1. 
in the presence of W light and oxygen. 

Reactions of carbonyl-containing sensitizers in alcohols 

(ML85 5357) 

In our preliminary work, aspen thermomechanical pulp (THP) and 

white oak chemimechanical pulp (CHP) sheets were irradiated with W 

light (300-400 MI) while steeped in alcohols in the presence of 

oxygen. Substantial bleaching occurred compared to similar irradia- 

tion in the absence of alcohols or oxygen. 
investigation was to study the light-induced bleaching associated 

with the photooxidation Occurring when the alcohol-saturated pulp 

sheets were irradiated in the presence of oxygen. 
describes the light-induced bleaching of aspen TMP and white oak CMP 

sheets, including the effects of the various bleaching parameters. 

Part I1 emphasizes the light-induced bleaching of these and other 

The purpose of this 

This paper 
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ha GREEN 

pulps in slurry form and discusses the effect of the bleaching con-. 

ditions on the strength and optical properties of the bleached pulps. 

RESULTS AND DISCUSSION 

Light-Induced Bleaching 

The reflectance (457 mi) of aspen TMP sheets increased signi- 
ficantly when they were irradiated with W light (300-400 nm) while 

steeped in some common alcohols in the presence of oxygen (Table 1). 

For the homologous series of straight chain alcohols, the bleaching 

effect lessened appreciably as the carbon chain length of the 

alcohols increased beyond four carbon atoms. For bleaching to 

occur, the alcohols must physically saturate (wet) the pulp figers; 

part of the decrease in bleaching was therefore attributed to the 

increasing hydrophobic character of the alcohols as the carbon chain 

length increased. Although complete data are not available, heat- 

of-wetting studies have shown that methanol wets wood fibers three- 

fourths as w e l l  as does water,2o with the fiber-wetting abilities 

decreasing as the carbon chain length of the alcohols increased. 

Each of the alcohols that gave significant bleaching during irradia- 

tion wets the pulp well. However, wetting the pulp is not the only 

necessary condition. The alcohols must also be good hydrogen donors 

for bleaching to occur. 

Alcohols are transparent to near UV light. But when they are 

irradiated in the presence of sensitizers (including photosensitive 

groups in lignin) and oxygen, they undergo photooxidation forming 

alcohol peroxides (i.e., a-hydroxyhydroperoxides) .21 Sensitized 

photooxidation of methanol, for example, gave on analysis a peroxide 

mixture that was 58% hydrogen peroxide and 42% organic peroxide. 
The organic peroxide was thought to consist of hydroxymethylhydro- 

peroxide and di(hydroxymethy1)hydroperoxide. Thus the light-induced 

bleaching in the oxygenated alcohols was attributed to the reaction(s) 

of alcohol peroxides with lignin chromophores in the pulp sheets. 

The ratio of the hydrogen peroxide as determined by the titanium (IV) 
method to the total peroxides as hydrogen peroxide found iodometrically 

(Table 1 )  provides an indication of the relative stabilities of the 

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



TA
BL

E 
1 

Ef
fe

ct
 o
f 
So

me
 C
om

mo
n 
Al
co

ho
ls

 
on

 t
he

 S
en

si
ti

ze
d 
an

d 
Un

se
ns

it
iz

ed
 
Li

gh
t-

In
du

ce
d 
Bl

ea
ch

in
g 

of
 A

sp
en

 T
MP

 S
he

et
s 

(I
rr

ad
ia

te
d 

2
4

 h
 a

t 
45

O
C

; 
Be

nz
op

he
no

ne
/P

ul
p 

= 
6

%
; 
Li

qu
or

/P
ul

p 
(g

/g
) 

=
 1

2
.2

) 

Wo
od

 
To

ta
l 

we
tt

in
g 

ab
il

it
y 

to
 H

 0
 

2 
(R
ef
. 

20
) 

So
lv

en
t 

re
 la
 t 
iv

e 

--
 

Co
nt

ro
l 

Me
th

an
ol

 
0

.7
5

 
Et

ha
no

l 
0

.6
3

 
n-

Pr
op

an
ol

 
0

.3
3

 

n-
Bu

ta
no

l 
0

.1
2

 
n-

He
xa

no
l 

--
 

n-
Oc
 ta

no
l 

--
 

Is
op

ro
pa

no
l 

-- 

Al
ly

1 
al

co
ho

l 
--

 
Be

nz
yl

 
al

co
ho

l 
--

 
He

th
yl

 c
el

lo
so

lv
e 

--
 

pe
ro

xi
de

 
Ra

ti
o 
of

 
Ha

nd
sh

ee
t 

re
fl
ec
ta
nc
e'
 

H
2°

2 
H

2°
2 

fr
om

 
fr

om
 

al
co

ho
l 

al
co

ho
l 

(a
s 

H
20

21
1 

to
 
to

ta
l 

Un
se

ns
it

iz
ed

 
Se

ns
it

iz
ed

 
pe

ro
xi

de
s 

--
 

20
6 

35
2 

26
5 

47
0 

13
2 

10
9 

8
2

 
17

3 
3

2
 

44
 

--
 

2
3

5
 

4
3

2
 

31
7 

4 
7

0
 

27
9 

--
 

27
0 

9
1

 
97

 

--
 

0
.8

8
 

0
.8

1
 

0
.8

4
 

0
.4

7
 

1.
00
 

--
 

0
.6

4
 

0
.3

5
 

0
.4

5
 

5
3

 
6

6
 

6
3

 
6

2
 

6
0

 
6

0
 

5
4

 
4

3
 

7
3

 
7

3
 

7
6

 

--
 

7
3

 
7

3
 

6
8

 
7

2
 

6
3

 
--

 
--

 
76

 
73

 
76

 

'H
 

0
 

an
d 

to
ta

l 
pe

ro
xi

de
s 
we

re
 
ge

ne
ra

te
d 

by
 
ir

ra
di

at
in

g 
2 
ml
 

o
f 
ne

at
 s

ol
ve

nt
 

2
2

 
co

nt
ai

ni
ng

 8
 m

g
 b
en

zo
ph

en
on

e 
1

2
 h
 w
it

ho
uL

 p
ul

p 
sh

ee
t 
pr

es
en

t.
 

