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Abstract

The combination of mutagenicity tests and selective extraction methodologies can be useful to indicate the possible classes
of genotoxic organic contaminants in water samples. Treated and source water samples from two sites were analyzed: a
river under the influence of an azo dye-processing plant discharge and a reservoir not directly impacted with industrial
discharges, but contaminated with untreated domestic sewage. Organic extraction was performed in columns packed with
XADA4 resin, that adsorbs a broad class of mutagenic compounds like polycyclic aromatic hydrocarbons (PAHSs), arylamines,
nitrocompounds, quinolines, antraquinones, etc., including the halogenated disinfection by-products; and with blue rayon that
selectively adsorbs polycyclic planar structures. The organic extracts were tested for mutagenicity with the Salmonella assay
using TA98 and TA100 strains and the potencies were compared. A protocol for cleaning the blue rayon fibers was developed
and the efficiency of the reused fibers was analyzed with spiked samples. For the river water samples under the influence of
the azo-type dye-processing plant, the mutagenicity was much higher for both blue rayon and XAD4 extracts when compared
to the water from the reservoir not directly impacted with industrial discharges. For the drinking water samples, although
both sites showed mutagenic responses with XAD4, only samples from the site under the influence of the industrial discharge
showed mutagenic activity with the blue rayon extraction, suggesting the presence of polycyclic compounds in those samples.
As expected, negative results were found with the blue rayon extracts of the drinking water collected from the reservoir not
contaminated with industrial discharges. In this case, it appears that using the blue rayon to extract drinking water samples
and comparing the results with the XAD resin extracts we were able to distinguish the mutagenicity caused by industrial
contaminants from the halogenated disinfection by-products generated during water treatment.
© 2003 Elsevier B.V. All rights reserved.
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treated drinking watdi]. These genotoxic substances The XAD resins have been widely used to concen-
are derived from industrial, agricultural and urban trate genotoxicants present in surface waters and pos-
pollution, and also from the disinfection treatment itive results were observed when those extracts were
used for drinking water production, particularly when analyzed in different short-term tesf§7—22] The
water is obtained from surface sources and then chlo- blue rayon hanging (using in situ) method has also
rinated[2]. Chlorination has long been used as a sim- been used to concentrate mutagenic polycyclic com-
ple, effective and economic method for disinfection pounds from freshwater and seawafB,24] This
of water for drinking water purposes, but genotoxic method was employed to concentrate a new class of
products can be formed by the interaction of chlorine mutagens in river waters, the 2-phenylbenzotriazoles
and organic components, such as fulvic and humic (PBTASs). Those compounds are generated by cycliza-
acids, which are naturally present in raw wati@s tion of the azo bond of some dyes in a reductive envi-
The main genotoxic disinfection by-products as ronment after chlorinatiof25]. They showed to be re-
well as pesticides, phenols, polycyclic aromatic hy- sponsible for at least 50% of the mutagenic activity of
drocarbons (PAHSs), metals are regulated in drinking several Japanese rivg&25—-27] Ohe et al[28], us-
water in several countriegl,5] but other mutagenic  ing the same hanging technique, analyzed rivers from
compounds from the classes of the nitrosoamines, the US and Canada, and some presented positive re-
antraquinones, quinolines, substituted PAHs, mono sults for theSalmonellaassay, although with lower
and polycyclic aromatic amines and many others are potencies than the ones observed in Japan.
not, and they can also be present in drinking waters. To drinking waters, the mutagenicity is usually
From those classes of compounds only aminopyridine, related to the presence of the halogenated disinfec-
aniline, azobenzene, benzidine, chlarteluidine, tion by-products like MX, chloral hydrate and halo-
dichlorobemzidine and\,nitroso-dimethylamine are  genated acids which are mutagenic for Bemonella
regulated in two states of Canafg. The detection assay. They are efficiently extracted by the XAD
and chemical identification of the genotoxic com- resins but only when the sample is acidified to pH
pounds present in drinking water is considered an 2 [10,11,29-31] Because halogenated disinfection
essential step to predict the effects of the consumption by-products are usually aliphatic compounds, they
of this complex mixture on human healff]. The are not expected to be adsorbed by the copper ph-
Salmonellaassay can be a useful tool in the quan- talocyanine, and that could explain the negative re-
tification of the genotoxic activity of those complex sults for mutagenicity obtained by some auth{@2]
mixtures and the different responses of the several when drinking water samples were extracted with
Salmonellastrains can help in the identification of blue rayon. With this concentration method, only
the classes of genotoxicants present in those samplesvhen mutagenic polycyclic compounds are present
[7,8]. in the sample we expect positive responses for the
The water samples must be concentrated, and properSalmonellatest.
extraction of the mutagenic compounds is required for ~ The comparison of the results obtained by both
both the chemical analysis aighlmonellatest. methods, XAD and blue rayon, is difficult to be per-
Different strategies can be used to extract organic formed because the blue rayon extraction method was
genotoxicants from water samples and the Amber- developed as an in situ procedure and the results can
lite XAD resins have been the most applied method only be expressed per gram of fibers and not per vol-
[3,9-11] The XAD-resins allow the recovery of a ume of water concentrated.
wide range of chemicals and are very efficient to ex-  The objectives of this study were: (1) to estab-
tract all the polar and the apolar chemicals potentially lish the conditions to use the blue rayon packed
effective in toxicity and genotoxicity assays2—14] in columns to be able to compare the results with
The blue rayon, more recently developgd], is a XAD4 extraction; (2) to define a suitable procedure
group of fibers of rayon covalently linked to a cop- to clean and reuse the blue rayon fibers for surface
per phthalocyanine that selectively adsorbs substancesand chlorinated drinking water extraction; (3) to
with planar polycyclic molecular structure present in compare the raw and drinking water mutagenicity
water sample§l4—16] obtained using both concentration methods of two
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different sites contaminated with different types of
discharges; and (4) to analyze drinking water with the
blue rayon end XAD to verify whether it is possible

