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DISSOLVING REACTIONS OF ANTHRAQUINONE AT HIGH TEMPERATURES 

Carola  Storgard-Enval l l  and Donald R. D i m m e l '  
The I n s t i t u t e  of Paper Chemistry 

P.O. Box 1039, Appleton, Wisconsin 54912  

ABSTRACT 

The convers ion  of anthraquinone (AQ) t o  anthrahydroquinone 
(AHQ) was determined by mixing AQ wi th  t y p i c a l  pu lp ing  c o n s t i t -  
u e n t s  ( o r  models o f )  i n  a f l o r t h r o u g h  ce l l  and f i l t e r i n g  whi le  
hot .  The very l i m i t e d  s o l u b i l i t y  of AQ in 1M NaOH a t  160°C is 
i n c r e a s e d  s i g n i f i c a n t l y  (by conversion t o  s o l u b l e  AHQ-') w i t h  glu- 
cose ,  k r a f t  l i g n i n ,  or sodium s u l f i d e .  The f l o w t h r o u g h  f i l t e r i n g  
c e l l  has a l s o  been used t o  e s t i m a t e  e f f e c t i v e  methods f o r  reducing 
AQ and AQ-analogs t o  AHQ s p e c i e s  and t o  a t tempt  t o  recover  AQ from 
pulping l i q i o r s .  

INTRODUCTION 

Even though t h e  chemistry of AQ pulp ing  systems has  been 

e x t e n s i v e l y  s t u d i e d , 3  t h e r e  are st i l l  s imple a s p e c t s  of t h e  AQ 

s t o r y  t h a t  are undefined. For example, how is AQ converted t o  

AHQ-' dur ing  t h e  h igh  temperature  phase of pulping? 

words, what s p e c i e s  are capable' of reducing AQ a t  170°C i n  aqueous 

a l k a l i ?  The s tudy  repor ted  here  is concerned w i t h  d e f i n i n g  AQ- 

component r e a c t i o n s ,  e s t a b l i s h i n g  ways t o  e f f e c t i v e l y  reduce AQ t o  

AHQ-', and examining one p o s s i b l e  method for r e c o v e r i n g  AQ from 

pulping l i q u o r s .  

Or, i n  o t h e r  

The small amount of AQ needed dur ing  pulp ing  sugges ts  t h a t  AQ 

is involved i n  a redox cyc le  process  w i t h  AHQ, ca rbohydra tes ,  and 

l i g n i n  (Fig.  1). Numerous exper imenta l  o b s e r v a t i o n s 3  lend  support  
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368 STORCARD-ENVALL AND DIMMEL 

REDOX CYCLE 

CAR BOHY D RATES SOLUBILIZED 
LlGNlN 

STAB1 LIZ E D 
CARBOHYDRATES - - 

YIELD G A I N  RATE GAIN 

Figure I .  A redox cycle proposal f o r  explaining t he  catalytic 
action of anthraquinone during pulping. 

to the redox mechanism. The simple picture presented in Fig. 1 is 

not the whole story, however, since the concentration of "reactive" 

carbohydrates needed to reduce AQ molecules to AHQ-2 ions is low 

during the high temperature delignification phase of p~lping.~ 

Besides oxidation of carbohydrates, AQ may also oxidize lignin 

structures .5-7 

some extent.6p8 

tives i n  the redox cycle is very liu~ited.~,~~ 

involved analyzing structural changes of the non-AQ reactant. 

Reduction of carbohydrates by AHQ a l s o  occurs to 

It has been shown that participation of extrac- 

All of these studies 

This present study i s  aimed at looking at what happens to AQ 

when placed in contact with typical structures found in pulping 

liquor. The study was not intended to be all inclusive, however. 

The term "dissolved," as used here, means that the substrate went 

into solution as a result of disruption of its crystalline lattice 
and/or because of chemical conversion to a soluble substance. 

RESULTS 

Equipment and Procedures 

The instrument used to study the reductive reactions of AQ in 
aqueous solutions, above the boiling point of water, was a 
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DISSOLVING REACTIONS OF ANTHRAQUINONE 

Pressure Vessel 1 

N2 - 
100 ps1 

Sampla Bottles 

Eottle 1 Eottle2 

=4 Fiston 1 20.9 ml 

Coil 1 
12 ml 

coil 4 
12 ml 
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Pressure Vessel I1 

t- 
1 

- 
Bottle 3 

-N2 
100 psi 

Plston 2 100ml r 
Oil  Bath 
160 *C 

Coil 2 Chamber Coil 3 
12ml 16.8ml 12 ml 

F i g u r e  2. The system used f o r  de te rmining  AQ s o l u b i l i t i e s  i n  
aqueous s o l u t i o n s  a t  160'C. 

modif ied fas t - f low reactor ' '  as shown i n  F ig .  2. 

which is expla ined  i n  d e t a i l  i n  t h e  Exper imenta l  S e c t i o n ,  a l lows  a 

" r e a c t a n t "  s o l u t i o n  i n  b o t t l e  1 t o  be pumped (under  n i tzogen)  

through a hea ted  r e a c t i o n  chamber c o n t a i n i n g  AQ. The chamber 

(F ig .  3) has porous metal f i l t e r  p l a t e s  and g a s k e t s  on each end. 

The system, 

To e s t a b l i s h  t h a t  t h e  system funct ioned  w e l l  w e  placed ben- 

z o i c  a c i d  i n  t h e  chamber with some water ,  f l u s h e d  t h e  chamber 
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370 STORCARD-ENVALL AND DIMMEL 

,FLOW 

Figure 3 .  Reaction chamber design. 