2S
he

et
s 
bl

ea
ch

ed
 
by
 
ir

ra
di

at
in

g 
24

 
h.
 

a
 

C
 

'd
 

v,
 

r
 

w
 
C
 

l-
 

a
 

W
 * n z H
 

z
 

D
 r
 

m
 

P
 

9
 

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



50 GREEN 

FIGURE 1. Light-induced bleaching of aspen TMP sheets in MeOH 

with and without benzophenone (BP) (irradiated at 4 5 O C ;  
BP/pulp = 3%; liquor/pulp (g/g) = 1 2 . 2 ) .  (M149 4 3 4 )  

various alcohol peroxides because the hydrogen peroxide arises from 

decomposition of the organic hydroperoxide. The lower this ratio the 

more stable the alcohol peroxide. For example, methyl cellosolve, 

allyl alcohol, and benzyl alcohol have relatively low ratios of 

titanium (IV) hydrogen peroxide to iodometric total peroxides. 
Because aspen TMP sheets bleached almost as well in methanol 

as i n  methyl cellosolve, allyl alcohol, and benzyl alcohol when 

benzophenone was added prior to irradiation, methanol was used 

exclusively to study the light-induced bleaching variables. 

should also serve as a model for the homologous series of primary 

alcohols. 

Methanol 

The light-induced bleaching rates for aspen TMP and white oak 
CMP (whole and fines-free) sheets are given in Figures 1 and 2 .  
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HIGH-YIELD PULPS BLEACHING. I. PULP SHEETS BLEACHING 51 

FIGURE 2 .  Light-induced bleaching of white oak CMP sheets in 
MeOH with and without benzophenone (BP) (irradiated at 45°C; 
BP/pulp = 3%; liquor/pulp (g/g) = 12.2). (M149 430)  

The bleaching rates were accelerated by the addition of benzophenone 

prior to irradiation. This enhanced bleaching in the presence of 

sensitizer was attributed to the significant buildup and consumption 

of peroxides in the bleaching liquors during irradiation (Figure 3 ) .  

There was very little formation of peroxides in the absence of 

sensitizer. 

In contrast to aspen TMP, white oak CMP contains about 30% 

fines. The minus 200 mesh pulp fraction represents the fines which 

consist mostly of flakes from the middle lamella, short ray cells, 
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5 2  GREEN 

lRRADlATION TlME, h 

M 149 435 

FIGURE 3 .  

during light-induced bleaching of aspen TMP sheets in PleOH 
with and without benzophenone (BP) (irradiated at 4 5 O C ;  
BP/pulp = 3%; liquor/pulp (g/g) = 1 2 . 2 ) .  (M149 4 3 5 )  

Light-induced peroxide production and consumption 

and ribbons from the fiber wall. The fines greatly affect the 

optical properties as they contain additional lignin and resins. 

Thus a pulp with a high fines content is more difficult to bleach 

than one low in fines. 

Some white oak CMP was fractionated into a fines-free fraction 

which was made into sheets. The whole and fines-free white oak CMP 

sheets gave two distinct bleaching rates when they were irradiated 

while saturated with methanol in the presence of oxygen (Figure 2 ) .  

Removing the fines from the white oak CMP gave a more photobleachable 

sheet. 
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HIGH-YIELD PULPS BLEACHING. I.. PULP SHEETS BLEACHING 53 

IRRADfATlON TIME. Min 

Y 14s- 

FIGURE 4 .  Effect of oxygen versus nitrogen on the light-induced 

bleaching of aspen TMP sheets in MeOH sensitized with benrophenone 
(BP) (irradiated at 4 5 O C ;  BP/pulp = 2.5%; liquor/pulp 

( g / g j  = 1 2 . 2 ) .  (H149 4 2 6 )  

Aspen THP sheets bleached at a faster rate when irradiated 
while steeped in methanol solutions of benzophenone in oxygen than 

in nitrogen (Figure 4 ) .  

attributed to autooxidation involving absorbed oxygen entrapped in 

fiber capillaries and void spaces. A hydrogen peroxide analysis of 

the spent methanol by the titanium (IV) method after bleaching was 
completed, revealed only 1% hydrogen peroxide in nitrogen compared 

to 7% in oxygen. Thus oxygen was important for the production of 

organic peroxides that appear to be responsible for the bleaching. 

The fast initial bleaching in nitrogen was 

Preliminary experiments comparing the accelerated light-induced 

brightness reversion of pulp sheets bleached with light with pulps 

bleached by alkaline peroxide indicate that the light-bleached pulps 

are more stable. The complete results will be treated in Part 11 

of this paper. 

Effect of Bleaching Variables 

Sensitizers.--As already discussed, benzophenone when added to 

the methanol prior to irradiation has an accelerating effect on the 

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



54 

bleaching rates of aspen TMP and white oak CMP (whole and fines-free) 

sheets (Figures 1 and 2 ) .  However, the efficient sensitizing of 

benzophenone was considerably lessened after 40 h of irradiation as 

the peroxides decreased to a low level (Figure 3 ) .  Gas 

chromatographic/mass spectrometric analysis of the benzophenone- 

methanol solutions after 9 1  h irradiation (Table 2)  indicated that 

benzophenone was converted into benzoic acid and 1,l-diphenylglycol. 

