Available online at www.sciencedirect.com
ScienceDirect

Journal of Environmental Sciences 21(2009) 409-413

JOURNAL OF
ENVIRONMENTAL
SCIENCES

ISSN 1001-0742
CN 11-2629/X

WWW.jesc.ac.cn

Formation potentials of typical disinfection byproducts and changes of
genotoxicity for chlorinated tertiary effluent pretreated by ozone

CAO Nan', MIAO Tingting', LI Kuixiao', ZHANG Yu', YANG Min"*

1. State Key Laboratory of Environmental Aquatic Chemistry, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences,
Beijing 100085, China. E-mail: yangmin@rcees.ac.cn
2. Material Science and Technology Institute, Beijing Forestry University, Beijing 100083, China

Received 12 May 2008; revised 06 June 2008; accepted 16 June 2008

Abstract

The effects of ozonation on the formation potential of typical disinfection byproducts (DBPs) and the changes of genotoxicity during
post chlorination of tertiary effluent from a sewage treatment plant were investigated. Ozonation enhanced the yields of all detected
chlorine DBPs except CHCl;. At a chlorine dose of 5 mg/L, the three brominated THMs and five HAAs increased, while chloroform
decreased with the increase of ozone dose from 0 to 10 mg/L (ozone dose in consumption base). At a chlorine dose of 10 mg/L, the two
mixed bromochloro species THMs and two dominant HAAs (DCAA and TCAA) increased firstly and then decreased with the increase
of ozone dose, with the turning point approximately occurring at an ozone dose of 5 mg/L. The genotoxicity detected using umu test,
on the other hand, was removed from 7 ug 4-NQO/L to a negligible level by ozonation under an ozone dose of 5 mg/L. Chlorination
could further remove the genotoxicity to some extent. It was found that SUVA (UV absorbance divided by DOC concentration) might

be used as an indicative parameter for monitoring the removal of genotoxicity during the oxidation.
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Introduction

With the increasing demand of water resource, reclama-
tion and reuse of municipal wastewater is becoming more
and more attractive. Recently, there is an increasing inter-
est in adopting ozone in wastewater reclamation treatment
to upgrade effluents for the purposes of decolorization,
removal of odor and decomposition of micropollutants
(Takahara et al., 2006). Although ozone acts as an effective
disinfectant, post chlorination is generally required to
control microbial re-growth in distribution systems since
ozone cannot produce a persistent disinfectant residual
(Singer, 1994). In China, it is required that the total residual
chlorine should not be less than 0.2 mg/L in the distribution
terminals.

Tertiary treatment including the combination of co-
agulation and sand filtration is usually adopted for the
reclamation of the secondary effluent from municipal
wastewater. The tertiary effluent, however, still contains
high concentration of organic compounds, which could act
as precursors of chlorine disinfection byproducts (DBPs).
Formation and release of DBPs during water treatment
has long been a big concern because of their harmful
effects on human health. Ozonation was applied in some
waterworks to remove the chlorinated DBP precursors as a
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pretreatment method (Nissinen et al., 2002). The decreases
of THM and THAA formation during free chlorination
of pre-ozonated water were observed (Chang et al., 2002,
Guay et al., 2005). Although ozonation could change the
structures of organic compounds in wastewater effluents,
and even reduce the contents of organics, the effects of
ozonation on the formation of DBPs and the toxicity of
the reclaimed wastewater have not been well understood.

The aim of this study was to investigate the effect of
ozonation on the formation of typical DBPs, as well as
genotoxic potential in the following chlorination stage.
The application of umu test was used to monitor the
changes of the genotoxic potential.

1 Materials and methods

1.1 Sampling collection and characterization

The effluent used in this work was obtained from a recla-
mation plant in Beijing, which adopts a tertiary treatment

including coagulation, sediment and spnd-filtrationafter

traditional activated sludge treatment. |One hundred liter
tertiary effluent was taken directly from the reclamation
system before chlorine disinfection, [transferred to the
laboratory and kept at 4°C for further treatments and
analyses.

DOC, UV;s4 and bromide were medsured withra TOC
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analyzer (Phoenix 8000, Tekmar-Dohrmann, USA), a
UV3100 (Hitachi, Japan) and an ionic chromatograph
(Dionex ICS1500, USA), respectively. CODyy, and ammo-
nia nitrogen (NH3-N) were determined according to the
Standard Methods of Water and Wastewater Monitoring
of China. Free chlorine and total chlorine were measured
using “Hach Colorimeter TMII for chlorin” (Hach, USA).

The major physico-chemical properties of the tertiary
effluent are as follows: pH 7.2 1; CODyy, 9.1 mg/L; DOC
6.7 mg/L; UVysy 11.7 m™!; NH3-N 0.6 mg/L; Br~ 0.7
mg/L; SS 5 mg/L.