( h e a t e d  a t  75°C) w i t h  f r e s h  water, and c o l l e c t e d  d i s s o l v e d  benzoic  

a c i d  i n  t h e  sample b o t t l e .  The s o l u b i l i t y  v a l u e  w e  ob ta ined  was 

w i t h i n  2% of t h e  r e p o r t e d  value12 a t  75'C. 

B r i e f l y ,  t h e  g e n e r a l  procedure f o r  de te rmining  t h e  e x t e n t  t o  

which AQ reacts w i t h  d i f f e r e n t  s u b s t r a t e s  c o n s i s t e d  of pumping 

approximately 50 mL of r e a c t a n t  s o l u t i o n  through t h e  chamber, 

which contained 0.1 g of AQ, a t  room tempera ture  and then 450 mL 
of  s o l u t i o n  in increments  over about  45 min a t  160°C. Genera l ly ,  

s i x  samples c o n s i s t i n g  of f o u r  r a p i d  f l u s h e s  of t h e  chamber were 

c o l l e c t e d  a t  160' and analyzed f o r  AQ content .  I f  t h e  subs tance  

i n  t h e  r e a c t a n t  s o l u t i o n  reduced AQ t o  AHQ-2, t h e  c o l l e c t e d  

samples were red i n  co lor .  A temperature  of  160°,  r a t h e r  than 

170°,  w a s  chosen f o r  s a f e t y  reasons.  

High Temperature Beactions of AQ by D i f f e r e n t  S u b s t r a t e s  

The amounts of AQ t h a t  passed through t h e  chamber's f i l t e r  

f o r  s e v e r a l  d i f f e r e n t  r e a c t a n t  s o l u t i o n s  are l i s t e d  i n  Table  I, 
expressed  as percentages  of the o r i g i n a l  amount. The amount re- 

covered from t h e  chamber and t h e  t o t a l  recovery  i s  a l s o  presented .  

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



DISSOLVING REACTIONS OF ANTHRAQUINONE 371 

The s u b s t r a t e s  examined are l i s t e d  i n  i n c r e a s i n g  o r d e r  of e f f e c -  

t i v e n e s s  f o r  d i s s o l v i n g  AQ; some doubts ,  however, e x i s t  f o r  those  

subs tances  t h a t  were used i n  l i m i t e d  amounts and where t h e  procedure 

w a s  var ied .  The red c o l o r  of ( o r  AHQ:) w a s  apparent  only 

f o r  t h e  l a s t  four  e n t r i e s  i n  t h e  t a b l e ,  meaning t h a t  t h e s e  were 

t h e  only compounds which "apparent ly"  r e a c t e d  w i t h  AQ. 

Anthraquinone d i d  not d i s s o l v e  t o  any a p p r e c i a b l e  e x t e n t  i n  

any of the  reactant s o l u t i o n s  at room t empera ture .  Its s o l u b i l i t y  

i n  1 M N a O H  a t  160°C w a s  only about  8 mg/450 mL o r  0.02 g/L. 

s o l u b i l i t y  of AQ appeared t o  be s l i g h t l y  depressed by most of t h e  

s imple  phenol s u b s t r a t e s  t e s t e d .  

The 

The only subs tance  t e s t e d  which appeared t o  enhance t h e  solu-  

b i l i t y  of AQ wi thout  s i g n i f i c a n t l y  r e a c t i n g  w i t h  AQ w a s  wood 

r o s i n .  This  w a s  probably due t o  a "soap" e f f e c t .  An ear l ier  

s tudy  had e s t a b l i s h e d  t h a t  t h e r e  is a s m a l l  amount of r e a c t i o n  

between AQ and a b i e t i c  a c i d ,  a major c o n s t i t u e n t  of wood ros in .9  

L i n o l e i c  a c i d ,  which can a l s o  form soaps i n  a l k a l i n e  s o l u t i o n s ,  

showed l i t t l e  e f f e c t ,  however. 

A somewhat s u r p r i s i n g  r e s u l t  w a s  t h e  s m a l l  degree ( i f  any) of  

d i s s o l u t i o n  of AQ by v a n i l l i n .  t h e  benzyl  a l c o h o l  compounds, and 

c o n i f e r g 1  a lcohol .  We expected t h a t  t h e s e  compounds would reduce 

AQ t o  AHQ-* and thus  t h e  AQ would d i s s o l v e .  

observed red c o l o r  i n  the r e a c t i o n  of anthraquinone monosulf o n a t e  

(AMS) w i t h  a-methyl-benzyl a l c o h 0 1 ; ~  working w i t h  model compounds, 

G r a t z l  and coworkers observed t h e  fo l lowing  r e l a t i v e  ease of 

o x i d a t i o n  of f u n c t i o n a l  groups by AMS: carbohydra te  reducing end 

groups > c o n i f e r y l  a l c o h o l  >> p h e n o l i c  benzyl  a l c o h o l s  > non- 

p h e n o l i c  benzyl  alcohol^.^ y 6  

Earlier, we had 

How do we r a t i o n a l i z e  t h e s e  d i f f e r e n c e s ?  The obvious answer 

is t h a t  i f  AQ were s o l u b l e ,  l i k e  AMS,  i t  probably would have oxi-  

d i z e d  many of t h e  compounds t e s t e d .  I f  t h e  r a t e  of reduct ion  of 

AQ were somewhat s low,  however, a l k a l i  promoted r e a c t i o n s  of t h e  

s u b s t r a t e s ,  such as condensat ion r e a c t i o n s  quinonemethides i n  

t h e  cases of v a n i l l y l  and c o n i f e r y l  a l c o h o l s ,  may dominate. An 

a l t e r e d  s u b s t r a t e  s t r u c t u r e  may be r e l a t i v e l y  poor a t  reducing AQ. 
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374  STORGARD-ENVALL AND DIMMEL 

X 

0 

AQ x = o  

t h i o l  AQ X = S 

anthrone X = H , H  

&JQ 
H H  

dihydroanthracene X = H 

a n t  hrano 1 X = OH 

0- 

0 

bianthrone  X = H 

bi(hydroxyanthrone)  X - OH 

Figure 4. Anthraquinone,  some of i t s  r e d u c t i o n  p r o d u c t s ,  and a 
p o s s i b l e  s u l f u r  analog.  