The yield of these products was estimated to be 44; and 45%, 

respectively, based on the area percentages of these components in 

the gas chromatogram. 

Natural sensitizers in the pulp sheet (i.e., a-carbonyl groups 

in lignin) initiate the photooxidation of alcohols also. These 

natural sensitizers account for the "unsensitized" bleaching rates 

for aspen TMP and white oak CMP sheets when they were irradiated 
while steeped in methanol in the presence of oxygen (Figures 1 and 

2 ) .  Even in this case, bleaching was ascribed to the low levels of 

methanol peroxide and hydrogen peroxide generated simultaneously 

with the light activation of the lignin. 

Hydrogen peroxide also enhanced the bleaching of aspen TMP 
sheets when added to methanol prior to irradiation (Figure 5). The 

increased bleaching upon irradiation when hydrogen peroxide was 

added was considerably greater than the bleaching obtained with 

hydrogen peroxide in the dark. This increased bleaching was attri- 

buted also to the methanol peroxide formed when hydrogen peroxide 

reacted with methanol. In this case, the light activated the lignin 
chromophores and/or the methanol peroxide thereby accelerating the 

bleaching. The upper curve in Figure 5 shows the bleaching effect 

of methanol peroxide and hydrogen peroxide with light activation of 

the lignin chromophores; the lower curve shows the bleaching effect 

of methanol peroxide and hydrogen peroxide in the dark. The differ- 

ence between the upper and lower curves represents the light-induced 

bleaching effect. 

W*.--When aspen TMP sheets were irradiated while saturated 
in methanol-hydrogen peroxide and methanol-benzophenone solutions 
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HIGH-YIELD PULPS BLEACHING. I. PULP SHEETS BLEACHING 5 5  

TABLE 2 

Gas Chromatographic/Mass Sspectrometric Analysis of Benzophenone- 
Methanol Solut ions  (100 mg Benzophenone Dissolved in 5 ml Methanol; 
Irradiated 91 h at 35OC) 

Ionization Compound name 
(Gas chroma- Chemical tog rap hy E 1 e c t ron Structural assignment 
retention 
time) Iso- Ammo- 

butane nia 

m&e' - -  m / e - -  

Benzoic acid 51 9.6 
(1.20) 77 69.9 

105 100.0 
122 76.3 

Benzophenone 5 1  20.4 183 
(9.05) 7 7  57.8 

182 57.2 
105 100 

1,l-Diphenyl- 51 1.8  197 
glycol 
(22.75) 7 7  36.0 

105 74.4 

183 100 

183 100 

196 -- 

200 

OH OH 
[(C6H5)2-C-CH2+H+ minus H20] 

OH OH 

6 5 2  2 214 [(C H ) -C-CH +NHi minus H20]+ 

232 

OH OH 

[(c~H~)~-c-cH~ minus H O J +  2 

lR.A. = relative abundance. 
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HYDROGEN PEROXIDC CONC.. X ON SHEET 

U 149 431 

FIGLJRE 5 .  

b l each ing  o f  aspen  TNP s h e e t s  i n  MeOH ( i r r a d i a t e d  4 h 

a t  45'C; l i q u o r / p u l p  (g/g) = 1 2 . 2 ) .  (M149 431) 

E f f e c t  of hydrogen peroxide  on l i gh t - induced  

con ta in ing  v a r i o u s  amounts of  wa te r ,  t h e  s h e e t  r e f l e c t a n c e  (457 run) 

decreased  i n  a r e g u l a r  manner a s  t h e  water  c o n t e n t  of  t h e  b l each ing  

l i q u o r s  i n c r e a s e d  (F igu re  6 ) .  Benzophenone is n o t  s o l u b l e  i n  water  

and becomes i n s o l u b l e  i n  methanol when t h e  water  c o n t e n t  reaches  

50%. Uneven b leach ing  r e s u l t e d  wi th  50% water  c o n t e n t .  Hydrogen 

peroxide  was s o l u b l e  i n  t h e  b leaching  l i q u o r s  r e g a r d l e s s  of t h e  

amount of w a t e r .  Bleaching  stopped when t h e  water  i n  t h e  methanol 

reached 72% and S S X ,  r e s p e c t i v e l y ,  when benzophenone and hydrogen 

peroxide  wet-? s e n s i t i z e r s .  Light-induced b r i g h t n e s s  r e v e r s i o n ,  on 

t h e  o t h e r  hand, was observed when t h e  water  con ten t  exceeded these  

v a l u e s  and i n  100% water  even when hydrogen pe rox ide  was added p r i o r  

t o  i r r a d i a t i o n .  Th i s  p a r t i c u l a r  r e s u l t  w i th  aqueous hydrogen pe r -  

ox ide  c o r r o b o r a t e s  Escourrou ' s  f inding" t h a t  W l i g h t  does n o t  

a c c e l e r a t e  hydrogen peroxide  b leaching  i n  aqueous s o l u t i o n .  