to distinguish the mutagenicity of industrial contam-
inants from the regular halogenated disinfection by-
products.

2. Materials and methods
2.1. Sampling
We selected two sampling sites in the metropolitan

region of S8o Paulo, SP, Brazil where water is rou-
tinely tested for mutagenicity using thgalmonella
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2.2. Washing procedures of blue rayon

According to Hayatsy15], blue rayon may be
reused, and for that purpose a washing procedure was
standardized and optimized in this study. Ultra-pure
water was poured over blue rayon in a beaker and
stirred for 5min. The procedure was repeated four
times. The excess of water was removed with a paper
towel. The blue rayon was immersed in a methanol
(Merck)/ammonia (Merck) (50:1 v/v) solution and
agitated for 1 h, twice. Blue rayon was left to settle in
the methanol/ammonia solution overnight and washed
with methanol for 1h, stirring it occasionally. The
methanol was removed and reduced to 2—-3 ml using a
rotary evaporator transferred to a small vial and evap-

assay in the Sdo Paulo State Surface Water Quality orated to dryness with a gentle stream of nitrogen.

Monitoring Program, performed by the S&o Paulo En-
vironmental Protection Agency (CETESB), in which
the Salmonellahicrosome assay was officially in-
cluded in 199422]. These raw waters are treated for
drinking water purposes using a conventional treat-
ment process that includes flocculation, filtration, and
chlorination.

2.11. Sitel
Site 1 is a river under the influence of discharges

Dimethylsulfoxide (DMSO; Sigma) was added, and
the Salmonellamutagenicity assay was performed to
verify the effectiveness of the washing procedure in
the removal of mutagenic contaminants.