O f  perhaps more i n t e r e s t  are t h e  compounds t h a t  obvious ly  

r e a c t e d  w i t h  AQ; t h e s e  compounds are k r a f t  l i g n i n ,  sodium s u l f i d e ,  

sodium d i t h i o n i t e ,  and g l u c o s e  ( t h e  l a s t  f o u r  e n t r i e s  i n  Table  1).  

I f  t h e s e  compounds had reduced AQ, s e v e r a l  d e r i v a t i v e s  are p o s s i b l e ,  

i n c l u d i n g  AHQ:, AHQ-2, anthrone ,  a n t h r a n o l ,  a n t h r a c e n e ,  dihydro-  

an thracene ,  and b i a n t h r o o e s  ( F i g u r e  4).  Many of t h e s e  r e d u c t i o n  

products  have been observed i n  AQ pulping l iquors1 '  and most 
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DISSOLVING REACTIONS OF ANTHRAQUINONE 375 

Sample No. 

1 
2 

3 

4 
5 

6 

7 
8 
9 

10 

11 
12 

13 

14 

Chamber 

TABLE 2 

AQ Recovery from a Static Na2S Experiment 

Time from 
Start (min) Sample Color 

30 

35 

40 

45 

50 

60 

70 
80 

90 

100 

110 

120 
130 

140 

red 

red 

yellow 

clear 

orange 

red 

red 

red 

red 

red 

red 

red 

red 

red 

AQ ( x )  
Recovered 

3.4 

10.1 
4.7 

1.4 
2 .6  

6.5 

8 .a 
6.4 

6.5 

5.5 
4.5 

4.9 

3.1 

4.3 

14.4 

87.1 

should be soluble in (hot) alkali. The major reduction products 

expected are of the anthrahydroquinone type,13 but our method of 

analysis (involving an oxidatlve,work-up) would not distinguish 

AHQ ions from the other possible reduction products. 

Dissolution of AQ by kraft l i gn in  showed trends which were 

quite different from the other "reactive" substrates. The level 

of AQ removed from the chamber progressively increased with each 

new flush solution. The last sample collected was a combination 

of a kraft lignin flush, followed by a 1lNaOH flush; this sample 
was particularly high in AQ/AHQ-2. 

behavior is not obvious. It is possible that some of the AQ is 
being dispersed by the soluble lignin and being carried from the 

chamber as colloidal parti~1es.l~ 

An explanation of the observed 
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376 STORGARD-ENVALL AND DIMMEL 

The experiment w i t h  Na2S i n d i c a t e d  t h a t  SH- i s  capable  of  

s lowly reducing AQ t o  AHQ-'; t h e  presumed s u l f u r  by-product is  

p o l y s u l f i d e  i o n  SxH-. There is, however, more t o  t h e s e  r e a c t i o n s  

than appears  on t h e  sur face .  I n  a n o t h e r  exper iment ,  440 mg (12 

equiv.)  of Na2S was placed i n  t h e  r e a c t o r  w i t h  100 mg of AQ, and 

t h e  chamber (hea ted  a t  16O0C) was f l u s h e d  14 times (ca .  30-35 mL 

each time) wi th  1 M N a O H  over a per iod  of roughly 2 112 hours. 

AQ a n a l y s i s  d a t a  f o r  t h e  experiment are g iven  i n  Table  2 .  

The 

Anthrahydroquinone w a s  c o n t i n u a l l y  produced long a f t e r  t h e  

NaSH had been f l u s h e d  from t h e  chamber. This r e s u l t  sugges ts  a 

r e a c t i o n  between AQ and SH- t h a t  produces an AQ d e r i v a t i v e  which 

can reform AQ a t  l a te r  times. Such a d e r i v a t i v e  could be monothiol 

AQ.15 

bony1 groups t o  g ive  a t h i o l  hemiace ta l ,  which would then  l o s e  

water. The r e v e r s e  of t h e s e  s t e p s  a t  l a t e r  times would g i v e  AQ,  

i n  t h e  presence of SH-; r e d u c t i o n  of AQ t o  a s o l u b l e  AHQ s p e c i e s  

by SH- could t h e n  occur .  The r e l a t i v e  i n s t a b i l i t y  of t h i o l  

ketones14 casts doubt ,  however, on t h i s  sugges t ion .  

This  material might form via SH- a d d i t i o n  t o  one of AQ car- 

Another e x p l a n a t i o n  of t h i s  "memory e f f e c t "  i s  t h a t  AQ i s  

The reduced by SH- t o  an throne  o r  some type  of bianthrone.14 

l a t t e r  could presumably be formed by t h e  coupl ing  of two i o n  rad i -  

cals and, upon s t a n d i n g  i n  t h e  chamber, break down t o  s o l u b l e  i o n  

r a d i c a l s  again.  Bianthrone has  been observed i n  the r e a c t i o n s  of 

a l i g n i n  model compound and anthrone.16 

s lowly  d i s s o l v e  from t h e  chamber as a n t h r a n o l  ion.  