Bleaching  was r e t a r d e d  p o s s i b l y  because t h e  l i gh t - induced  au to -  

o x i d a t i o n  of a l c o h o l s  was quenched by wa te r .  Bes ides ,  any methanol 

pe rox ide  formed i n  t h e  presence  of  water  was p robab ly  conver ted  

i n t o  formaldehyde and hydrogen pe rox ide .23  

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



HIGH-YIELD PULPS BLEACHING. I. PULP SHEETS BLEACHING 57 

MLM 5788 

FIGURE 6 .  Effect of water to methanol ratio on the light- 

induced bleaching of aspen TMP sheets (irradiated 14 h at 

39OC; benzophenone (BP)/pulp and H202/pu1p = 13%; 
liquor/pulp (g/g) = 1 2 . 2 ;  unbleached sheet reflectance - 
52%). (ML84 5766) 

Alkali.--Aspen TMP sheets bleached less when they were 
irradiated while saturated with methanolic sodium hydroxide solu- 

tions of benzophenone than when these pulp sheets were irradiated in 

methanol-benzophenone solutions (Table 3 ) .  This is in contrast to 
the improved bleaching obtained when aqueous hydrogen peroxide 

solutions are made alkaline. The decreased bleaching was attributed 
to decomposition of methanol peroxide by alkali. 

W light.--To determine if the methanol peroxide generated 

during irradiation could bleach in the absence of the W light, 

aspen and white oak CMP sheets were heated in the dark with methanol 

solutions of this peroxide which had been generated in the absence 
of pulp (Table 4). The peroxide was somewhat stable in the 
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TABLE 3 

Effect of Alkali on the Light-Induced Peroxide Production and 
Bleaching of Aspen TMP Sheets in Methanol With and Without 
Benzophenone (BP) (Irradiated 18.3 h at 45OC; 
Benzophenone/Pulp = 6%; Liquor/Pulp (g/g) = 1 2 . 2 )  

Handsheet 
reflectance H2°2 

3 3 

Liquor Initial 
composition PH' 

MeOH + BP 7.2  5 . 3  68.1 

MeOH + BP + NaOH 12.5  2 .8  62.6 

MeOH 7.2 0 .16  5 8 . 8  

MeOH + NaOH 12.6  0.16 58.6  

'pH determined after dilution with water. 

TABLE 4 

Effect of Heat Versus Light on the Residual 
Quantity of Peroxide and Bleaching of Aspen 
TMP and White Oak CMP Sheets' 

Residual quantity Handsheet 
Pulp of peroxide reflectance, 

(final) 457 nm 

x micromoles 

HEATED IN DARK 24 H AT 35OC 

Aspen 261.6 56.8 
White oak 293.7 51.6 

IRRADIATED 24 H AT 35OC 

Aspen none 79.5 
White oak 55.6  7 0 . 6  

'Unbleached aspen TMP reflectance 
51.2%; unbleached white oak CHP reflectance 
46.2%; initial quantity of peroxide 
387.3 micromoles. 
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HIGH-YIELD PULPS BLEACHING.  I. PULP S H E E T S  BLEACHING 59 

TABLE 5 

Effect of W Light on the Bleaching of  White Oak 
CMP Sheets in Benzophenol-MeOH (Irradiated 13 h 
and 46 h at 3OoC;  Liquor/Sheet (g/g) = 12.2; 
Benzophenone/Sheet (gjg) = 10%)' 

Sheet reflectance, 457 m 

Irradiation time Glass-windowed 
reactor Opaque Glass 

Opaque Glass reactor 

'Initial reflectance 5 0 . 2  

presence of the pulp sheets in the dark since 72% of the original 

amount, on the average, remained after 24 h at 35OC. The sheet 

reflectance increased only 5 points during heating in the dark. 

In contrast, the sheet reflectance increased an average of 26 points 
when irradiated during the 24-h period at 35OC. Thus it was con- 

cluded that light energy was necessary to accelerate the bleaching 

possibly by light-activation of the lignin chromophores and/or 

methanol peroxide. 

Methanol-benzophenone saturated white oak CMP sheets (0.43 mm 

thick) were irradiated in a Kimax glass reactor, i n  a completely 

opaque reactor, and in opaque reactors with Kimax glass windows 

that exposed only half of one side of the pulp sheet. 

irradiation, the reflectance of the sheet in the completely opaque 

reactor was unchanged, whereas the reflectance of the sheet in the 

all-glass reactor increased 27 points (Table 5 ) .  The sheets in the 

opaque reactors with glass windows bleached to varying degrees, in 

the same time, depending on whether the surface was located behind 

the glass or opaque surface. 

After 46-h 

The half of the pulp sheet behind the 
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FIGURE 7 .  

s h e e t s  i n  MeOH. L e f t :  Sheet  before  b l each ing .  Middle and Right :  

Sheets  a f t e r  46 h i r r a d i a t i o n  (30’C; l i q u o r / p u l p  (g/g) = 12 .2 ) .  

The da rke r  h a l f  of  each bleached s h e e t  was behind t h e  opaque su r face  

of t h e  r e a c t o r ;  hence,  i t  was exposed only t o  l i g h t  which had 

passed through t h e  o t h e r  (exposed) ha l f  of t h e  s h e e t .  (M85 002-18) 

E f f e c t  of W l i g h t  on t h e  b l each ing  of white  oak CMP 

opaque s u r f a c e  bleached somewhat because t h e  UV l i g h t  pene t r a t ed  

t h e  exposed h a l f  of  t h e  s h e e t ,  i l l u m i n a t i n g  t h e  i n s i d e  of t h e  

pho to reac to r s  (F igu re  7 ) .  This  p a r t i c u l a r  experiment shows quant i -  

t a t i v e l y  ( r e f l e c t a n c e ,  Table 4 )  and v i s u a l l y  (Figure 7 )  t h a t  t he  

pulp s h e e t s  are bleached through t h e  s h e e t  t h i ckness  and t h a t  

bleaching occurs  on ly  where t h e  shee t  was i r r i a d a t e d .  I f  t h e r e  was 

s i g n i f i c a n t  d i f f u s i o n  of methanol peroxide i n t o  t h e  covered a r e a ,  

i t  d id  no t  r e a c t  without  l i g h t  a c t i v a t i o n .  