1.2 Ozonation and chlorination experiments

Batch ozonation experiment was conducted in a glass
column (P60 mm x 1.5 m) as shown in Fig. 1. The
inlet and outlet ozone concentrations were monitored by a
UV ozone monitor (Hare EG-600, Ebara Jitsugyo, Japan).
Ozone gas was introduced into the reactor through a gas
diffuser from the bottom after the reactor was full with the
tertiary effluent. Ozone dose in consumption base (C¢) was
calculated according to Eq. (1)

_(CI—Co)XFXT
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where, C1 (mg/L) is inlet ozone concentration; Co (mg/L)
is outlet ozone concentration; F (L/min) is gas flowrate,
T (min) is reaction time, and Vy (L) is volume of water
samples.

For chlorination, a given volume of stock chlorine
solution (free chlorine concentration 60 g/L.) was added
to 1.2 L water samples treated with different ozone doses,
following the addition of 20 mL buffer solutions (0.25
mol/L. KH,POy4 and 0.25 mol/L Na,HPO,). After slowly
shaking for 1 h, the samples were stored headspace-free at
ambient temperature in the dark for 72 h. A 0.025-mol/L
sodium sulfite was then added to the solution to eliminate
residual chlorine.

1.3 Chlorination DBPs analysis

Four trihalomethanes (THMs), i.e., chloroform
(CHCl3), bromodichloromethane (CHCI,Br), dibromoch-
loromethane (CHCIBr,) and bromoform (CHBr;) were
analyzed on a gas chromatograph (6890N, Agilent, USA)
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Fig.1 Schematic diagram of experimental system.

equipped with an HP-5 fused silica capillary column
(0.25 mm X 30 m) and an electron capture detector
(ECD) following liquid/liquid extraction with hexane
(HPLC grade, Fisher Chemicals, USA), in accordance
with USEPA Method 551.1 (USEPA, 1995). Five
haloacetic acids (HAAs), i.e., monochloroacetic acid
(MCAA), monobromoacetic acid (MBAA), dichloroacetic
acid (DCAA), dibromoroacetic acid (DBAA) and
trichloroacetic acid (TCAA), were analyzed on the gas
chromatograph using 1,2-dibromopropane as the internal
standard, following liquid/liquid extraction with methyl-
t-butyl-ether (MTBE, HPLC grade, Fisher Chemicals,
USA) and derivatization with acidic methanol (HPLC
grade, Fisher Chemicals, USA) according to USEPA
Method 552.3 (USEPA, 2003).

The analytical standards for HAAs were purchased
from Acros Organics (Belgium), and THMs and internal
standards were obtained from Accustandard Inc. (USA).

1.4 Genotoxicity test

Water samples for genotoxicity tests were filtered
through GF/C membranes (Whatman, UK) without pH
adjustment, and then passed through Oasis HLB solid
extraction cartridges (6 mL 500 mg, Waters, USA). The
cartridges had been conditioned beforehand with 10 mL of
methanol (HPLC grade, Fisher Chemicals, USA) and 10
mL of distilled water. One liter of each sample was loaded
to one cartridge, then dried under a nitrogen flow and
eluted with 6 mL of methanol. The eluate was then dried
under nitrogen flow. The dried residues were reconstituted
with 100 pL dimethylsulfoxide (DMSO, Ameresco, USA)
and stored in the dark at —20°C before use.

The genotoxicity was determined with the SOS/Umu
bioassay (ISO 13829, 2000) using Salmonella typhimuri-
um strain TA 1535/pSK1002. The test strain was provided
by the Osaka Prefectural Institute of Public Health, Japan.
In this strain, the multicopy plasmid pSK 1002 bearing
an umuCllacZ gene fusion product was introduced into
Salmonella typhimurium TA1535, and the umu operon was
genetically regulated by the SOS genes recA and lexA.
The detailed test procedure was described previously by
Hu et al. (2007). In this assay, 4-nitroquinoline oxide (4-
NQO) was used as the positive reference and DMSO as the
negative control. The genotoxicity was standarlized to the
equivalence to 4-NQO (g 4-NQO/L).

2 Results and discussion

2.1 Effect of ozonation on the formation potentials of
typical DBPs

Figure 2 shows the effects of ozonation dose on the
formation potentials of THMs and HAAs—The-dominant

THM was CHCls, and the dominant HAAs were DCAA
and TCAA before ozonation. Ozonatiop resulted in an in-
crease in the formation potentials of all|the detected DBPs
except for CHCl;. At a chlorine dosage]of 5 mg/L, CHCls
decreased from 51.2 to 37.1 ug/L with an ozone dose
increasing from O to 10 mg/L, while tHe total brominated
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Fig. 2 Effect of ozonation dosage on formation potentials of THMs and HAAs. Chlorine: (a) 5 mg/L; (b) 10 mg/L.