I f  formed, an throne  may 

Regard less  of t h e  e x a c t  n a t u r e  of t h e s e  r e a c t i o n s ,  hydrosul f ide  

i o n  d i d  reduce AQ t o  AHQ". 

reduce AMS.7 
t h e  s u l f u r  s p e c i e s  i n  a k r a f t - t y p e  pulp ing  p r o c e s s  t o  keep AQ i n  

t h e  AHQV2 form; t h i s  could h e l p  improve d e l i g n i f  i c a t i o n  ef  f i c i e n -  

cies. 

Also, benzyl  mercaptans r e a d i l y  

Consequently, t h e r e  appear  t o  be s e v e r a l  ways f o r  

Both sodium d i t h i o n i t e  and g l u c o s e  conver t  AQ t o  AHQ-2 a t  160°C 

wi th  high e f f i c i e n c y ,  88 and 96%, r e s p e c t i v e l y .  The p a t t e r n  of AQ 

convers ion  fol lowed a r e g u l a r  course  of a h i g h  degree  of conver- 
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DISSOLVING REACTIONS OF ANTHRAQUINONE 377 

TABLE 3 

AQ Recovery from a Prewarmed Glucose Experiment a t  lhO"Ca 

Time from AQ ( X )  
Sample No. S t a r t  (min) Sample Color  R e  cove red 

Ob 

1 

2 

3 
4 

5 

6 

Chamber 

0 Yellow 0.1 

10 Dark brown 56.1 

15 Dark brown 9.2 

20 Dark brown 2.0 

25 Dark brown 2.4 

30 Dark brown 2.5 

35 Dark brown 0.7 

22 .o 

95.0 

aSee t e x t  f o r  d e t a i l s .  
hoom temperature  f l u s h  of t h e  chamber. 

sion i n i t i a l l y ,  fol lowed by lesser degrees  as t h e  AQ r e s e r v o i r  i n  

t h e  chamber was d e p l e t e d  (Table  1). 

appear t o  be s u i t a b l e  compounds t o  use  f o r  i n  s i t u  product ion of 

AHQ-2 dur ing  model s t u d i e s .  

On t h i s  b a s i s ,  t h e s e  reagents  

Severa l  temperature  and system changes were examined with t h e  

The h igh  degrees  of conver- g lucose  and d i th ioni te /AQ r e a c t i o n s .  

sion of AQ t o  AHQ-2 r e p o r t e d  i n  Table  1 were accomplished by not  

prewarming t h e  g lucose  and d i t h i o n i t e  s o l u t i o n s  p r i o r  t o  f l u s h i n g  

t h e  r e a c t i o n  chamber ( c o i l  2 was omit ted) .  Both g lucose  and 

Na2S204 are u n s t a b l e  i n  1 M N a O H  a t  160°C; t h e  former undergoes a 

s e r i e s  of r e a c t i o n s  which d e s t r o y  i t s  aldehyde group. The alde-  

hyde groups and/or  t h e i r  degrada t ion  products  are a p p a r e n t l y  
necessary f o r  r e d u c t i o n  of AQ, s i n c e  methyla-D-glucopyranoside ( a  

p r o t e c t e d  aldehyde sugar )  gave very l i t t l e  r e d u c t i o n  of AQ (Table  1). 

An experiment i n  which t h e  g lucose  was prewarmed t o  160' ( c o i l  

2 was i n  p lace)  p r i o r  t o  passage through t h e  chamber produced t h e  
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378  STORGARD-ENVALL AND DIMMEL 

data shown in Table 3. The first flush of the chambei produced 

the same level of AHQ'2 as before (see Table l), since the glucose 

solution in the chamber was cold at the start. Subsequent flushes 
of the chamber, however, gave much less AHQ-2 than previously 

observed. 
A similar experimental arrangement employing glucose at dif- 

ferent temperatures produced the following AQ (%) dissolutions: 

room temperature, 0.2% (light yellow); 70"C, 43% (red); 160°, 22% 

(dark brown); chamber, 2 5 2 ;  total recovery of 90%. Conclusions 

which can be drawn from these studies are that (1) alkali degraded 
glucose appears to be relatively ineffective at reducing AQ to 

AHQ-2 and ( 2 )  warming a mixture of AQ and glucose from room tem- 

perature to ca. 160" will result in reasonably high conversions to 
AHQ-'. 

With the prewarming coil in place, Na2S204 at 75°C gave (with 
8 multiple flushes) a 67% conversion of AQ to AHQ-2. 
conversion was observed when the Na2S204 solution was'held in con- 
tact with AQ for 30 min at 75'C, warmed to 160"C, and then flushed 

with 1xNaOH solution (not containing Na2S204). 
experiment 12 samples were collected over about 2 hours. Each 

sample consisted of several chamber flushes. While the majority 

of AQ (as MQ2) was obtained in the first three samples (41%), 
subsequent samples were initially red in color. The original 
dithionite solution should have been completely removed with the 
first sample; therefore, there must be some sort of "memory 

effect" similar to what was found in the Na2S cases. 

The same % 

In this latter 

Finally, a few experiments were performed to see how well AHQ- 

diacetate hydrolyzed to AHQ'2 and sodium acetate in alkali at 150°C. 