The l i gh t - induced  b l each ing  of aspen ’I” s h e e t s  i nc reased  a s  

t h e  l i g h t  i n t e n s i t y  inc reased  (Figure 8 ) .  

r e f l e c t a n c e  v e r s a s  i n t e n s i t y  curves  ( s e n s i t i z e d  and u n s e n s i t i z e d )  

decreased g r e a t l y  between about 250 and 750 uW/cm , a t r a n s i t i o n  

from e a s i l y  bleached to a more b l e a c h - r e s i s t a n t  chromophore poss ib ly  

decreased.  However, it appears  t h a t  a d d i t i o n a l  i n c r e a s e s  i n  t h e  

l i g h t  i n t e n s i t y  could r e s u l t  i n  f a s t e r  b l each ing  s i n c e  t h e  s lopes  

of  t h e  r e f l e c t a n c e  ve r sus  i n t e n s i t y  curves a r e  s t i l l  p o s i t i v e .  

Since t h e  s l o p e s  of t he  

2 
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75 - I I I I I I 

70 - 
w 

I I I I I I I 
0 000 2,000 3,000 

LIGHT INTENSITY, ,uW/cmz 

m l a  432 

FIGURE 8 .  Effect of light intensity on the light-induced 

bleaching of aspen TMP sheets in MeOH with and without 

benzophenone (BP) (irradiated 30°-450C for 8 h; 

BP/pulp = 3%; liquor/pulp (g/g) = 1 2 . 2 ) .  (M149 432)  

POSSIBLE MECHANISMS 

Methanol solutions of benzophenone irradiated in the presence 

of  oxygen have produced formaldehyde as detected by a formaldehyde- 

specific method.z4 

peroxide have been found in the irradiated solutions by the ceric (IV) 

and iodometric differential method.25 

of aqueous mixtures of  methanol-benzophenone spent liquors decreased 

to 3 . 5 ,  indicating the buildup of benzoic acid and formic acid. 

However, adjusting the pH of the methanol-benzophenone solution to 

3 . 5  with acetic acid prior t o  irradiation had no effect on light- 

induced bleaching. When aspen TMP sheets replaced the benzophenone 
prior to irradiation, a similar drop in the pH of the spent aqueous- 

methanol liquor was observed. The pulp sheets bleached during 

irradiation. 

In addition, hydrogen peroxide and an organic 

During irradiation, the pH 
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TABLE 6 

Effect of Singlet Oxygen Quenchers on the Sensitized Light-Induced 
Bleaching of Aspen TMP and White Oak CMP Sheets in MeOH (Irradiated 
at 45OC; Liquor/Pulp (g/g) = 12.2; 8.6% Benzophenone/Pulp)' 

DMFn/pulp2 DPBF/pulp3 DABCO/pulp3 Handsheet reflectance, 457 run 

ASPEN 

None 
7.1 

14.3 
28.5 
57.0 -- 

-- 
None -- 
-- 
8.6 

34.7 
60.6 

WHITE OAK 

None None 
8.6 -- 

34.7 -- 
8.6 

34.7 
-- 60.6 

-- 
-- 

73.0 
73.0 
72.5 
72.0 
71.0 
76.0 
77.8 
75.3 
72.5 
63.0 
62.0 

66.5 
65.8 
68.8 
63.2 
62.5 
49.9 

'Unbleached aspen TMP reflectance 53%; unbleached white oak 

*Irradiated 27 h. 
31rradiated 15.5 h. 

CHP reflectance 47%. 
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HIGH-YIELD PULPS BLEACHING. I. PULP SHEETS BLEACHING 63 

As discussed previously, the light-induced bleaching rate of 

aspen TMP sheets was severely retarded when oxygen was displaced 

from the system by passing nitrogen gas through the photoreactors 

(Figure 4). 

Singlet oxygen has been cited for bleaching wood pulps via photo- 

oxygenation in aqueous alkaline solutions.26 

induced bleaching system for the involvement of singlet oxygen, low 

levels of 2,5-dimethylfuran (DEIFn), 1,3-diphenylisobenzofuran (DPBF), 

and 1,4-diazabicyclo-2,2,2-octane (DABCO), known singlet oxygen 

quenchers, were added to the methanol solutions of benzophenone 

prior to irradiating aspen THP and white oak CMP sheets. DMFn and 

DPBF quenches singlet oxygen by combining chemically with it; DABCO 

quenches without reacting with singlet oxygen in methanol. 27-29 

Low levels of  these quenchers did n o t  inhibit bleaching. When 

relatively large quantities (>34.7%/pulp) of DABCO were added, 

however, bleaching was inhibited substantially. DMFn and DABCO are 

soluble in methanol solutions of benzophenone forming colorless 

solutions. DPBF, however, is only slightly soluble in methanol 

solutions of benzophenone and is yellow-colored. After irradiation 
for more than 20 hours, DPBF bleached white and remained mostly 
insoluble. DMFn developed a yellow color  during irradiation for 

the same length of time in the presence and absence of pulp. 

the color was washed from the pulp with acetone. 

colorless when irradiated in the absence of pulp. 

present, however, a dark brown color was formed in the pulp and in 

the spent bleaching liquor. 

or lignin degradation products during irradiation. In air-dried 
pulp sheets DABCO caused discoloration when irradiated with UV light 

(Table 7 ) .  This discoloration probably caused the apparent decrease 
in bleaching. Therefore it was concluded that singlet oxygen is not 

important to the light-induced bleaching reactions. 

