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Dechiorination with sulfur dioxide (SO2) or, more generally, with S I r  species 
(NaHSO3, Na2SO3) is now employed in a number of drinking water treatment 
plants in Paris to eliminate the bad taste due to excessive free chlorine 
concentrations present in water at the reservoir outlets (Maquennehan and 
Clause 1987). Recent studies have reported a decrease in the mutagenic activity 
(Wilcox and Denny 1985 ; Cheh et al. 1980) and the total organic halogen content 
(Mortay et al. 1990 ; Sadiki et al. 1990 ; Crou6 et al. 1989) of chlorinated samples 
of  drinking water and of solutions of humic substances which were dechlorinated 
with sulfur dioxide derivatives. The aim of this study was to understand better the 
effects of dechlorination treatments with SIr  species and especially sodium sulfite 
(Na2SO3) on the mutagenic activity of  chlorinated drinking water. For this 
purpose, laboratory experiments were carried out with aqueous solutions of 
isolated aquatic humic substances. These compounds account for the bulk of 
organic matter present in most surface waters and are known to be precursors of 
many of  the mutagens and halogenated organics which are produced during the 
chlorination stage in drinking water treatment (Horth 1989 ; Meier et al. 1983). 

MATERIALS AND METHODS 

The experiments were carried out with aquatic humic substances (AHS) which 
were isolated from a dam water by XAD-8 resin extraction (Thurman and 
Malcolm 1981). The elemental analysis of the unfractioned extract (mixture of 
fulvic and humic acids) gave a carbon content of 49.5 % by weight. Concentrations 
of  chlorine in the stock solution of sodium hypochlorite and free chlorine in 
chlorinated samples of AHS were measured by iodometry and colorimetry 
(o-tolidine and DPD methods) respectively. To determine the effect of SIV species 
on the mutagenic activity, an appropriate volume of a standard solution of sodium 
sulfite (0.1-0.2 M) was added to the chlorinated samples of AHS. All the solutions 
(solutions of AHS or Na2SO3) were prepared in ultra-pure water supplied by a 
Millipore (Milli-Q + Milli-RO 4) water purification system. The solutions of  
sodium sulfite were prepared prior to use. 

In the first part of this study, the mutagenicity tests were performed directly on 
concentrated aqueous solutions of AHS to avoid any artefact due to the extraction- 
concentration method used. In the second part, experiments were carried out with 
dilute solutions of  AHS in order to show the effects of  a partial (residual of  
chlorine) or total (excess of  reducer) dechlorination on the mutagenic activity. 
To this end, mutagenicity tests were performed on XAD-8/XAD-2 resin extracts. 
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Figure 1 : Procedures used for the preparation of the aqueous samples from a concentrated solution 
of AHS (Figure l-a) or of the organic extracts obtained from a dilute solution of AHS (Figure l-b) 
to be submitted to the Ames test. 

Filter-sterilized concentrated solutions (cellulose nitrate membranes of  0.45 ~tm 
porosity) of  AHS (2 g/L) were chlorinated under buffered conditions (pH = 7.0 ; 
g = 0.4 M ; 20~ at a chlorine to carbon weight ratio of  0.5/1.0 (i.e. 1.0 g C12/L) 
(Figure l-a). The ionic strength of the AHS solution was high (0.4 M) to avoid any 
variation of pH by chlorination. After a 251/2 hours reaction (no more free chlorine 
was present) in 100-mL stoppered flasks, sulfite (filter-sterilized solution of  
sodium sulfite) was added at doses corresponding to 0, 100, 1 000 and 5 000 gM 
concentrations without altering the pH value by more than 0.1 unit. Mutagenicity 
testing was performed directly on the aqueous samples (0 to 2 mL/plate) after a 2, 
24, 48 and 72 hours reaction. The samples were stored in the dark, at 20~ The 
pH of each sample was checked at the end of the experiment. 

