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The fil trate from aqueous chlorination of unbleached kraft pulp 
has been shown by ANDER et al. (1977) to be mutagenic by the Ames 
test  (MCCANN et al. 1975) and confirmed by us. In a second paper by 
ERIKSSON et al. (1979) it was shown that substitution of chlorine 
dioxide for equivalent chlorine almost eliminated the mutagenicity, 
which we have also confirmed. 

We have found that chlorination of groundwood also produces 
mutagenicity, and so does purified lignin separated from wood, showing 
that lignin and not carbohydrates or extractives is the main source of 
the mutagenicity of chlorinated pulp. 

On analysing the chlorinated pulp fi l trate by gas chromatography, 
very many peaks were found. Among the compounds so far identified 
and tested in pure form, such as chlorinated phenols, catechols and 
gualacols, none has been found to be mutagenic by theAmes  test.  

METHODS 

To simplify the task of analysis and identification and to make 
reproducible material  available for study, pure compounds typical of 
s tructures found in the lignin molecule, in dilute aqueous solution of a 
concentration similar to that which might be expected from the lignin in 
pulp (0. 004 - 0. 008 molar),  were t reated with increasing equivalents 
of chlorine and chlorine dioxide per mole. A single Ames test using a 
constant volume (0.4 ml) of each solution was carr ied  out (rather than 
duplicates). Since the resulting number of mutants was plotted against 
equivalents of chlorine applied per mole, any experimental deviation 
would show up on the curve. 

RESULTS AND DISCUSSION 

The f i rs t  compound tested, acetovanillone, almost duplicated the 
mutagenicity found with similar  t reatment of pulp (Figure 1)(BUTSKY 1978). 
Subsequently it was found that virtually all liguin model compounds and 
all phenols tested, regardless of the nature of substituted side chains, 
produced particular patterns of mutagenicity versus equivalents of chlor- 
ine applied per mole of substrate, as exemplified in Figure 2. The num- 
ber of revertant  colonies produced often varied inversely with the toxici-  
ty. The peaks in the curves represent  high mutagenicity accompanied 
by low toxicity, and the valleys represent  either low mutagenicity or 
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% OF THE EQUIVALENT CHLORINE AS CHLORINE AND CHLORINE DIOXIDE 

TA100 A m e s  r e v e r t a n t s  pe r  plate for  0 .4  ml  of f i l t r a te  f r o m  
t r e a t m e n t  of unbleached kraf t  pulp with 6.8% equivalent 
chlor ine  as  m i x t u r e s  of chlor ine  and chlor ine  dioxide f r o m  0 
to 100% r e p l a c e m e n t  c o m p a r e d  with 0 . 4 m l  of 8 m i l l i m o l a r  
acetovani l lone  t r e a t ed  with 7 equivalents  pe r  mole  of m ix tu r e s  
of chlor ine  with 0 to 100% r e p l a c e m e n t  by equivalent  chlor ine  
dioxide (1 g of chlor ine  dioxide is equivalent  to 2.63 g of chlor,-  
ine). 

high toxici ty ,  o r  both. 
Toxic i ty  toward  the A m e s  Salmonel la  TA100 s t r a in  used was 

roughly e s t ima ted  by visual  compar i son  of the background lawn on the 
pla te  under  a m i c r o s c o p e ,  with 100% r e p r e s e n t i n g  the s a m e  number  of 
b a c t e r i a  pe r  unit a r e a  as  the blank with no tes t  solution (no toxicity) and 
0 r e p r e s e n t i n g  death of all  bac t e r i a .  In m o s t  cases  the re  is  a good c o r -  
re la t ion  between low toxici ty  and high mutagenic i ty ,  and vice  v e r s a .  