Thus oxygen is important to the bleaching reaction(s). 

To test the light- 

But 

DABCO remained 

When pulp was 

Apparently DABCO reacted with lignin 

No bleaching occurred when hydrogen peroxide was added to 
water prior to irradiating pulp sheets (Figure 6 ) .  

aged in this case. 

photolysis products (i.e., hydroxyl radical) as the bleaching 

agent(s). But enhanced light-induced bleaching was observed when 

The pulp sheets 

This eliminated hydrogen peroxide or its 
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TABLE 7 

Accelerated Light Aging of Aspen TMP and 
White Oak CHP Sheets Treated with 
lJ4-Diazabicyclo 2,2,2-0ctane (DABCO) 
(Irradiated Air Dry for  10 h at 35OC)' 

DABCO/sheet Handsheet reflectance, 457 nm 

None 
6 . 5  

None 
12.5 

4 6 . 8  
35.2 

WHITE OAK 

3 9 . 8  
31.3 

'Initial reflectance aspen TMP 53%; 
initial reflectance white oak 47%. 

aspen TMP sheets were irradiated in methanol solutions of hydrogen 
peroxide (Figure 5). Therefore, some photolysis product of hydrogen 

peroxide must be responsible for initiating the autooxidation of 

methanol forming methanol peroxide. 

The addition of known peroxide decomposers, potassium iodide, 

ferric acetylacetonate, ferric ammonium sulfate, ferrous ammonium 

sulfate, and ferrous sulfate, to the photoreactors prior to irradi- 

ating aspen THP sheets in methanol (Table 8 )  caused a considerable 

decrease in bleaching. These results also indicate that peroxides 

are involved in the brightening process. 

Because light-induced bleaching is effective only in alcohols, 

it does not appear likely that bleaching can be accounted f o r  by 

mere autooxidation of the resonance-stabilized phenoxy radicals 

generated in lignin during irradiation. Both W light and methanol 

peroxide have been shown to be essential for bleaching to occur. 

In addition, it was demonstrated that the W light and methanol 

peroxide must be present at the same time to obtain effective 
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HIGH-YIELD PULPS BLEACHING. I. PULP SHEETS BLEACHING 65 

TABLE a 

Effect of Some Common Peroxide Decomposers 
on Light-Induced Bleaching of White Oak 
CMP Sheets in HeOH (Irradiated 77  h at 
45'C, Additive/Pulp = 10%; Liquor/Puip 
(g/g) = 12.2) 

Handshee t 

gain 
Peroxide decomposer reflectance 

N 

Potassium iodide 

7b 

4 .7  

Ferrous sulfate 4.6 

Ferric acetylacetonate 12.9 

Ferric ammonim sulfate 10.5  

Ferrous ammonium sulfate' 6.1 

None 25.0  

'Fe ( N H 4 )  ( S O 4 )  2°6H20/pulp = 5 7%; 

benzophenone/pulp = 15 pct; irradiated 
24  h at 3 5 O C .  

bleaching. Further, the relatively large conversion of benzophenone 

(about 45%) into 1,l-diphenylglycol (Table 2 )  during irradiation 

indicates that the liquor has a significant quantity of free 

radicals such as benzophenone and methanol ketyl radicals. There- 

fore, a bleaching mechanism involving the alcohol peroxide reacting 

with a light-activated lignin chromophore as shown in scheme 2 ,  

seems a reasonable hypothesis. 

EXPERIMENTAL 

Sheet Preparation 
Aspen TMP and white oak CMP were made into double basis weight 

2 handsheets (120 g/m ) ,  air dried and cut into 35- by 45-mm rec- 
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n-c -OR1 hv 
I ___) 

I I 
H-C-OH *a n-c-on 

t 
7 2  ?2 

n-C-oRI n-c-OR, 

n-c-on 

?2 
H-C-OR, 

I I 

n-0-0 0-0-H 

0 0 0 
n OCH3 

t 
t 

Refrrner 32 

ML84 5698 

SCHEME 2. Proposed mechanism for the photooxidative bleaching of 

free phenolic hydroxyl units in lignin. (HL84 5698) 
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t a n g l e s  f o r  subsequent i r r a d i a t i o n  w i t h  n e a r  W l i g h t .  

of t h e  whi te  oak pu lp  was sepa ra t ed  i n t o  a f i n e s - f r e e  f r a c t i o n  

p r i o r  t o  forming s h e e t s .  

p r e v e n t  l i gh t - induced  d i s c o l o r a t i o n .  

A p o r t i o n  

The s h e e t s  were s t o r e d  i n  t h e  dark  t o  

Sheet I r r a d i a t i o n  

Pulp s h e e t s  (125-135 mg) were p l aced  i n  40- by 80-mm Kimax 

A f t e r  adding weighing b o t t l e s ,  and 2 m l  of a l coho l  w e r e  added. 

s e n s i t i z e r  and capping ,  t h e  b o t t l e s  were p laced  i n  a Rayonet photo- 

chemical r e a c t o r  (model RPR-100) equipped wi th  16 W lamps 

(300-400 MI) and i r r a d i a t e d  f o r  a p p r o p r i a t e  t i m e s .  The i n t e n s i t y  

of  t h e  l i g h t  was 3,000 pW/cm . Samples were p l aced  2 c m  from t h e  

W lamps. 

openings so t h a t  s o l v e n t - s a t u r a t e d  gases  could flow f r e e l y .  