This washing procedure was efficient for the
purpose of this work, and 93% of the blue rayon
fibers washed once showed negative results for the
Salmonellatest. When necessary a second washing
procedure was performed, and this additional washing
was 100% effective to clean blue rayon. A blue rayon

of an azo-type dye-processing plant. Water samples batch was ready for use only when tBalmonella

from this site usually presents mutagenic activity
when extracted with XAD4 and in is presumed to be

assay showed negative results.

contaminated with azo dyes that are compounds with 2.3. XAD4 extraction method

polycyclic structures.

2.1.2. Site 2
Site 2 is a water reservoir not directly affected
by industrial discharges, although contaminated with

The water samples and the spiked sample were se-
rially extracted at natural pH (N) and acidic pH (H)
by adding HCI (Merck) until pH 2. The XAD4 resin,
is a copolymer of styrene divinyl benzene, and was

untreated domestic sewage. XAD4 extracts from the washed before usg82,34] For raw water we used
water samples collected in this site present usually 1 ml resin/liter and for treated water, 0.5 ml resin/liter,

negative results for th8almonellaassay.
Volumes of 1201 of raw and treated water were
collected as describg@3]. Volumes of 601 per sam-

both at a flow rate of 100 ml/min. For the natural pH
extraction the elution was performed using 1 ml of
methanol and 4 ml of methylene chloride per milliliter

ple were extracted using columns of 2.5cm diameter of resin. For the acidic extraction, 1 ml of methanol

packed with XAD4 (Sigma) or blue rayon (Sigma). and 4 ml of ethyl acetate were used. In both cases the
Sample collections were performed twice at each site. elution speed was 2 ml/min. Eluates were reduced to
Sampling 1 was performed in November, 2000 and 2-3 ml using an evaporator, transferred to small vials,
sampling 2 in April and May, 2001. The levels of evaporated to dryness with a gentle stream of nitro-
free chlorine of the treated water samples were mea- gen and resuspended in DMSO before testing. When
sured just after the sample collection and ranged from we extract drinking water samples at their natural pH,

1.8-2.5ppm. which is usually between 6-9.5, non-polar compounds
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are preferentially adsorbed. Disinfection by-products
like MX, chloral hydrate and halogenated acids due to
their higher polarity, are preferentially adsorbed to the
XAD resin when the pH of the sample i§21]. Drink-

ing waters containing mostly disinfection by-products
are negative when extracted at neutral pH, exhibiting
their mutagenic activity only when the extraction is

performed at pH 23].

2.4. Blue rayon extraction method

The blue rayon extraction was performed only at
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2.6. Salmonella mammalian microsome
mutagenicity assay

The Salmonellaassay was conducted according
to Maron and Ameq36], using TA98 and TA100
strains with and without S9 mix containing 4% (v/v)
lyophilized aroclor-1254-induced rat liver S9 fraction
(Moltox Inc.) and cofactors. The environmental sam-
ples were tested at four to six different doses ranging
from 50 to 1500 ml equivalents of water per plate.
The assay were performed using triplicate plates.
DMSO was used as negative control. Positive con-

the natural pH of the sample, because the adsorptiontrols were 4-nitroquinoline-1-oxide without metabolic

capacity of the blue rayon is not related to the polarity
of the molecules but to their planar and polycyclic
structure[15].

Blue rayon was packed carefully in a glass column
[35], and the water flow rate was 50 ml/min. We used
0.59g blue rayon per liter of raw water and 0.25g of
blue rayon per liter of treated water.

The elution was performed with methanol/ammonia
solution (50:1, v/Vv)[15,16] For the elution, the blue
rayon was carefully withdrawn from the columns and
transferred to a beaker to be washed with ultra-pure
water in order to remove the non-adsorbed compo-

activation, and 2-aminoanthracene with S9, at con-
centrations of 0.5 and 2;bg per plate, respectively.
The background was carefully evaluated for toxicity
using a stereomicroscope. We analyzed the results
performing an ANOVA test followed by a linear re-
gression analysis with the Salanal computer program
applying the Bernstein mod¢87] and the potencies
were expressed in revertants per liter equivalent of
water. A sample was considered positive according
the criteria describe by Valefi21].

nents and suspended solids. The blue rayon was then3. Results and discussion

dried with a paper towel, transferred to a flask contain-
ing methanol/ammonia (50:1, v/\§15,16], and then
agitated. All eluates were reduced to 2—3 ml using an
evaporator, transferred to small vials, evaporated to
dryness with a gentle stream of nitrogen just before
testing, and then resuspended in DMSO.