All pure  subs tances  used  in the chlor inat ion exper imen t s ,  
many  subs tances  found to be  products  of r eac t ion  by ch romatograph ic  
ana lys i s ,  and many  subs tances  specula ted  to be poss ib le  reac t ion  p rod-  
ucts  were  t e s t ed  for  mutagenic i ty  (Table 1). None of the compounds in 
the chlor inat ion expe r imen t s  was found to be  mutagenic  be fo re  chlor ine  
t r e a t m e n t .  No chlor inated phenol was found posi t ive  in the A m e s  tes t .  
Among the 93 subs tances  tes ted ,  only 1 ,3 -d ich lo roaee tone ,  1 , 1 , 3 , 3 -  
t e t r ach lo roace tone ,  3 ,6 -d i ch lo ro -2 -hydroxybenza ldehyde ,  d ib romo-  
methane  and mucoch lo r i c  acid were  mutagenie  and not toxic.  A m e s  
a s s a y s  of hexachloroace tone  and o-benzoquinone were  s o m e t i m e s  pos i -  
t ive  and s o m e t i m e s  negat ive .  Of these  only 1 ,3 -d ich lo roace tone  has 
been  identified in chlorinat ion f i l t r a te  (STROMBEBG and DE SOUSA 
1979). 
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TABLE I 

M u t a g e n i c i t y  (-+) o f  c o m p o u n d s  a s s a y e d  o n  T A  100  

p h e n o l  - 

o - c h l o r o p h e n o l  - 

m - c h l o r o p h e n o l  - 

p - c h l o r o p h e n o l  - 

2 , 3 - d i c h l o r o p h e n o l  - 

2 , 4 - d i c M o r o p h e n o l  - 

2 , 5 - d i c h l o r o p h e n o l  - 

2 , 6 - d i c h l o r o p h e n o l  - 

3 , 4 - d i c h l o r o p h e n o l  - 

3 , 5 - d i c h l o r o p h e n o l  - 

~ 3 , 4 - t r i c h l o r o p h e n o l -  

2 , 3 , 5 - t r i c h l o r o p h e n o l -  

2 , 4 , 6 - t r i c h l o r o p h e n o l -  

2 , 6 - d i b r o m o p h e n o l  - 

g u a i a c o l  - 

2 , 4 - d i c h l o r o g u a i a c o l  - 

t e t r a c h l o r o g u a i a c o l  - 

m s o r c i n o l  - 

p h l o r o g l u c i n o l  - 

p y r o g a l l o l  - 

a b i e t i e  a c i d  - 

e u g e n o l  - 

c a t e c h o l  - 

4 -  c h l o r o c a t e c h o l  - 

4 , 5 - d i c h l o r o c a t e c h o l  - 

3 , 5 - d i c h l o r o e a t e c h o l  - 

3 , 6 - d i c h l o r o c a t e c h o l  - 

3 , 4 , 5 - t r i c h l o r o c a t e c h o l  - 

t e t r a c h l o r o c a t e c h o l  - 

3 - m e t h y l c a t e c h o l  - 

4 - m e t h y l c a t e c h o l  - 

m - h y d r  o x y a c e t o p h e n o n e -  

p - h y d r o x y a  c e t o p h e n o n e -  

m - m  e t h o x y a c  e t o p h e n o n e  - 

p - m e t h o x y a c e t o p h e n o n e -  

a c e t o v a n i l l o n e  - 

a c e t o v e r a t r o n e  - 

v e r a t r o l e  - 

v e r a t r i c  a c i d  - 

o - v a n i l l i c  a c i d  - 

p - v a n i l l i c  a c i d  - 

b e n z o i c  a c i d -  

p - h y d r o x y b e n z o i c  a c i d -  

3 , 4 - d i h y d r o x y b e n z o i c  a c i d -  

o - b e n z o q u i n o n e  + ?  