In the second part of  this study, the mutagenic activity of  chlorinated and 
dechlorinated dilute solutions of  AHS was determined on the corresponding 
XAD-8/XAD-2 resin extracts. Six flasks containing 44 litres of  a buffered dilute 
solution (15 mg/L ; pH = 7.0 ; ~t = 0,01 M) were chlorinated at a chlorine to 
carbon weight ratio of  0.67/1.00 (i.e. 10.0 mg C12/L) (Figure l-b).  After a 
18 hours reaction, the average free chlorine concentration in each flask was 
4.1 _+ 0.1 mg/L. Different amounts of  sulfite were then added to obtain either a 
partial or total dechlorination. 31/2 hours later, the free chlorine concentration was 
measured in each flask and neutralized by the addition of a sodium thiosulfate 
solution when necessary. The content of a flask, to he taken as reference of the 
partial dechlorination for the further detem~ination of the mutagenic activity, was 
dechlorinated with a stoichiometric amount of  sodium thiosulfate just after the 
18 hours chlorination. The acidification to pH 2.0 of all the samples was carried 
out with concentrated HC1 before filtration through XAD-8+XAD-2 (100 mL of 
each one) resin cartridges at an average flow rate of 2 L/h (10 _+ 1 BVH). Prior to 
use, the organic macroporous resins (Rohm and Haas) were purified by several 
washes with ultra-pure water to eliminate fine particles, soxhlet extractions with 
methanol (60 hours) and ether (72 hours) and rinsed with dichloromethane and 
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Table l-a : Effect of the addition of sodium sulfite at different doses and of the contact time on the 
mutagenic activity of concentrated solutions of AHS. The slope values (expressed as revertants per 
mL of aqueous sample) were obtained with TA 98 and TA 100 tester strains without S 9 mix. 

Contact time Revertants / mL 
(hours) 

TA 98 TA 100 
[Sulfite]0 (~/)  [Sulfite]0 (gM) 

0 100 1000 5000 0 100 1000 5000 

2 65 48 12 0 426 221 107 (_+)24 
24 20 (+)5 0 242 62 (+)14 
48 (+)9 0 0 125 (_+)24 (_+)18 
72 (_+)8 0 0 105 (+)22 0 

Table 1-b : Effect of the addition of sodium sulfite and of the contact time on the mutagenic 
activity of concentrated solutions of AHS. The slope values (expressed as revertants per mL of 
aqueous sample) were obtained with TA 98 and TA I00 tester strains with S 9 mix. 

Contact time Revertants / mL 
(hours) 

TA 98 TA 100 
[Sulfite]0 (BM) [Sulfite] 0 (gM) 

0 1000 0 1000 

2 (+)5 0 184 49 
24 0 0 167 (+)47 
72 (-+)5 0 126 (_+)27 

ultra-pure water. The adsorbed organics were then eluted with 1 volume of acetone 
and 2 volumes of dichloromethane. Extracts were dried on anhydrous sodium 
sulfate and concentrated from 500 to 30 mL approximately in a Kuderna-Danish 
apparatus (water bath temperature = 65~ equipped with a Snyder column. The 
total organic chlorine concentrations (TOC1) were measured on the aqueous 
samples before and after dechlorination (Figure 1-b ; Table 2). The mutagenicity 
testing was carried out after a solvant exchange (dimethylsulfoxide). 

The mutagenicity tests were conducted at the "Laboratoire d'Hygi6ne de la Ville de 
Paris" with Salmonella typhimurium tester strains TA 98 and TA 100 following the 
methods described by Maron and Ames (1983). The tests were performed in 
duplicate at 5 dose levels, both in the absence and in the presence of a rat-liver 
microsomal fraction containing cofactors ($9 mix). Positive and negative controls 
were included in each test. Mutagenic activity was quantitated by the regression 
analysis of the linear portion of the dose-response curve. In this manner, the slope 
(expressed as revertants per mL of sample in the case of concentrated solutions of 
AHS or expressed as revertants per L of the initial aqueous solution in the case of 
dilute soultions of AHS) was calculated and used for establishing the data for 
comparisons. The observation of a dose-related increase of 2-fold or more above 
background was used as the criterion of a positive mutagenic response. Samples 
quoted (-) were not mutagenic and those quoted (+) could have given a positive 
response if higher doses had been tested. 

TOC1 analyses were carried out with a DOHRMANN DX-20A Total Organic 
Halogen Analyser equipped with four dual carbon adsorption modules and a 

17 



/ o 0 

700 ] �9 100 
+ 1000 / 

600]  x 5000 1 ./ 
 4oo] 

300]  

200 ] 

100 1 , , , , , 

-500 0 500 1000 1500 2000 

Volumeofsolution perpla~ (pL) 
Figure 2-a 

180 

160 - 

140 

120 

100 

8O 

6O 

0 @ i1~176 / 
x 1000 ~r �9 

40 

20 , , , , 

-500 0 500 1000 1500 2000 

Volume of solution perplate (~L) 
Figure 2-b 

~D 

cD 

300' 

200' 

