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Abstract: Mesoeyelops leukarti of Zooplankion propagates excessively in cutrophic waier body and it cannot be effectively inactivated
by the conventional drinking water treatment process. In order to tackle this problem, a study of removal effect on Mesocyclops
lewkarti with chlorine dioxide in a waterworks was performed. The results showed that Mesocyclops leukarti could be effectively
removed from water by [.0 mg/L chlorine dioxide preoxidation combined with the conventional drinking water treatment process.
Higher oxidizability and molccular staie of chlorine dioxide in water is the key to the inactivation of Mesocyclops feukarii. The
chlorite, disinfection by-products (DBPs) of chlorine dioxide, was stable at (.45 mg/L, which is lower than that critical value of the
USEPA. GC-MS examination showed that the quantity of organic substance in the water treated by chlorine dioxide obviously
decreased. Ames test further revealed that the mutagenicity was reduced by chlorine dioxide with respect to prechlorine. The

propagation of Mesoryelops feukarti can be inactivated effectively and safely by chlorine dioxide pre-oxidation.
Keywords: chlorine dioxide; disinfection by-products {DBPS); Mesocyclops leukarti; preoxidation; mutagenicity

Introduction

The ecutrophication of surface water is a
worldwide problem, which is increasing in
significance  (Ma and Liu, 2002). Mesocyelops
leukarti, a kind of Cyclops, 1s a waterborne animal that
excessively propagates in cutrophic reservoirs and
fresh lakes in China. Some of them are sources of
drinking water supply, e.g., Dahuotang Reservoir in
Liaoning Province, East Taihu Lake in Jiangsu
Province, Miyun Reservoir, Beijing, etc. Cyeclops
cannot be effectively inactivated by the conventional
disinfection due to its stronger resistance to oxidation
(Cul et «f., 2002). In addition, the mobihty of Cyelops
makes it easily penetrate the sand filters into the plant
reservoirs, and even into the municipal service pipes.
In recent years, there have been several contamination
accidents with Cyelops appearing in the municipal
service pipes in several cities in China (Xing, 2004).
So how to remove Mesocyelops leukarti is a currently
growing problem in the production of drinking water.

Aduit Cyclops can bring disease to consumers
because it is intermediate host of some diseases.
Olajide and Sridhar (1987) proposed that Guineaworm
disease could be effectively controlled by killing the
(intermediate host). Lupi e of. (1994)
considered that flocculation and sand filtration
processes were insufficient to remove zooplankton
normally present in surface water. It was reported that
the rotifer abundance would be reduced from 20—300
ind./L. to 0—>5 ind./L in drinking water by oxidation
with 2.5—3 mg/L of chlorine for 20 min (Bernhardt
and Lusse, 1989). Mitcharn ef «f. (1983) found that
ammonia-chlorine was more effective against Cyclops
but less effective against Cladocera.

Cyelops

At present, conventional process is still the main
technique for drinking water treatment in China.
Cyclops is inactivated or killed by prechlorination and
removed from water by sedimentation and filtration
processes. For example, Cyciops is inactivated by
prechlorination with 2.5 mg/L in  Shijiazhuang
Waterworks. However, there are still a few activated
Cyclops after filtration (Xing, 2004). Furthermore,
prechlorination would reduce the drinking water
security for increasing the halomethanc content in
treated water (Gibbonsa and Laha 1999; Li et «f.,
1996}, Therefore, it is cssential 1o develop a more
effective and safe removal technique. As a powerful
substitute or a supplemental disinfectant for
chiorination (Narkis, 1995), CI(: can climinate bad
odor and oxidize ferrous, manganous ions  (Aleta and
Berg, 1986). A smaller dosage and less reactton time
is required for C10; to produce the same disinfection
effect. In wview of these characteristics, chlorine
dioxide was selected and investigated in this study,
which aimed to: (1) determine the better adding doses
for inactivated Mesocyclops leukarts; (2) investigate
the disiniection by-products in water treated by
chlorine dioxide; (3) study the mutagenicity and
security after preoxidation.