t e t r a c h l o r o - o - b e n z o q u i n o n e  - 

h y d r o q u i n o n e  - 

c M o r o h y d r o q u i n o n e  - 

2 , 5 - d i c M o r o h y d r o q u i n o n e  - 

p - q u i n o n e  - 

2 ,  5 - d i c h l o r o - p - q u i n o n e  - 

2 ,  6 - d i c h l o r o - p - q u i n o n e  - 

t e t r a c b l o r o - p - q u i n o n e  

t r i c h l o r o a c e t i c  a c i d  - 

o - p h e n y l e n e d i a m i n e  

c i s - 3 - c h l o r o a c r y l i c  a c i d  - 

t r a n s - 3 - c h l o r o a e r y l i c  a c i d -  

4 - c h l o r o - m - c r e s o l  - 

t r i c h l o r o e t h y l e n e  - 

t -  1 , 2 -  d i c h l o r o e t h y l  e n e -  

d i c h l o r o m e t h a n e  - 

c h l o r o f o r m  - 

c a r b o n  t e t r a c h l o r i d e  - 

d i b r o m o m e t h a n e  + 

b r o m o f o r m -  

c a r b o n  t e t r a b r o m i d e  - 

g l y o x a l -  

o x a l i c  a c i d  - 

c r o t o n i c  a c i d  - 

3 - c M o r o c r o t o n i c  a c i d -  

f u m a r i c  a c i d  - 

m a l e i c  a c i d  - 

c h l o r o m a l e i c  a c i d  - 

m u c o n i c  a c i d  - 

c i s ,  c i s - m u c o n i c  a c i d  - 

m u c o c h l o r i c  a c i d  + 

a c e t o n e  - 

c h l o r o a c e t o n e  - 

1 , 3 - d i e h i o r o a c e t o n e  + 

h e x a c h l o r o a c e t o n e  + ? 

1 , 1 , 3 , 3 - t e t r a c h l o r o a c e t o n e  + 

t e t r a c h l o r o - c i s ,  c i s - m u c o n i c  a c i d  - 

b e n z a l d e h y d e  - 

p - h y d r  o x y b  e n z a l d e h y d e  - 

p - m e t h o x y b e n z a l d e h y d e  - 

2 ,  3 - d i m e t h o x y b e n z a l d e h y d e  - 

v a n i l l i n  - 

s y r i n g e a l d e h y d e  - 

3 - c h l o r o - 4 - h y d r o x y b e n z a l  d e h y d e  - 

3 - c h l o r o - 2 - h y d r o x y b  e n z a l d e h y d e  - 

3 , 5 - d i c M o r o -  2 - h y d r o x y b e n z a l d e h y d e  - 

3 , 6 - d i c M o r o -  2 - h y d r o x y b e n z a l d e h y d e  + 

h e x a c h l o r o - 1 , 3 - b u t a d i e n e  - 

C o m p o u n d s  t e s t e d  a t  103 ,  102 ,  101,  100 a n d  10  -1  u g  p e r  p l a t e .  
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Figure  2. TA100 Ames rever tan t s  per  plate ve r sus  equivalents of 
chlorine applied per  mole of compound for  four lignin model 
compounds 
[] ace tovera t rone  
V vanfllin 
�9 acetovanillone 
O syringealdehyde 

So far ,  43 pure compounds have been sys temat ica l ly  ch lor -  
inated with a range of 0 to 32 equivalents of chlorine per  mole of com-  
pound in 0. 002 to 0. 008 mola r  solution. In each case 0.4 ml of solution 
was applied per  plate. All compounds shown in Table 2 produced muta-  
gens on dilute aqueous chlorination except p-benzoquinone, t e t r ach lo ro -  
catechol,  te t rachloroguaiacol ,  t e t rach loro-or tho-qu inone ,  abietic a c i d ,  
acetone and caffeine, all of which produced toxicity,  and glyoxal, benz-  

oic acid and mate ic  acid, which produced nei ther  mutagenici ty nor  toxicity. 
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TABLE 2 
Mutagenicity on TA100 for compounds reac ted  with aqueous chlorine 

Peak .Positions 1 Revertants  2 Toxicity 3 
lignin4 8 970 50 
a cetovanillone 11 880 NT 
acetovera t rone  24 1685 80 
m-hydroxyacetophenone 16 1400 90 
p-hydroxyacetophenone 24 2240 90 
m-methoxyacetophenone 12 1220 100 
p-methoxyacetophenone 8 1240 80 
phenol 12/32 750/1260 100/70 
catechol 3/8 6000/ 980 NT/80 
resorc inol  20 2000 100 
hydroquinone 4 675 100 
phloroglucinol 4/16/24 350/480/285 90/60/80 
pyrogallol  2 180 100 
3-m ethylcatechol 5 160 100 
4-methylcatechol  S 220 100 
benzaldehyde 2 140 100 
p-hydroxyb enzaldehyde 24 1930 100 
p-methoxybenzaldehyde 12 1835 90 
2,3-dimethoxybenz aldehyde 5 130 100 
va~Allin 12/28 1605/1035 100/90 
syringealdehyde 12 1100 90 
benzoic acid none none 100 
p-hydroxybenzoic  acid 17 380 40 
3 ,4-dihydroxybenzoic  acid 17 970 80 
o-vanil l ic  acid 17 1090 50 
p-vanillic acid 12 1290 70 
guaiacol 12/24 860/1200 100/80 
veratrole 24 380 70 
2,4,  6-tr ichlorophenol  5 345 100 
4, 5-dichlorocatechol  30 2100 80 
te t rachlorocatechol  none none 50 
te t racMoroguaiacol  none none 40 
p-benzoquinone n~ne none 50 
2,5-dichloro-p-benzoquinone 1 300 50 
2, 6-dichloro-p-benzoquinone 3 1460 90 
t e t racMoro~benzoquinone none none 80 
abietic acid none none N T  
acetone none none N T 
eugenol 6 1400 N T 
~lyoxal none none N T 
m m a r i c  acid 2 850 100 
maleic  acid none none N T 
mucordc acid 2 900 N T 