Only a few percent dissolved AQ (presumably AJIQ-2) was obtained by 
treating ARQ-diacetate with either 0.2 or 1.OM-NaOH at 60 and 150°C 
for 15-30 min. Much of the original AHQ-diacetate was found 
unchanged in the reaction chamber. Experiments with small, sealed 
pressure vessels gave similar results; some red color was observed, 
but analysis showed that only small amounts of hydrolysis had 

occurred. 
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DISSOLVING REACTIONS OF ANTHRAQUINONE 3 7 9  

It is interesting to note that lignin model degradations 
employing AHQ-diacetate hydrolysis for in situ generation of AHQm2 

give results very similar to degradations employing AQ-g1ucose.l7 
Since these two methods appear to be very different in their capa- 
bilities for generating AHQ'2, it is likely that the excess AHQ-2, 
generally employed in these studies may be unwarranted. In sup- 
port of this contention, Poppius has found that AHQ'2 "catalyti- 
cally" cleaves R-aryl ether bonds of lignin model compounds. l8 
Model degradations done in the presence of AHQ-diacetate and 

alkali generally are bright red in c0l0r.l~ Based on these 
observations, we suspect that hydrolysis of the highly water 
insoluble AHQ-diacetate is slow in simple 1HNaOH but occurs to an 
appreciable extent when its product, AHQ-2, is needed for reaction. 

Dissolution Studies of AQ Analogs 
The reactions of 2,3 and 1,4-dimethyl AQ with glucose and 

dithionite have also been examined. Efficient methods were needed 
to reduce these methylated AQs in situ for some related lignin 
model studies.17 

Glucose treatment of 2,3-dimethyl AQ at 160°, without pre- 
heating, led to significant reduction to 2.3-dimethyl AHQ-2 

(initial samples were dark red-brown in color). 
(65%) was less than that found with AQ (96%). After 500 mL of 

glucose flushes, 22% of the 2,3-dimethyl AQ was left in the 
chamber; another 2% was recovered from the rinse lines to provide 
an 89% total recovery. 

The conversion 

A similar glucose treatment of 1.4-dimethyl AQ left only 2% in 
the chamber and only a 78X total recovery. The material which was 
collected (76%) was found in several parts of the system: 
vessel bottle 2, the rinse lines and a clogged sample rinse line. 
The lines were rinsed with CHCl3 to recover the 1,4-dirnethyl AQ. 
It appears that 1,4-dimethyl AHQ" was produced in fairly high 
yield, but precipitated in the lines as the solutions cooled some- 
what. Cleaning the lines was difficult and apparently not 

thorough, since small amounts of 1,4-dimethyl AQ showed up in the 

pressure 
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380 STORGARD-ENVALL AND DIHMEL 

a n a l y s e s  of t h e  next  t h r e e  experiments  (which d i d  not  have 1,4- 

dimethyl  AQ as a s u b s t r a t e ) .  

D i t h i o n i t e  experiments  w i t h  t h e  methylated A Q s ,  i n  which 

Na2S2O4 was placed i n  t h e  chamber w i t h  t h e  A Q s  and f l u s h e d  w i t h  1H 

NaOH a t  160"C, gave f o r  2,3-dimethyl AQ: 9% c o l l e c t e d  i n  t h e  

samples and 88% remained i n  the chamber, p rovid ing  a 97% recovery.  

For  1,4-dimethyl AQ, 21% w a s  c o l l e c t e d  i n  p r e s s u r e  v e s s e l  b o t t l e  

no. 2 ,  1% remained i n  t h e  chamber, and the rest presumably coated 

t h e  r i n s e  l i n e s  (a l though t h e  l ine  p r e c i p i t a t e  w a s  not analyzed i n  

t h i s  case). Under s imilar  c o n d i t i o n s ,  41% of AQ was reduced t o  

AHQ-2. 
Based on t h e  above r e s u l t s ,  i t  is apparent  t h a t  g lucose  is 

more e f f e c t i v e  than  d i t h i o n i t e  I n  r e d u c t i v e l y  d i s s o l v i n g  t h e  

methylated anthraquinones.  Even wi th  g l u c o s e ,  t h e  % r e d u c t i o n  of 

t h e  methylated AQ appears  less than t h a t  w i t h  s imple  AQ. 

E f f l u e n t  Analyses 

S e v e r a l  of the c o l l e c t e d  AQ and methyla ted  AQ samples were 

analyzed by GC-MS. The samples examined were t h e  n e u t r a l ,  

CHC.13 s o l u b l e  p o r t i o n s  obta ined  by e x t r a c t i n g  of the aqueous alka- 

l i n e  f l u s h  s o l u t i o n s .  The phenol ic  s t a r t i n g  m a t e r i a l s  and pro- 

d u c t s  would remain i n  t h e  aqueous p o r t i o n .  I n  g e n e r a l ,  a l l  t h a t  

w a s  observed was AQ (and methylated AQs) and t h e  benzophenone 

i n t e r n a l  s tandard  ( IS) .  

A l l  the r u n s  w i t h  glucose, however, c o n t a i n e d  one or t w o  s m a l l  

GC s i g d a l s  i n  a d d i t i o n  t o  t h e  IS and the k ind  of AQ used. The new 

s i g n a l s  were 14 u n i t s  h igher  In molecular  w e i g h t ,  i n d i c a t i n g  t h a t  

t h e  AQ s u b s t r a t e  w a s  methylated by g lucose ;  such r e a c t i o n s  have 

been observed p r e v i o ~ s 1 y . l ~  

(one minor, one t r a c e ) ,  methyla t ion  must occur  on a t  least  two 

d i f f e r e n t  si tes on t h e  AQ s u b s t r a t e s .  