1 Matertals and methods

1.1 Raw reservoir water

Binxian Waterworks is located in the northcast
part of China (Hcilongjiang Province), where an
cutrophic reservoir serves as a unique drinking water
source. Microscopic observations showed that the
specics of Cyclops in this reservoir is Mesocyelops
leukarti. The drinking water treatment process is
shown in Fig.1. The raw water quality is: average
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waler temperature 15—19°C; turbidity 10-—30 NTU;
COD,, 5.68 mg/L; pH 7.3—7.5; algae density (2.1—
2.6) X 10 cells/L and Mesocyelops lewkarti density 20
ind./L.
1.2 Experimental equipments

Chlorine dioxide gas generator is manufactured
by ourselves. Componential analysis of chlorine
dioxide gas is listed in Table ! by using the following
instruments: OF-3 type ozone generator {Shanghai
Environmental  Protection Company); XSB-1A
inverted series biological microscope {Alltion Wuzhou
Company); QP5050A type gas chromatograph-mass
spectrometer  (Shimadzu, Japan}. TA100 and TAS8
strains without metabolic activation 59 were provided
by Harbin Medical University. The pH and
temperature measurements were conducted by WTW
pH/Oxi 3401 (Germany) with the pH and temperature
probe (pH-Electrode SenTix 4).

Table 1 Componential analysis of chlorine dioxide gas

Chemical composition Chlorine dioxide Chlarine Chlorite Chlorate

85.6 7.4 51 1.9

Composition, %

1.3 Methods

All the analyses were performed according to the
standard methods (Chinese EPA, 1997). The
experimental and full-scale studies were carried out in
Binxian Waterworks.

Mesocyclops  leukarti was determined by
microscopic activated count method, and the changes
of Mesocyelops leukarti number between raw water
and treated water were investigated.

Chlorine dioxide was generated by mixing
hydrochloric acid solution  (23% w/w) and sodium
chiorite solution (25% w/w) in a weight ratio 1:1.
More than 300% of the stoichiometric acid was
demanded so as to improve the efficiency and obtain a
lower Cl,, CIOr; and Ci0r, production. Componential
analysis of chlorine dioxide was measured by
iodimetry.

Raw water and freated water by chlorine dioxide
or chlorine preoxidation were sampled by 250 L
respectively. Organic substances in water samples
were enriched with XAD-2 resins about 5 h and then
were cluted with about 60 ml of methanol. The
methanel samples containing organic substances were
concentrated to about | ml with K-D concentrator. The
concentrated samples were examined in duplicate with

gas chromatograph-mass spectrometer (GC-MS) and
tested by Ames test. The GC-MS analytical conditions
were: DB-5 capillary column (30 m, 0.25 mm id,,
0.25 wm thickness), and the carrier gas (He) flow rate
was at 1.2 ml/min. The oven temperature was kept
constant at 35°C. for 2 min and then ramped to 160 °C
at a rate of 10°C/min, further to 250°C at a rate of 20C
/min and held for 12 min. The injector temperature
was 240°C. The ionization mode was electron impact
(ED).

The Ames test was carried out according 1o a
standard plate incorporation assay (USEPA, 1983).
TAO8 detects frame shift mutagens, whilst TA100
detects base-pair substitution mutagens. In this work it
was done without in vitro microsomal activation (59
mix) because most of the natural mutagens act directly
and do not require activation {Haider et of, 2002).
Concentrated water samples {concentration factor I:
10000) were tested in triplicate with four doses: 100,
300G, 500 and 700 wl. Results were expressed as
mutation ratio (MR), calculated as the number of
colonies on test plates/number of colonies on control
plates (USEPA, 1983).

2 Results and discussion

2.1 Deosage of CIO. on removal efficiency of
Mesocyclops leukarti in lab

Chlorine dioxide(Cl10,) was added into a given
volume of 10 L reservoir water to study removal
efficiency of Mesocyclops leukarti (Fig.2).