100 

-500 

o 2h 
24h / o  4sh y 

x 72h / /  

x 

I I I I I 

0 500 1000 1500 2000 

Volume of solution per plate (~tL) 
Figure 2-c 

140 o 2h o 
24h / 

120 48h 72h / 
100 

80 

,,, 60 �9 

40 

x 
20 , , , , , 

-500 0 500 1000 1500 2000 

Volume of solution per plate (txL) 
Figure 2-d 

Figure 2 : Mutagenic activity without $9 mix of dechlorinated AHS concentrated solutions : 
influence of the sulfite dose (Figure 2-a : TA 100 ; Figure 2-b : TA 98 - reaction time = 2 hr) and 
of the reaction time (Figure 2-c : TA 100 - sulfite dose = 1 000 txM ; Figure 2-d : TA 98 - sulfite 
dose = 100 ~M). 

microcoulometr ic  titration cell. After  a given reaction time, the residual chlorine, 
when  present,  was neutralized with sodium thiosulfate and the samples were 
acidified (pH = 1.4) with concentrated HNO3. The TOC1 measurements were made 
within a period o f  8 hours. The reproducibil i ty o f  TOC1 analyses (in the range 
10 - 300 p.g/L as C1) was 2 % for a 100-mL tested sample. 

RESULTS A N D  D I S C U S S I O N  

In the first part o f  this study, the mutagenic activity o f  the samples was determined 
di rec t ly  on the concent ra ted  aqueous  solut ions o f  AHS ( [AHS]  = 2 g/L) 
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Table 2 : Effect of a partial (samples no. 1, 2 and 3) or complete (samples no. 4, 5 and 6) 
dechlorination on the TOCI concentration and on the mutagenic activity (TA 98 and TA 100 + S 9 
mix) of dilute solutions of AHS. The percentage of variation in the mutagenic activity are 
menlioned in parentheses. 

Sample 1 2 3 4 5 6 
Dechlorination rate 1 0,91 0,98 1 2 10 
[SIV]0/[CI2] 0 (mol/mol) (thiosulfate) 
Residual C12 (mg/L) 4,22 3,99 4,12 4,08 4,07 3,98 
and TOC1 (p.g/L) 1205 1280 1218 949 949 937 
after 18-hr chlorination 
Residual C12 (mg/L) 0 0,35 0,10 0 0 0 
and TOC1 (gg/L) 1567 1468 928 879 885 
after 31/2-hr dechlorination 
Slopes TA 100-$9 mix 3691 3350 3612 3052 2269 1629 
(revertants/L) (-9) (-2) (-26) (-47) 
Slopes TA 100+S 9 mix 1882 2338 2267 2883 2002 980 
(revertants/L) (+24) (+20) (-31) (-66) 
Slopes TA 98-$9 mix 537 518 426 463 429 238 
(revertants/L) (-4) (-21) (-7) (-49) 
Slopes TA 98+$9 mix 355 388 353 355 279 157 
(revertants/L) (+9) (-1) (-21) (-56) 

(Figure l-a). Two series of  experiments were conducted in rigourously similar 
conditions in order to determine the response of the two tester strains in the absence 
(Table l-a) or in the presence (Table l-b) of the rat-liver microsomal fraction 
$9 mix. In the first case (absence of $9 mix), blanks were prepared, including the 
non-chlorinated AHS solution, the phosphate buffer solution and a solution of  
sodium sulfite corresponding to the highest dose used (5 000 gM). 

The results (Tables 1-a and l-b) showed that : 
- blanks did not present any mutagenic activity with TA 98 and TA 100 tester 

strains in the absence of  $9 mix (data not shown) ; 
- the chlorination of the AHS solutions induced a significant genotoxicity with the 

two strains in the absence of $9 mix and only with TA 100 tester strain in the 
presence of $9 mix. The largest responses were always obtained with TA 100 
without $9 mix (slope values of 426 and 65 revertants per mL of  sample with 
TA 100 and TA 98 tester strains respectively in the absence of  $9 mix, slope 
values of  184 and 5 revertants per mL of sample with TA 100 and TA 98 tester 
strains respectively in the presence of $9 mix) ; 

- the introduction of the lowest dose of sodium sulfite ([5032-]0 = 100 gM) could 
reduce, in 2 hours, the genotoxicity observed on the two tester strains in the 
absence of  $9 mix. In the presence of $9 mix and for the sulfite dose tested 
([SO32-]0 = 1 000 gM), the genotoxicity observed could be reduced on TA 100 
tester strain only (the initial genotoxicity level obtained with TA 98 was too low to 
draw up the same conclusion) ; 

- an increasing sulfite dose (Figures 2-a and 2-b) and/or an increasing reaction time 
(Figures 2-c and 2-d) contributed to decrease more the mutagenic activity 
observed on the two tester strains in the absence of $9 mix. 