2.5. Performance of the reused blue rayon using
spiked samples

In order to analyze the ability of the blue rayon to

3.1. Performance of the blue rayon compared to
XAD4 using spiked samples

The results demonstrated that both new and reused
blue rayon showed similar results in the recov-
ery of the genotoxic activity of 2-aminoanthracene
(2-aminoanthracene) for strain TA98 with S9 when
compared to XAD4 Fig. 1). However, when the
spiked water was extracted with blue rayon that was
used previously to extract only treated water (BR3),

adsorb mutagenic compounds after being used sev-a relative lower recovery of 2-aminoanthracene was
eral times with different types of samples, we com- observedFig. 1). According to Hayats(d5], the free
pared the mutagenic response of a sample spiked withchlorine present in treated water could attack the cop-
2-aminoantracene, known to be adsorbed by thoseper phthalocyanine trisulphonate of the blue rayon,
fibers, due to its planar polycyclic structure. That sam- which can be seen by the loss of its color, reducing
ple was extracted using new and reused blue rayon andits lifetime. In these conditions, we can suggest that
also with XAD4. Volumes of 51 of ultra-pure water blue rayon used four times to extract drinking wa-
were spiked with 10Q.g of 2-aminoantracene and ex- ter samples should be further evaluated or discarded
tracted as regular samples. The recovered mutagenicbecause of the apparent chlorine attack. Blue rayon
activity of 2-aminoanthracene was analyzed using the used only to extract non-chlorinated water samples
TA98 strain ofSalmonellawith metabolic activation. can be reused more times. The XAD4 acid extract
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Fig. 1. Comparison of the mutagenic activity expressed in number of revertens per plate for TA98 with S9 with different doses of the
extracts of water samples spiked with 2-aminoanthracene (2AA) and extracted using new and reused blue rayon and XAD4 at natural pH
(N) and acidic pH (H). BR1: used for both raw and treated water samples (more than 10 times); BR2: used only for raw water samples
(seven times); BR3: used only for treated water samples (five times), BR4: new blue rayon.

showed low mutagenic activity as expected, because pH XAD4 extracts, but only with TA98 with and with-
the spiked water was first concentrated at neutral pH, out S9 in the blue rayon extracts. Those data suggest
where the 2-aminoanthracene would not be charged, the presence of mutagenic compounds with polycyclic

therefore almost completely adsorbed. planar characteristics in addition to the disinfection
by-products (DBP) in the drinking water samples from
3.2. Mutagenicity results site 1. The majority of the disinfection by-products

are direct-acting mutagens that are extracted mostly

The results obtained in this study are presented in at acidic pH and detected with TA98 without S9 and
Table 1 The summarized results can be seefdhle 2 TA100 with and without S910,11,29,42-44]these
andFig. 2 In general, the extracts obtained with blue are not expected to be adsorbed by blue rayon fibers
rayon gave lower or negative results when compared [32].
to the results obtained with the XAD4 resin. This can ~ Raw water samples collected from site 2 presented
be explained due to its selectivity to polycyclic com- only low genotoxic activity for TA98 with and with-
pounds. out S9 for the first sampling, and negative results