THMs increased from 10.3 to 58.2 pg/L, which was mainly
contributed by gains of CHCl,Br and CHCIBr,. Table
1 presents fraction variations of brominated THMs and
HAAs as well as DXAAs. Ozonation apparently enhanced
the formation of brominated THMs and HAAs. It is gener-
ally agreed that DXAA and the brominated HAAs create
greater public health concerns (Bull and Angelo, 1995;
Diehl et al., 2000). THMs speciation gradually shifts from
chlorinated species to mixed bromochloro species with in-
creasing ozone concentration, while only a slight increase
of CHBr3 was detected. The increase of brominated HAAs
was less significant than that of THMs. The patterns of

Table 1 Fractions of brominated disinfection byproducts (DBPs) and
dihaloacetic acid (DXAA)

Chlorine Ozone (mg/L)

(mg/L) 0 1 3 5 10
Brominated THMs 5 17 41 46 56 61
Brominated HAAs 5 7 7 9 11 11
DXAA 5 60 63 71 68 70
Brominated THMs 10 30 41 48 50 56
Brominated HAAs 10 2 3 5 5 7
DXAA 10 59 56 62 63 67

the DBPs formation were different in two applied chlorine
dosages. At a low chlorine dose (5 mg/L), the three
brominated THMs and five detected HAAs increased with
increasing ozone concentration. However, as the chlorine
dosage was 10 mg/L, two bromochlorined THMs and two
dominant HAAs, DCAA and TCAA, increased firstly and
then decreased, while CHBr;, MBAA and TBAA slightly
increased with the increase of ozone dose.

Hypobromite could be formed during free chlorination
in the presence of bromide ions (Von Gunten and Hoigné,
1996), which is the reason why brominated DBPs could
be formed during chlorination. Bromide in water is readily
incorporated into HAAs in the form of organically bound
bromine during chlorination (Qi et al., 2004). On the other
hand, it is well known that bromide could be rapidly
oxidized to hypobromite by ozonation (Urs von Gunten,

2003). Although the hypobromite concgatrations-were-not
monitored, it is speculated that hypdbromite might be
formed during ozonation since the brofnide concentration
is as high as 0.7 mg/L. Previous stydies indicate that
the reactions of organic compounds with HBrO/BrO~ ate
faster than those with HCIO/ClO™ (Syfons et al., 1996):
It is reasonable that the brominated DBPs increased, with
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Fig. 3 DOC and CODyy, removal during ozonation.

the increase of ozone dose.

The tertiary effluent contains a relatively high concen-
tration of organic compounds. The removals of CODyyy,
and DOC during ozonation are shown in Fig. 3. Along
with the ozonation dose increasing from 1 to 10 mg/L, the
CODy, removal steadily increased from 7% to 35%, and
a relatively low DOC removal was observed, indicating
that ozone has effectively removed reductive compounds
from the effluent. The decreased levels of reductive com-
pounds in the ozonated effluents might have led to the
reservation of more free chlorine, which could be used
for the production of DBPs. According to Cowman and
Singer (1996), further halogenation of DCAA to form
TCAA occurs only if excessive free chlorine is available.
Therefore, the increasing trend of TCAA with increasing
ozone dose might be related with the increased level of
residual chlorine. On the other hand, ozonation might
have transformed aquatic organics into some more active
molecules, thereby leading to the increase of some THMs
and HAAs.

2.2 Changes of genotoxicity during the ozonation and
chlorination

The genotoxicity, which was standardized to an equiva-
lent 4-NQO concentration, was determined for the treated
samples by the umu assay. As shown in Fig. 4, ozonation at
1 mg Os/L reduced the genotoxicity from 7.0 to 4.2 ug 4-
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Fig. 4 Genotoxicity changes during the ozonation and post chlorination.

NQOJL, and further decrease of genotoxicity was observed
with ozone dose increased. When the ozone dose was
increased to 5 mg/L, the genotoxicity decreased to a level
as low as the negative control. It is clear that ozonation was
very effective in removing the genotoxicity from water.
The genotoxicity of samples after chlorination decreased,
even ozone enhance the formation of DPBs. The genotox-
icity removals were 17% and 28% at a chlorine dose of
5 and 10 mg/L, respectively, without ozonation, although
marked production of THMs and HAAs was detected. It is
possible that the chlorinated/brominated DBPs only made
limited contribution to the genotoxicity.

SUVA (UV absorbance divided by DOC concentration)
was a parameter indicating the quantity of unsaturated
bonds and aromatic organic compound present in organic
matter (Goel et al., 1995). Hence the SUVA is helpful to
understand the characteristics of organic genotoxic precur-
sors. SUVA removal steadily increased with the increase
of ozone dose in the investigated range. As shown in Fig.
5, the decrease of SUVA correlated well with the removal
of genotoxicity during the oxdiation. Hence SUVA could
possibly be used as a surrogate indicator for the removal of
genotoxicity during ozonation.
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Fig. 5 Relationship between genotoxicity and SUVA during the oxida-
tion. Chlorine: (a) 0; (b) 5 mg/L; (c) 10 mg/L.

3 Conclusions

Ozonation of tertiary effluent enhanced the formation of
typical chlorination DBPs, and favored the shift of DBPs
from chlorinated species to brominated ones. The promo-
tion of brominated THMs formation induced by ozonation
was more significant than that of brominated HAAs. How-
ever, the genotoxic effects before and after chlorination

decreased with the increase of ozone d¢se. When chlorine
dosage was 5 mg/L the genotoxicity refnoval level was as
low as control. Decrease of SUVA corrdlated well with the
genotoxicity removal during the pre-ozdnation, thus SUVA
could possibly used as a surrogate indicgtor for the removal
of genotoxicity during ozonation.
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