Equivalents chlorine per mole of subst ra te  af peak among peaks tested.  
2 l~evertants per 0 .4 ml solution minus spontaneous rever tan ts .  3Percent 
bacter ia l  survival  at peak. 4Alaska yellow cedar milled wood lignln 
supplied by W.G.Glasser ,  assumed molecular  wt. 180. NT-Not Tested.  
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It  is r a t h e r  in te res t ing  that  chlorinat ion of f u m a r i c  acid,  
the t r a n s - i s o m e r  of butenedioic acid,  produced a pos i t ive  r e sponse  to 
the A m e s  t e s t  on aqueous chlorinat ion,  while ma l e i c  acid,  the e i s -  
i s o m e r  did not. However ,  because  of i ts  v e r y  low solubil i ty in water ,  
f u m a r i c  acid was chlor inated in 50/50 v o l u m e / v o l u m e  me thano l /wa t e r .  
No mutagenic i ty  was produced by chlorinat ion in water  o r  methanol  
alone.  

Systematic variation in the structure of the substituted 
aliphatic groups and in the number of hydroxyl or methoxyl groups on 
the aromatic ring permits determination of the effect of such structural 
changes on mutagenicity and toxicity and this will be reported in sub- 

sequent papers. 
The Ames test in this investigation is used as a diagnostie 

tool to try to identify the mutagens among the multitude of products and 
to establish the mechanism of their formation. Thus separated fractions 
can be tested to locate the mutagens. The number of equivalents of 
chlorine applied per mole of substrate to produce maximum mutagenicity 
permits maximizing the concentration of mutagens to aid in their separa- 
tion and identification. The Ames test also permits study of alternative 
bleaching processes, such as substituting chlorine dioxide for chlorine 
which drastically decreases or eliminates the mutagenicity with all 
compounds tested. It also permits study of the methods of destroying 
the mutagens formed by chlorination. For example, raising the pH to 
the neutral range destroys some of the mutagens, but very high pH (10 
-12) is required to destroy the more stable ones (Figure 3), showing 
that there are at least two types of mutagens formed by aqueous chlor- 
ination. 

I00 x , ~  

t 

2 4 6 8 10 12 
pH. 

Figure 3. % mutagenieity remaining after rais ing the pH with NaOH to 6, 
8, 10 and 12 for  the t imes  shown, and then reacidficing with 
HC1 to pH 2. 
X 7 equivalents  of C12 per  mo le  of acetovani l lone,  3 h r s  at 

each pH 
V 7 . 6 ~  C12 on unbleached k ra f t  pulp; 1/2 hr  at each pH 
E21 7.6% C12 on unbleached k ra f t  pulp; 24 hr  at each pH 
O 36quivalents of C12 per  mo le  of catechol;  3 hrs  at each pH 
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When a nitrogen purge is used to remove residual chlorine, 
in some cases the solution remains highly toxic and therefore the Ames 
test  is negative. In many cases titrating with sodium thiosulphate 
solution to destroy any chlorine residual destroys the toxicity and greatly 
enhances the mutagenicity. 

Many plots of mutagenic activity versus equivalents of 
chlorine applied per mole of substrate show more than one peak, due 
either to destruction of mutagens or production of toxic substances in 
the valleys. It is possible that with the phenols the mutagens formed 
with the smaller  ratio of equivalent chlorine are  aromatic compounds, 
and with la rger  ratio are  ring f racture  aliphatic compounds such as 
substituted muconic acids or  fumaric acids. 
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