Because two GC s i g n a l s  were observed 

Recovery of AQ from a Soda-AQ Pulping Liquor 
Anthrahydroquinone reacts a t  room t empera ture  w i t h  s imple 

quinonemethides (QMs) t o  form QM-AHQ ad duct^.^ Upon warming t o  
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DISSOLVING REACTIONS OF ANTHRAQUINONE 381 

ca. 100°C, simple QM-AHQ adducts are converted to QM-anthroce 
adducts; further warming to 17OOC causes the QM-anthrone adducts to 

break doun to several products, including AQ.20 Of the compounds 
that we have studied here, vanillyl and a-methylvanillyl alcohols 
should form QMs at 160" and then possibly adducts;21 yet, high 
recoveries of AQ were observed with these substrates. Consequently, 

the formation and breakdown of QM-AHQ adducts is a very temperature 
dependent process. 

During soda/AQ pulping of wood, much of the "free" AQ becomes 
"lignin-bound" AQ. This conclusion is based on a study in which 

the location of 14C-labeled AQ was determined for pulp and cooled 
liquor samples taken during the course of a pulping experiment .22 

Based on the discussion above, one has to wonder whether the 
lignin-bound AQ structures are lignin QM-AHQ adducts which formed 
upon cooling (but are not present at 170") or are mainly benz- 

anthrone and similar structures23 which would be stable at 170°C. 

If a large portion of "lignin-bound" AQ is formed only when 
cooling occurs, then exposure of hot liquor samples to oxygen 
would convert "unbound" AHQ-2 to AQ and free the latter f o r  

recovery (Scheme 11). Commercially, this could possibly be done 
with black liquor samples prior to the chemical recovery furnace. 
Efficient recovery of AQ would greatly improve the economics of 
soda/AQ and kraft/AQ pulping systems. 

Scheme 11. Hypothetical pulp liquor reactions and AQ recovery. 
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STORGARD-ENVALL AND DIMMEL 

Pressure Vesse l  I 

Piston 1 20.9 ml 

Bottle 1 e Piston 2 100 ml 

I 

i 
Oil  Bath 
I60 *C 

Chamber 16.8 ml 

Figure  5 .  The system used i n  a t tempt ing  t o  recover  40 from 
pulp l i q u o r  samples. 

The exper imenta l  s e t u p  shown i n  Fig. 5 w a s  employed i n  an 

a t t e m p t  t o  recover  AQ from a southern  pine soda/O.lX AQ pulping 

l i q u o r .  The l i q u o r  was pumped through t h e  h o t  chamber which had 

o n l y  one f i l t e r  i n  p l a c e ,  t h e  bottom end (away from t h e  f low).  

The l i q u o r  was s a t u r a t e d  wi th  oxygen by spraying  t h e  l i q u o r  a t  a 

h i g h  speed ( w i t h  p i s t o n  2 )  i n t o  b o t t l e  1 i n  p r e s s u r e  v e s s e l  1 ,  
which had a n  oxygen atmosphere. The procedure of a l t e r n a t e  

f i l t e r i n g  through t h e  chamber and spraying  in t h e  p r e s s u r e  v e s s e l  

w a s  repea ted  several t i m e s .  The l i q u o r  o u t s i d e  of t h e  chamber w a s  

h o t ,  but  not  as hot as t h e  160°C chamber. The experiment  was 

concluded by removing t h e  o i l  ba th ,  r i n s i n g  t h e  chamber w i t h  1M 

NaOH,  and e x t r a c t i n g  t h e  chamber conten ts  w i t h  CHCl3. 

Only a small amount of AQ w a s  c o l l e c t e d  i n  t h e  chamber. The 

amount r e p r e s e n t e d  only  about 10% of t h e  o r i g i n a l l y  charged AQ. 

Consequent ly ,  i t  would appear  t h a t  s t r o n g  lignin-AQ bonds are 
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DISSOLVING REACTIONS OF ANTHRAQUINONE 383 

present at high temperatures and that the described technique will 

not allow an efficient recovery of AQ from pulping liquors. 

CONCLUSIONS 

A method has been developed which provides information on the 
extent of dissolution of anthraquinone in aqueous solutions at 
temperatures above the boiling point of water. The method 

demonstrated that AQ has only a very limited solubility (- 20 mgf 

L) in 1NNaOH at 160°C, which is not appreciably affected by the 

addition of simple phenolics, benzyl alcohols, aromatic aldehyde 

and ketone compounds, or sodium sulfite. The lack of oxidation of 
these substrates by AQ, which would have caused AQ to dissolve, 

was probably related to the heterogeneous nature of these reactions. 

An analogous water soluble derivative, AMS, reportedly oxidizes 
several of the tested 

Kraft lignin, sodium sulfide, sodium dithionite and glucose 

cause a significant amount of AQ to dissolve by presumably 

generating alkali soluble reduction products. The sulfur sub- 

strates also appeared to produce an AQ derivative which. with 

continued heating and solvent changes, afforded a steady amount 

of a soluble version of AQ. The structure of this "AQ derivative" 

was not investigated. 

The most efficient way to dissolve (reduce) AQ appears to be a 

reaction with glucose in alkali at temperatures at o r  above 6OoC. 

This is especially true for two tested methylated analogs of AQ. 

Dithionite reduction is also effective. The generation of 

AHQ-2 by alkaline hydrolysis of AHQ-diacetate is poor in the 
absence of a reactant for the AHQ-2. 

An attempt to recover AQ by oxidizing and filtering a hot 

soda/AQ pulping liquor was unsuccessful. 