It can be seen that the inactivation effects of C10,
on Mesocyclops leukarti were strengthened gradually
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Fig.2 Removal efficiency of Mesocyelops lewharti by various
CIO; dusages
Conditions: Mesveyelops fevkarti density 20 ind./L; pH 74, T
1874
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as ClO; dosage increased. 100% inactivated rate of
Mesocyclops leukarti could be obtained by 1.5 mg/L
of chlorine dioxide contacting for 30 min. It is worth
noting that the removal rate of Mesocyelops leukarti
was almost zero when oxidant dosage and react time
was (.5—1.0 mg/L and 5 min, respectively.

The substance in raw water such as COD,, and
algac would also consume oxidants. It can be seen that
Mesacyclops  leukorty could not be effectively
inactivated with lower dose of oxidants and shorter
react time. The adequate oxidant is a key factor in the
process of inactivating Mesocyclops leukarti.

22 Dosage of ClO; on removal efficiency of
Mesocyclops leukarti in full-scale study

The chlorine dioxide was added into grid
reaction tank together with coagulant, 15 mg/L of
AICl;, and chlorine dioxide dosage ranged from 0 to
1.0 mg/L in full-scale study. The results are shown in
Fig.3. It can be seen that the removal effects were
strengthened gradually with the increase of the dose of
ClO,. 100% removal with treated water through the
sand filter could be reached by 1.0 mg/L of ClO,. In
addition, 10% and 40% of removal rate might be
attained by sedimentation and filtration process under
no chiorine dioxide dosing condition, respectively.
This means that Mesocyelops leukarti can be partially
removed from water by single clarification process

The vitality of Mesocyclops lewkarti in raw water

100 _’il-* Water after sedimentation o
—O~ Water after filtration . o
o—0-" '/'
. 80 e
o
S 6ol /
£
2 o0 °
S 40 p—o
:
&_‘ —a
20 -
—
1} 1 i 1 L 1
0 0.2 0.4 0.6 0.8 1.0

Chlorine dioxide dosage, mg/1,

Fig.3 Removal effect on Mesocyclaps lewkarti by different
chlorine dioxide dosapes

was found to be distinct, namely, the activity of larve
and senile Mesocyclops leukarti were obviously
weaker than that of matre Mesocyciops leukarti.
Therefore, part of weaker Mesocyelops leukarti can
deposit into the floc in sedimentation process or be
captured by sand filter. However, the removal effect
on Mesocyclops leukarti by single clarification process
was finite because Mesocyclops leukarti with stronger
vitality might still penetrate the sand filter. The further
removal effect depend on the inactivation of oxidant
preoxidation,

Based on the above experimental results,
Mesocyclops leukarti can be inactivated and its vitality

can be greatly weakened with the increase of dosing
ClO,. Similarly, larve and senile Mesocyelops lenkarti
were effectively removed from water by subsequent
clarification process. The results showed that the
conventional processes, sedimentation and filtration
play an important role in removing Mesocyclops
leukarti. And the inactivation of Mesocyclops leukarti
by preoxidation with adequate available oxidant was
also essential to ensure the security of drinking water.
Mesacyclops leukarti can be thoroughly removed from
water by the cooperation of oxidant preoxidation and
clarification process.

2.3 By-products of ClO,

An effective method to control chlorine
by-products in drinking water is to use oxidants-
ozone, chloramines or chlorine dioxide for that they
may all form non-chlorinated disinfection by-products
(DBPs). For chlorine dioxide, there are no reactions
with humic acids to form trihalomethanes (Lykins and
Griese, 1986). However, the inorganic by-products
such as chlorite are formed and they also have human
health risk implications (USEPA, 1998).