Raw water samples collected from the river under for the second sampling, for both extraction meth-
the influence of an azo dye-processing plant (site 1), ods. Although the results of the raw samples of that
showed genotoxic activity mainly with TA98 with and  reservoir are usually negative f@almonellamam-
without S9 both with XAD4 and blue rayon. Those re- malian microsome assay, this low mutagenicity ob-
sults are expected considering that azo dyes are poly-served could be explained by the presence of mu-
cyclic compounds, and several can exhibit mutagenic tagenic heterocyclic amines derived from untreated
activity in the absence of S9 and in the presence of S9 sludge dischargef20,24], or other polycyclic com-
[38-41] Genotoxic activity of the treated water sam- pounds adsorbed by blue rayon and XADA4.
ples from this site was detected with strains TA98 and  As expected, drinking water samples from this site
TA100 with and without S9 in the natural and acidic showed genotoxic activity in only the acidic pH XAD4
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Table 1

Mean of the revertants per plate for each dose tested with TA98 and TA100 strains with and without S9 mix for the raw and treated
waters extracted with XAD4 and blue rayon

Milliliter equiv/plate Blue rayon XAD4
TA98 TA100 Natural pH (N) Acidic pH (H)
-S9 +S9 —-S9 +S9 TA98 TA100 TA98 TA100
-S9 +S9 -S9 +S9 —-S9 +S9 —-S9 +S9
Site 1, sampling 1
Raw water
0 22 21 70 91 22 27 147 109 27 27 147 109
67.5 35 29 67 75 - - - - - - - -
125 33 29 67 101 - - - - - - - -
250 40 - 73 88 37 52 130 149 61 69 124 137
500 53 - 79 89 31 65 161 151 84 100 110 167
1000 - - - - 41 99 152 174 93 124 113 188
1250 54 70 114 82 - - - - - - - -
1500 - - - - 46 106 197 266 92 108 119 141
Treated water
0 27 27 147 109 25 28 147 109 27 27 105 104
250 32 28 131 133 53 a7 - - - - 134 113
500 33 37 129 131 68 45 - - - - 184 138
1000 46 38 129 137 84 57 135 119 154 78 220 145
1500 49 45 131 123 91 67 131 130 193 123 315 177
Site 1, sampling 2
Raw water
0 33 27 111 109 20 21 102 95 20 21 78 104
50 - 27 - - - - - - - - - -
100 - 33 - - - - - - - - - -
250 44 61 113 111 62 74 108 118 50 57 80 120
500 59 88 116 108 85 149 109 125 86 73 91 106
1000 69 199 113 123 94 152 113 127 101 96 87 106
1500 98 - 111 132 146 281 107 135 141 108 104 116
Treated water
0 23 28 78 104 20 21 102 95 20 21 102 95
250 30 27 80 80 39 27 125 120 59 36 154 123
500 24 33 82 82 44 36 120 134 80 48 177 144
1000 - 43 79 78 64 59 122 162 102 77 226 161
1500 57 84 79 86 93 49 138 184 81 99 281 158
Site 2, sampling 1
Raw water
0 25 28 121 109 18 17 99 90 21 20 107 108
250 25 30 140 121 26 18 110 114 29 30 119 117
500 26 36 99 89 17 23 89 100 36 29 108 118
1000 33 51 81 90 19 20 119 118 47 32 105 99
1500 38 42 94 89 21 27 111 121 51 40 106 114
Treated water
0 15 17 99 20 38 29 120 98 21 29 120 98
250 15 14 114 119 39 23 93 80 44 27 156 108
500 16 16 97 101 44 18 83 83 65 34 241 119
1000 17 19 100 105 43 20 81 88 97 37 258 120

1500 15 20 101 102 35 19 96 102 89 36 281 132
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Table 1 Continued