EXPERIMENTAL 

A l l  the compounds used were commercially available except for 

a-methylvanilly1 alcohol (prepared by the method of Bailey and 
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384 STORGARD-ENVALL AND DIMMEL 

Dence) ,24 methyl*-D-glucopyranoside ,25 k r a f  t l i g n i n 2 6  ( a n a l y s i s  

showed 84% Klason l i g n i n  and a maximum of 2.4% c a r b o h y d r a t e s ) ,  and 

wood rosin.27 

AQ D i s s o l u t i o n  Procedure. The system (Fig .  2) conta ined  two 

p r e s s u r e  v e s s e l s  which were f i l l e d  w i t h  100 p s i  n i t r o g e n  dur ing  a 

run; t h e  n i t r o g e n  p r e s s u r e  was needed t o  prevent  the hot  aqueous 

s o l u t i o n s  from b o i l i n g  out  of t h e  r e a c t i o n  chamber and c o i l s ,  and 

t o - a v o i d  a i r  c o n t a c t ,  which would o x i d i z e  AHQ-2 back t o  AQ. Also 

f o r  this latter reason ,  deoxygenated water and chamber loading  i n  

a n i t r o g e n  g love  bag were employed. 

S o l u t i o n s  were moved through t h e  system by h y d r a u l i c  p i s t o n s  

( l a r g e  metal s y r i n g e s )  and a series of o n l o f f  va lves  (most of 

which are not  shown i n  Fig. 2) .  The s o l u t i o n  l i n e s  and c o i l s  were 

c o n s t r u c t e d  of 118-inch d iameter ,  type  316 s t a i n l e s s  steel  tubing.  

The f i l t e r s  in the 16.8-mL c a p a c i t y  r e a c t i o n  chamber (F ig .  3)  were 

s t a i n l e s s  steel  w i t h  a mean pore s i z e  of 0.5 p a .  The holding and 

r e c e i v i n g  b o t t l e s  were made of polypropylene.  

The v a r i o u s  c o i l s  se rved  s e v e r a l  purposes .  Coils 2 and 3 pro- 

v ided  prehea ted  s o l u t i o n s  f o r  r i n s i n g  t h e  chamber and l i n e s .  

Coils 1 and 4 were needed f o r  mixing s o l u t i o n s  i n  t h e  chamber. By 

p a r t i a l l y  r e t r a c t i n g  and advancing p i s t o n  1 ( w i t h  t h e  proper  valve 

m a n i p u l a t i o n ) ,  t h e  r e a c t a n t  s o l u t i o n s  were p e r i o d i c a l l y  moved back 

and f o r t h  through t h e  chamber. C o i l  1 provided a safeguard  

between t h e  hot  s o l u t i o n s  and p i s t o n  1; c o i l  4 provided 1 K N a O H  

and a r e s e r v o i r  f o r  N2 dur ing  p i s t o n  r e t r a c t i o n .  

helped co p a r t i a l l y  cool  t h e  s o l u t i o n s  d u r i n g  sample c o l l e c t i o n  

and,  t h u s ,  helped t o  extend t h e  l i f e t i m e  of t h e  e x i t  valve.  

C o i l  4 a l s o  

A t y p i c a l  procedure used w a s  t h e  fol lowing.  B o t t l e s  1 and 3 

(Fig. 2)  were f i l l e d  w i t h  1 M N a O H  deoxygenated water s o l u t i o n s ,  

t h e  oil b a t h  and t h e  r e a c t i o n  chamber were removed, and t h e  

chamber was rep laced  with tube  f i t t i n g s .  By means of t h e  p i s t o n s ,  

1E NaOH w a s  pumped through t h e  e n t i r e  system under a N2 atmosphere, 

a t  s t a n d a r d  pressure .  The chamber, c o n t a i n i n g  0.1 g of AQ i n  a 

n i t r o g e n  atmosphere,  was  then  r a p i d l y  put  i n  p l a c e  and f lushed  wi th  
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DISSOLVING REACTIONS OF ANTHRAQUINONE 385 

1 E N a O H  from bottle 1 ( v i a  p i s t o n  1) u n t i l  f i l l e d .  The f lushed  

s o l u t i o n s  were removed from b o t t l e  2; a n a l y s i s  showed no AQ was 

p r e s e n t  i n  t h e s e  s o l u t i o n s .  

The NaOH s o l u t i o n  i n  b o t t l e  1 w a s  rep laced  w i t h  " r e a c t a n t "  

s o l u t i o n .  The latter conta ined  a s u b s t r a t e  at a c o n c e n t r a t i o n  

such t h a t  t h e  r a t i o  of substrate/AQ i n  t h e  16.8 rnL r e a c t i o n  

chamber would be 1:1 t o  4 : l .  The chamber was f l u s h e d  twice (20.9 

mL) w i t h  r e a c t a n t  s o l u t i o n ;  the  e x i t  l i n e s  and c o i l  4 were r i n s e d  

with lM-NaOH s o l u t i o n  contained in bott le  3 v i a  p i s t o n  2. 

f l u s h e s  and r i n s e  were c o l l e c t e d  i n  b o t t l e  2 and t h e n  t r a n s f e r r e d  

t o  a sample b o t t l e  ( l a b e l e d  t h e  zero  sample). 

t h e s e  f l u s h e s  was t o  completely f i l l  t h e  chamber w i t h  r e a c t a n t  

s o l u t i o n  a t  room temperature .  Genera l ly ,  l i t t l e  AQ was found i n  

t h e  zero sample. 