2 

Some pho to reac to r s  were made wi th  i n l e t  and o u t l e t  

W_ I n t e n s i t y  Measurement 

The W i n t e n s i t y  was determined a t  365 MI wi th  a Blak-Ray Long 

Wave W meter o f  U l t r a v i o l e t ,  Inc . ,  San Gabr i e l ,  C a l i f .  The meter 

was c a l i b r a t e d  a g a i n s t  a s t anda rd  t r a c e a b l e  t o  t h e  Na t iona l  Bureau 

of S t anda rds .  The e f f e c t  of i n f r a r e d  (IR) r a d i a t i o n  on t h e  365-nm 

UV meter  reading  was removed by us ing  a W f i l t e r  on t h e  d e t e c t o r  

under t h e  same cond i t ions  and then  c o r r e c t i n g  f o r  I R  c o n t r i b u t i o n .  

Re f l ec t ance  Measurement 

The pe rcen t  r e f l e c t a n c e  of pu lp  s h e e t s  was de te rmined  on  

a Beckman Model B spec t rophotometer  equipped wi th  a n  i n t e g r a t i n g  

s p h e r e  d i f f u s e  r e f l e c t a n c e  accessory .  Both s i d e s  o f  t h e  s h e e t s  were 

r ead  i n  d u p l i c a t e  a t  457 m us ing  magnesium ca rbona te  a s  r e f e r e n c e .  

The average  va lues  a r e  r epor t ed .  

Hyrogen Peroxide ,  Organic Peroxides ,  
and T o t a l  Peroxides  Determina t ion  -- 

Hydrogen peroxide  and o rgan ic  pe rox ides  were determined by a 

d i f f e r e n t i a l  a n a l y s i s  on t h e  same sample a s  developed by S ~ e r n . ~ ’  

The hydrogen peroxide  a n a l y s i s  was a l s o  performed by a modified 

t i t a n i u m  (IV) method3* as  fo l lows:  
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68 GREEN 

A standard titanium (IV) solution was prepared by slowly adding 
titanium (IV) tetrachloride (10 ml) to cold concentrated 

hydrochloric acid (50 ml) and then diluting the resulting 
yellow solution to 500 ml with distilled water, obtaining 

a colorless solution. To 5 ml of this solution was added 

aliquots of spent bleaching liquor containing 0.5 to 1 .5  ag of 

hydrogen peroxide and then diluting the mixture to 25 ml with 
5% hydrochloric acid. The absorbance was then measured at 

415 nm and the quantity of hydrogen peroxide read from 
a calibration curve. 

The total peroxides as hydrogen peroxide were determined by 

a modified iodometric method f o r  hydrogen peroxide31 as follows: 

The entire spent bleaching liquor was weighed and then 

quantitatively transferred to a 250-1111 iodine flask and 10 ml 

of 6N sulfuric acid, 3 g of potassium iodide in 10 ml water, 

five drops of 3% ammonium molybdate solution, and 50 ml of 

water were added. The contents of the flask were heated a t  

65OC for 15 minutes, cooled, and then titrated with 0.1N thio- 

sulfate until the brown color of iodine had almost disappeared. 

Then 5 ml of starch solution was added and the titration with 

thiosulfate continued until the deep blue c o l o r  disappeared. 

After correcting the volume of thiosulfate required for the 

sample for the volume required for a blank, the quantity of 

peroxides a s  hydrogen peroxide was calculated. 

Hethanolic Sodium Hydroxide-Benzophenone Solutions 

Solid sodium hydroxide was dissolved in methanol until 2-ml 

aliquots of the sodium hydroxide-benzophenone solution gave a pH of 

12.5 when dissolved in 10 ml of distilled water. 

@ Heasurement 

Two-ml aliquots of the methanol bleaching solutions were 

diluted to 10 ml with distilled water and stirred. 

the solutions was determined with a Beckman model 3500 digital pH 
meter equipped with a combination electrode. The pH meter was 

standardized against an aqueous 6 . 8 6  pH buffer solution prior to pH 

determination. 

Then the pH of  
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HIGH-YIELD PULPS BLEACHING. I. PULP SHEETS BLEACHING 69  

Gas Chromatography/Mass Spectrometry (GC/MS) 
The components of irradiated methanol solutions of benzophenone 

were separated and analyzed on a Finnigan 4500 automated gas chromato- 

graph/EI-CI mass spectrometer. 

silica capillary column coated with a nonextractable bonded phase 

(DB-1) operated at 150°C performed the separation. The column was 

obtained from JhW Scientific, Inc., and the liquid phase is equiva- 
lent to SE30, OV1, and SP-2100. The carrier gas (helium) flow rate 

was 28 cm per second and the split ratio was 30 to 1. Methane, 

isobutane, and ammonia were used to effect the chemical ionization 

of the sample components. 

A 30-m x 0.252-nun crosslinked fused 

CONCLUSIONS 

Hardwood TMP and CMP sheets are bleached when irradiated with 
near UV light while they are steeped in alcohols in the presence of 

oxygen. Alcohol peroxides generated during sensitized photo- 

oxidation o f  alcohols presumably react with light-activated lrgnin 

chromophores producing a brightening effect. The bleaching is 

enhanced by sensitizers and high light intensity; it is retarded by 

alkali and water. 

Sensitizers activated by light energy initiate the auto- 

oxidation of alcohols forming bleaching agents. These bleaching 

agents, which are probably a-hydroxyhydroperoxides, apparently 

react with light-activated lignin chromophores when irradiated. 

a-carbonyl groups in lignin probably also function as natural 

sensitizers. 