In the second part of this work, experiments were carried out with dilute solutions 
of  AHS ([AHS]) = 15 mg/L) in order to confirm the results previously obtained 
with concentrated solutions by the addition of an excess of  reducer and to study the 
effects of a partial dechlorination (presence of residual chlorine) on the mutagenic 
activity. The mutagenicity tests were performed with TA 98 and TA 100 tester 
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Figure 3 : Mutagenic activity without (Figure 3-a : TA 100 ; Figure 3-b : TA 98) or with 
(Figure 3-c : TA 100 ; Figure 3-d : TA 98) S 9 mix of extracts obtained from dechlorinated AHS 
dilute solutions : effect of dechlorination rates of 0, 1 or 10-fold the stoichiometric dose of sodium 
sulfite. 

strains in the absence o f  $9 mix on the corresponding X A D - 8 / X A D - 2  resin extracts  
(F igure  l -b ) .  Moreove r ,  the total  organic  ch lor ine  concen t ra t ions  (TOC1) were  
m e a s u r e d  on aqueous  a l iquots  sampled  before  and after  the addi t ion  o f  sod ium 
sulfite (samples  no. 2-6 ; Table  2) or  thiosulfate (sample no. 1 ; Table  2). 

Because  of  the impor tan t  vo lume  of  each aqueous  sample  (44 L),  two series  o f  
expe r imen t s  were  carr ied  out : the part ia l  dechlor ina t ion  was s tudied  on samples  
number  1, 2 and 3 (Table  2) whi le  the addi t ion of  a s to ich iomet r ic  dose  or  o f  an 
excess  o f  r educe r  was  s tudied  on samples  n u m b e r  4, 5 and 6 (Table  2). The  
corresponding results are presented and interpreted separately.  
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Figure 4 : Effect of a partial (Figure 4-a) or complete (Figure 4-b) dechlorination on the TOCI 
concentration and on the mutagenic activity (TA 100 without S 9 ,nix) of dilute 

The results obtained from the partial dechlorination (first series of experiments ; 
Table 2) showed that : 
- the TOC1 levels measured after a 31/2 hours dechlorination were higher than those 

determined before the addition of sulfite (21 and 22 % for samples no. 2 and 3 
respectively). These results can be explained by the fact that the chlorine demand 
of AHS samples is not satisfied after a 18 hours chlorination. Consequently, a 
fraction of the free chlorine present in the partially dechlorinated samples can react 
with the organic matter and lead to an increase in the TOC1 concentration during 
the 31/2 hours dechlorination ; 

- the mutagenic activity observed on TA 98 and TA 100 tester strains with and 
without S 9 mix did not decrease significantly (less than 10 % for samples no. 2 
and 3 compared to sample no. 1). The slope values obtained for sample number 1 
on TA 100 with $9 mix (1882 revertants per L) and for sample number 3 on 
TA 98 without $9 mix (426 revertants per L) seem to be abnormally low. This 
could be explained by a poor recovery of the mutagenic compounds during the 
extraction-concentration procedure or by an abnormal variability in the response 
of the strains. 

The results obtained from the addition of a stoichiometric dose or of an excess of 
reducer (second series of experiments ; Table 2) showed that : 
- the TOC1 levels measured after the 31/2 hours dechlorination were slightly 

lowered (less than 8 % in all cases). These changes of the TOCI concentrations 
by a partial or complete dechlorination (excess of sulfite) at neutral pH were 
previously observed on other dilute AHS solutions ([AHS] = 5 mg/L) 
(Morlay et al. 1990) ; 

- the mutagenic activity observed on the two tester strains with and without $9 mix 
significantly decreased after the 31/2 hours contact time with an applied dose of 
sulfite 10-fold the stoichiometric one (sample no. 6 compared to sample no. 4 
which received a stoichiometric sulfite dose) (Figure 3). The order of magnitude 
of this drop in the mutagenic response was approximately 50 %. 

Elsewhere, the comparison of the results obtained from the mutagenic activity 
determinations and those obtained from TOC1 measurements indicate that the 
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decrease in the genotoxicity observed in fully dechlorinated samples can be 
attributed to the destruction by sulfite of non halogenated mutagenic compounds or 
of highly mutagenic halocarbons which are present in trace amounts in the samples 
and which therefore account for a small part of the TOC1 content (Figure 4). 

The results obtained with chlorinated solutions of AHS show that a drecrease in the 
mutagenic activity can be obtained under neutral conditions after sulfite addition. 
These results also indicate that a partial dechlorination with sulfite has no significant 
effect neither on the total organic chlorine level nor on the mutagenicity of 
chlorinated samples of AHS. However, further experiments with drinking water 
samples are necessary in order to confirm the data obtained for the study of the 
effects of a dechlorination treatment with SIv species on the mutagenicity of treated 
waters. 
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