Fig4 shows the concentration of residual
prechlorine dioxide was constant at 0.15 mg/L and
chlorite was 0.45 mg/L. According to USEPA (1998),
the maximum residual disinfectant level (MRDL) of
0.8 mg/L and 1.0 mg/L have been proposed for
residual chlorine dioxide and the chiorite in drinking
water, respectively. So the chlorite in this study is
tower than the critical value of the USEPA.
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Fig4 By-products of water after filtration with peechlorine
dioxide of | 0 mg/L

2.4 Comparison of removal efficiencies of two
preoxidation processes

During the full-scale study, the removal eiffect on
Mesocyclops leukarti by chiorine dioxide preoxidation
with 1.0 mg/L of CIO, was compared with the existing
prechlorination process with 3.0 mg/L of chlorine
(Fig.5)

It can be scen from Fig.5 that the removal effect
of chlorine dioxide preoxidation is better than that of
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Fig.5 Comparison of the effects on Mesaryelops Leukarti removal
inn two different processes

prechlorination. For instance, Mesocyclops leukarti is
fully removed from water by filtration with chlorine
dioxide, whereas only 80% of removal rate is attained
with chlorine.

Mature Mesocyelops lewkarti is hardly removed
from water by sedimentation unless it is effectively
inactivated by oxidant, Fig.5 shows that 90% of
removal rate in treated water after sedimentation is
attained by chlorine dioxide preoxidation, but for
prechlorination only 63% is attained. The distinct
difference  in inactivation
efficiency of the two preoxidation processes may be
the results of the body structure of Mesocyclops
lewkarti and the different performance of oxidant 1n
oxidizing cellular tissue.

Compared with common bacteria or virus,
Mesocyelops leukart: has a special surface structure
consisting of seven layers cell tissue such as bottom
membrane, epithelium, calcific layer, and so on. The
body surface provides Mesacyelops leukarii stronger
protection against oxidation. Mesocyclops leukarti can
not be effectively inactivated unless the oxidant
destroys its surface structure by oxidation or directly
penetrates into its body to oxidize the inner protein.
Therefore, higher oxidizability of oxidant is the key to
the thorough inactivation of Mesocyclops lewkarii, For
chlorine in ClOy, oxidation number is expressed as +4.
According to counting, it contains 263% of available
chlorine, i.e. oxidizability of CIO, is about 2.5 times as
high as that of chlorine (Huang et of., 1997).
Therefore, the ability of chlorine dioxide to oxidize
Mesocyclops leukarti body structure is more effective
than that of chlorine. In addition, after dissolving in
water, 100% of ClO; existing in molecular state does
not react with water molecular like chlorine, which
makes it easier for ClO, to contact Mesocyclops
[eukarti surface and to permeate into its inner body to
destroy the inner cellular protein. The above
advantages of chlorine dioxide not only result in a
better inactivation of Mesocyelops lenkarti but also in
a lower required amount of it than chlorine.

2.5 Influence of preoxidation on organic sub-

Mesocyelops  lenkarti

stances and mutagenicity

The GC-MS examination and Ames test were
carried out with raw water sample and two treated
water samples by preoxidation to evaluate the security
of drinking water. The results are shown in Fig.6, and
the Ames test results arc shown in Table 2.

Table 2 Changes of TA98 and TA100 dose-response relationship

Water sample Dosage, L/plate TAS8  TAI00
Rawvater ] o7 098
3 0.78 1.12
5 0.95 1.27
7 1.34 1.53
Prechlorination 1 0.92 1.44
3 1.26 1.63
5 2.63 2.87
7 295 3.18
Chlorine dioxide preoxidation 1 0.74 1.01
(.89 1.25
5 .04 1.38
7 1.37 1.65

2.5.1 GC-MS examination

From Fig.6, it can be seen that the amount of
organic substance decreased to 41 species by chlorine
dioxide preoxidation, which was equal to 57.7% of
that in raw water and 53.9% of that water treated by
prechlorination. In addition, 85.4% of species were
jow boiling point and micromolecule organic
substances and the number of halogenated
hydrocarbon was only 3 species in water treated by
chlorine dioxide preoxidation.