The two 

The purpose of 

The next  s t e p s  involved br inging  t h e  system up t o  100 p s i  

n i t r o g e n  p r e s s u r e ,  checking f o r  l e a k s ,  p u t t i n g  t h e  prewarmed o i l  

ba th  i n  p l a c e ,  as shorn i n  Fig. 2 ,  and s t a r t i n g  a timer. Samples 

were c o l l e c t e d  a t  r e g u l a r  t i m e  i n t e r v a l s  by f i l l i n g  p i s t o n  1 with 

s o l u t i o n  from b o t t l e  1 ,  changing some v a l v e  p o s i t i o n s ,  and f o r c i n g  

t h e  20.9 mL s o l u t i o n  i n  t h e  p i s t o n  through the c o i l s  and chamber 

i n t o  bott le 2. T h i s  process  was repea ted  t h r e e  more times f o r  

samples 1-5 and one more t i m e  f o r  sample 6 as q u i c k l y  as p o s s i b l e  

t o  ensure  t h a t  a l l  t h e  AHQ-* produced i n  t h e  chamber w a s  swept 

out .  The e x i t  l i n e  from t h e  ba th  was r i n s e d  w i t h  1MNaOH s o l u t i o n  

from b o t t l e  3 v i a  p i s t o n  2 and heated c o i l  3 .  The sample s o l u t i o n  

(and r i n s e s )  i n  b o t t l e  2 were emptied i n t o  a sample bottle by means 

of a v a l v e  manipula t ion  and t h e  p r e s s u r e  d i f f e r e n c e  t h a t  e x i s t e d  

between v e s s e l  I (100 p s i )  and t h e  sample b o t t l e  (a tmospher ic ) .  

oxygen, a l lowing  any AHQ-' t o  be converted back t o  AQ. 
t i o n s  were t h e n  e x t r a c t e d  s e v e r a l  t i m e s  w i t h  chloroform ( t h e  f i r s t  

extract of which conta ined  benzophenone i n t e r n a l  s t a n d a r d ) .  The 

e x t r a c t s  were analyzed by gas  chromatography (GC). The GC con- 

d i t i o n s  c o n s i s t e d  of a 6 f o o t  g l a s s  column packed w i t h  3% OV17 on 

The s o l u t i o n s  i n  the sample b o t t l e s  were cooled and exposed t o  

The solu-  
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386 STORGARD-ENVALL AND DIMMEL 

100-120 mesh chromosorb W HP; helium flow r a t e  of 20 mL/min; oven 

temperature of 175°C ( I  min) and then 30"/min t o  250" ( 3  min); 

i n j e c t o r  temp. 250"; de t ec to r  temp. 300"; H e w l e t t  Packard 5890 GC; 

Perkin-Elmer Sigma 10 In t eg ra to r  with a 1 min a n a l y s i s  delay.  

Response f a c t o r s  were determined by examining s tandard  so lu t ions  

of AQ and benzophenone. 

I f  s i g n a l s  o the r  than AQ and I S  appeared i n  t h e  GC a n a l y s i s ,  

t he  samples were analyzed by GC/MS using a 5985B Hewlett Packard 

GC/MS spectrometer,  a 3 foot  g l a s s  column conta in ing  3% OV17 on 

230-270 mesh Gas Chrom Q (Ul t rapack) ,  programed from 150" a t  

10°/min t o  300°C (15 m i d .  

Modif i c a t i o n s  of t h i s  generalized procedure ;ire explained i n  

the  text  and tab les .  For example, some of t he  glucose r eac t an t  

so lu t ions  were not prewarmed p r io r  t o  being introduced t o  the  

chamber. S imi la r  procedures were used f o r  t h e  1,4 and 2.3-dimethyl 

AQ s o l u b i l i t y  s tud ies .  

Black Liquor Filtration. Soda/AQ black l i quor  (100 mL, con- 

t a i n i n g  t h e o r e t i c a l l y  25 mg of f r e e  and/or bound AQ) was obtained 

from a cook of 80 g of southern pine wood using 0.1% AQ based on 
wood, a 3.2/1 l i quor  t o  wood r a t i o ,  19% e f f e c t i v e  a l k a l i ,  125" (15 

m i d  , then 45 min t o  174", and 174" (18 min) t o  g ive  pulp of kappa 

no. 93.  

A b r i e f  desc r ip t ion  of t he  procedure i s  given i n  the  t e x t ;  

only s p e c i f i c  d e t a i l s  w i l l  be given here. B o t t l e  1 In  pressure  

ves se l  I (Fig.  5 )  was loaded with the  100 mL l i quor  sample and the  

system pressur ized  with oxygen gas t o  50 ps i .  Af t e r  checking f o r  

l eaks ,  the  chamber (with a f i l t e r  on only one end) was immersed 

i n t o  t h e  preheated o i l  bath (160'C). 

were pumped through the  heated chamber v i a  p i s ton  1 and back t o  

b o t t l e  1. Af te r  a change o f  valve pos i t i ons ,  the  l l quor  i n  b o t t l e  

1 was r ec i r cu la t ed  four  times with the  a i d  of p i s ton  2 (100 mL 

capac i ty) ;  the  r a t e  of l i quor  movement during recyc le  was f a s t  t o  

ensure good exposure of t he  l i quor  to  02 and the re fo re  complete 

conversion of AHQ'2 t o  AQ. 

Four por t ions  (20.9 mL each) 

The l i n e  feeding b o t t l e  1 had a 
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DISSOLVING REACTIONS OF ANTHRAQUINONE 387 

s t a i n l e s s  steel cap w i t h  h o r i z o n t a l  h o l e s  which sprayed t h e  l i q u o r  

t o  t h e  s i d e s  of t h e  bottle. 

After f o u r  f l u s h / r e c y c l e  procedures ,  t h e  chamber was cooled,  

r i n s e d  w i t h  1 M N a O H .  and e x t r a c t e d  w i t h  CHCl3. 

CHcl3 extract  by GC us ing  a benzophenone I S  gave 2.3 mg one t i m e  

Analys is  of t h e  

and 
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1.8 mg i n  a second experiment. 
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