Although singlet oxygen is presumably generated, it does not 
appear to be involved in the pulp-brightening reactions. 
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The use  of c o m e r c i a l  brand names i n  t h e  exper imenta l  s e c t i o n  

does no t  c o n s t i t u t e  endorsement by t h e  U.S .  Department of A g r i c u l t u r e ,  

a s  any s u i t a b l e  instruments o r  r eagen t s  may be used .  

REFERENCES 

1. This  paper  was p r e s e n t e d ,  i n  p a r t ,  a t  t h e  American Chemical 
S o c i e t y  meeting i n  Washington, D . C . ,  September 9-14, 1979. 

2. Maintained a t  Madison, W i s . ,  i n  coope ra t ion  wi th  t h e  Un ive r s i ty  
o f  Wisconsin. 

3. G. J. Leary, Tappi 51(6), 257 (1968). 

4. K .  P .  Kr ings t ad ,  Tappi 52(6), 1070 (1969). 

5. S. Y. Lin  and K .  P .  Kr ings t ad ,  Tappi 52(4), 658 (1970). 

6. S. Y. Lin  and K .  P. Kr ings tad ,  Tappi 53(9), 1675 (1970). 

7. K .  P. Krings tad  and S .  Y. Lin ,  Tappi 51(12), 2296 (1970). 

8. S. Y. L i n  and K .  P .  Kr ings t ad ,  Nor. Skogind. 2(9), 252 (1971). 

9. F. Imsgard, S. I .  Fa lkehag ,  and K .  P .  Kr ings t ad ,  Tappi % ( l o ) ,  
1680 (1971). 

10. H . L . J .  Bgckstrom, 2.  Phys ik  Chem., B 25, 99 (1934). 
11. J. L. Bolland and H. R .  Cooper, Nature 172(4374), 413 (1953). 

12. J. L. Bolland and H .  R .  Cooper, Proc .  Roy. SOC. (London) A 225, 
405 (1954). 

13. H . L . J .  Backstrom, The Svedberg Memorial Volume, Uppsa la ,  Sweden, 
p. 45 (1944). 

14. A .  Berthoud, Helv. Chem. Acta 16, 592 (1933). 
15. J. Boeseken, Rec. Trav .  Chim. 40, 433 (1920). 
16. A .  Berthoud and D. P o r r e t ,  Helv. Chim. Acta 17, 694 (1934). 
17. H.  S. Taylor  and A.  J. Gould, J.  Phys. Chem. z, 367 (1933). 
18. B .  E. B l a i s d e l ,  J. SOC. Dyers C o l o u r i s t s  65, 618 (1949). 
19. C .  Brunow and B.  E r iks son ,  Acta Chem. Scand. 2 5 ( 7 ) ,  2779 (1971). 

20. H. K a j i t a ,  J. Mukudai and S. Yates ,  J .  Japan  Wood Res. SOC. 
- 25(2), 95 (1979). 

21. G. 0. Schenck and H .  D .  Becker,  Angew. Chem. 70, 504 (1958). 

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



HIGH-YIELD PULPS BLEACHING. I. PULP SHEETS BLEACHING 7 1  

22 .  R. E s c o u r r o u ,  Chemie e t  I n d u s t r i e  19, 989 ( 1 9 2 8 ) ;  B r i t .  Chern. 
Abs. B ,  168 ( 1 9 2 9 ) ;  P u l p  and P a p e r  Mag. Canada 26, 1549 
( 1 9 2 8 ) ;  Chem. Abs. 22, 479 ( 1 9 2 8 ) .  

23 .  E . G . E .  Hawkins,  In O r g a n i c  P e r o x i d e s - - T h e i r  F o r m a t i o n  and 
R e a c t i o n s ,  p .  145,  D .  Van Nost rand  Co. I n c . ,  N e w  York,  1961.  

2 4 .  J.  M .  H a r k i n ,  J. R .  O b s t  and W .  F .  Lehmann, F o r e s t  Prod .  J 
- 2 4 ( 1 ) ,  27 ( 1 9 7 4 ) .  

25. D .  Swern,  I n  O r g a n i c  P e r o x i d e s ,  Vol. I ,  p. 5 0 1 ,  D .  Swern ( e d . ) ,  
Wiley I n t e r s c i e n c e ,  N e w  York,  1970.  

26 .  R .  H .  T u r n e r ,  U.S. P a t e n t  4 , 2 9 4 , 6 5 4 ,  O c t o b e r  13, 1981.  

2 7 .  C .  Quannes and T .  W i l s o n ,  J. Am. Chern. S O C .  90, 6528 ( 1 9 6 8 ) .  

28 .  C .  S. F o o t e ,  R .  W .  Denny, L .  Weaver, Y .  Chang and J. P e t e r s ,  
Ann. N.Y. Acad. S c i .  171, 139 ( 1 9 7 0 ) .  

29 .  K .  C o l l n i c k  and J.H.E. L i n d n e r ,  T e t r a h e d r o n  L e t t .  21, 
1903 ( 1 9 7 3 ) .  

30. S .  Marklund,  Acta  Chem. Scand.  2 5 ( 9 ) ,  3517 (1971)  

3 1 .  R .  A .  Day, J r .  and  A .  L. Underwood, Q u a n t i t a t i v e  A n a l y s i s ,  
4th e d . ,  p .  6 0 1 ,  P r e n t i c e  H a l l ,  Englewood Cliffs, N.J. ,  1980.  

J .  Gierer and  F .  Imsgard ,  Svensk P a p p e r s t i d n .  g ( 1 6 ) ,  510 (1977)  32.  

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