The different reaction mechanisms of the organic
substances which react with chlorine dioxide and
chlotine cause the diverse results in GC-MS
examination. The free radical oxidation reaction
happens when chlorine dioxide reacts with organic
substances. The macromolecule organic compounds
are oxidized into micromolecule substances, in which
some volatile compounds, even CO, and H;O are
formed (Benjamin et ol., 1986). Moreover, the
stronger oxidizability of chlorine dioxide may easily
oxidize organic substance to such products with low
bailing point and minor molecular weight, which have
shorter retention time in GS-MS$ examination. But for
chlorine, the clectrophilic substitution reaction results
in the formation of more mutagenic halogenated
hydrocarbon such as trichloromethane, which belongs
to high boiling point and macromolecule organic
compounds with long retention time (Reckhow et «f,,
1990; Langvik and Holmbom, 1994). In addition,
many intermediate products such as aldehyde may be
produced during chiorination due to no thoroughly
oxidizing organic substances with chlorine. The
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Fig.6 Graphic oftotal organic ions of raw water (a), water sample by prechlorination (b) and water sample by chlorine dioxide preoxidation {c}

results are that the total amount of organic substance
by prechlorination is more than that trcated by
chlorine dioxide preoxidation. Therefore, it can be
concluded that the drinking water quality by chlorine
dioxide preoxidation is better than that of
prechlorination.
2.5.2 Ames test

The mutagenic activity of chlorinated drinking
water has been shown in numerous studies (Schenck
et ed., 1998). In this study the results of Ames test are
shown in Table 2. The mutagenicity of concentrated
water samples before and after preoxidation is
expressed as MR value. It is considered as having
mutagenic activity when MR value larger than 2

(Maron and Ames, 1984).

The MR value of raw water has not mutagenic
activity under any dose condition. The MR value of
water sample by prechlorination is higher than that by
chlorine dioxide preoxidation at the same doses.
Cly-treated water showed mutagenicity with TA98
strain  (MR=2.63) and TA100 strain (MR=2.87) at
lower doses (5 L equivalent/plate), whereas
ClOy-treated water has a lower mutagenic activity. The
MR value with TA98 and TA100 are 1.37 and 1.65
respectively detectable at the highest doses (7 L
equivalent/plate). 13  species of halogentated
compounds were formed during prechlorination due to
the electrophilic substitution reaction between
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chlorine and organic substances. And the special
chemical active group of them, halogen with stronger
electrophonic effect, reinforces molecule polarity to
react with biologic cnzyme system, while the
mutagenic action is attained by a series of chemical
reactions such as DNA base substitution etc. (Langvik
and Holmbom, 1994). During chlorine dioxide
preoxidation, less halogentated compounds  (only onc
species) are formed duc to different reaction
mechanism. Hence, mutagenicity of ClO;-treated
water is obviously lower than that of Cly-treated,
which is supported by some previous Ames test results
{Ficssinger, 1991; Huang and Li, 1998).

It is worth noting that the mutagenicity of
ClOs-trecated water is a little higher than that of raw
water, Thc results may be caused by impurities
chlorine (7.4% of the total chlorine dioxide} produced
by our generator (Table 1). The advantage of chlorine
dioxide disinfection may be further improved by
cnhancing chlorine dioxide gas purity.

3 Conclusions

In summary, the following conclusions can be
achicved:

(1) Chlorine dioxide has the good inactivation
cffect on Mesocyelops lewkarti, 100% inactivate rate
of Mesocyelops fewkarti can be obtained with 1.5 mg/L
of chlorine dioxide contacting for 30 min in lab;

(2) Higher oxidizability of chlorine dioxide is the
key to the inactivation of Mesocyelops leukarti. 100%
of ClO, existing in molecular state does not react with
water molecular like chlorine, which makes it easier
for CIQ, to contact Mesocyclops leukarti surface and
to permeate into its inner body.

(3) In full-scale study, 100% of removal effect on
treated water from the sand filter can be attained by
1.0 mg/L of ClO,. Mesocyclops leukarti can be
effectively removed from water by chlorine dioxide
preoxidation cooperating with the conventional
clarification process.

(4) The chlorite, a by-product of CI0,, is stable at
0.45 mg/L after filtration, which is lower than the
critical value of USEPA.

(5) The GC-MS examination showed that the sort
and amount of organic substances in treated water by
chlorine dioxide precoxidation were evidently less than
that of prechlorination, and the mutagenicity of
drinking water is highly reduced.
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