Milliliter equiv/plate Blue rayon XAD4
TA98 TA100 Natural pH (N) Acidic pH (H)
—-S9 +S9 —S9 +S9 TA98 TA100 TA98 TA100
—-S9 +89 -S9 +S9 _S9 +S9 -S9 +S9
Site 2, sampling 2
Raw water
0 23 27 116 119 20 21 116 119 23 27 116 119
250 22 24 128 123 17 21 142 133 20 28 145 131
500 25 27 127 130 19 27 126 131 30 32 129 118
1000 24 28 111 125 18 19 116 106 25 25 126 132
1500 28 29 111 122 25 24 120 116 25 36 134 121
Treated water
0 27 24 93 88 23 28 93 88 23 28 93 119
250 27 23 99 89 32 - 104 101 39 29 182 146
500 35 34 101 86 28 29 95 97 49 28 178 139
1000 34 37 96 108 24 28 93 94 49 31 171 154
1500 32 30 104 118 23 28 95 90 52 28 342 162

extracts without S9, suggesting the presence of the efficient to adsorb those classes of compoUB@s. It
halogenated disinfection by-products. The negative re- seems that in the first sampling the treatment removed
sults obtained for the blue rayon extracts corroborate or reduced the mutagenicity of the raw water present
the findings of other authors, that blue cotton is not at levels not detected in our experiments.

Table 2

Summarized results obtained for the raw and treated water samples with XAD4 and blue rayon extraction methods Saingptiedla
mammalian microsome mutagenicity assay with TA98 and TA100 strains

Site and sampling Strain Potency in revertants per liter
Raw water Treated water
XAD4 Blue rayon XAD4 Blue rayon
N H Total N H Total
Site 1, sampling 1 TA98- S9 16 118 134 64 100 117 217 15
TA98 + S9 74 151 225 40 26 58 84 12
TA100 — S9 - - - - - 130 130 -
TA100 + S9 87 89 176 - - - - -
Site 1, sampling 2 TA98- S9 142 127 269 41 47 94 141 21
TA98 + S9 238 114 352 128 24 54 78 30
TA100 — S9 - - - - - 122 122 -
TA100 + S9 - - - - 61 48 109 -
Site 2, sampling 1 TA98- S9 - 22 22 10 - 81 81 -
TA98 + S9 - 13 13 12 - - - -
TA100 — S9 - - - - - 150 150 -
TA100 + S9 - - - - - - - -
Site 2, sampling 2 TA98- S9 — - - - - 29 29 —
TA98 + S9 - - - - - - - -
TA100 — S9 - - - - - 125 125 -
TA100 + S9 - - - - - - - -

(-): Mutagenic activity not detected; N: natural pH extract; H: acidic pH extract.
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Fig. 2. Comparison of the total mutagenicity in number of revertants per liter of raw and treated water obtained using both blue rayon
and XAD4 methods using TA 98 and TA100 with and without S9, from the two sites analyzed. Site 1 is a river under influence of an azo
dye-processing plant and site 2 is a reservoir that receives untreated domestic sewage, not directly impacted with industrial discharges.
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According toTable 2 comparing the potencies of
the samples collected at site 1, the mutagenic activ-
ity of raw and treated water samples were always
higher for the XAD4 extracts than for the blue rayon
extracts, indicating the presence of other genotoxic
compounds other than the polycyclic ones. In that
case, mono-aromatic amines or mono-aromatic nitro
amines could be responsible for this activity because
those compounds are expected to be present in sur-
face waters contaminated with dye-related compounds
[45].

4. Conclusions

Using the blue rayon method in columns described
in the present work, we were able to compare the re-
sults with the ones obtained with XAD resin method.
The efficiency of the blue rayon to recover the muta-
genicity of 2-aminoantracene was similar to the XAD
resin. This was also observed for the recovery of PAHs
extracted by XAD resin and blue raydh5,34] Al-
though blue rayon fibers can be reused, it is important
to test them for mutagenicity before each use in order
to avoid false-positive responses. When blue rayon is
used to extract drinking water samples, its lifetime can
be reduced.

The XAD4 extraction procedure seems to be more
adequate to access the total river and drinking wa-
ter mutagenicity in agreement with several authors
[13,14] although the complementary extraction with
blue rayon indicated the presence of mutagenic poly-
cyclic planar compounds in river and drinking water
samples collected in the site under the influence of
the discharges azo-type dye-processing plant. Com-
pounds such as azo dyes, polycyclic aromatic amines,

111
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