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� Ozonation alone did not generate significant amount of brominated DBPs.
� Ozonation prior to chlorination might increase the formation potential of many DBP classes.
� THM, THAA, and DHAA formation potentials first increased and then decreased with increased ozone dose.
� Ozonation prior to chlorination caused a shift to more brominated DBPs.
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a b s t r a c t

Ozone has been widely used for drinking water treatment recently. This study was conducted to inves-
tigate the effect of dosing ozone on the formation potentials and speciation of disinfection by-products
(DBPs, brominated DBPs in particular) during subsequent chlorination. Trihalomethanes (THMs), trihalo-
acetic acids (THAAs), dihaloacetic acids (DHAAs), dihaloacetonitriles (DHANs), chloral hydrate (CH) and
trichloronitromethane (TCNM) were included. The results showed that the yields of THMs, THAAs and
DHAAs reached the maxima at 1.83, 0.65 and 0.56 lM, respectively, corresponding to an ozone dose
approximately at 2 mg L�1. The formation potentials of CH and TCNM increased, while that of DHAN
decreased, with the increase of ozone dose up to 6 mg L�1. The bromide incorporation factor values of
THMs, THAAs, DHAAs and DHANs increased from 0.62, 0.37, 0.45 and 0.39 at O3 = 0 mg L�1 to 0.89,
0.65, 0.62 and 0.89 at O3 = 6 mg L�1, respectively. It indicated that the use of ozone as a primary disinfec-
tant may cause a shift to more brominated DBPs during subsequent chlorination, and the shift may be
more evident with increased ozone dose. The total percentage of brominated DBPs (as bromide) reached
the maximum value of 55% at 2 mg L�1 ozone dose.

� 2014 Published by Elsevier Ltd.
1. Introduction

Ozone has been increasingly used for drinking water treatment
in order to comply with the water regulations that become more
stringent and to satisfy the demand for higher water quality
(Grasso et al., 1989; Guo and Ma, 2007; Chiang et al., 2009).
According to a survey conducted in 2007 in the United States, 9%
of the water utilities used ozone as a primary disinfectant, while
the ratio was only 2% in the 1998 survey (Hua and Reckhow,
2013). In China, the process of ozone in combination with biologi-
cally active carbon (BAC) had a total drinking water treatment
capacity at approximately 20 million m3 d�1 by 2013 (Hong et al.,
2013). Ozone is a strong oxidant and is very effective to control
the color, odor and taste, and iron and manganese problems (Lin
et al., 2013). Ozone is also frequently used as a disinfectant, pri-
marily for the inactivation of chlorine-resistant microorganisms
such as Giardia and Cryptosporidium (Burns et al., 2008). Because
ozone is unstable under typical drinking water conditions, chlorine
or chloramine is added following ozonation as the disinfectant in
the distribution systems.

Chlorination and chloramination can lead to the formation of a
vast number of disinfection by-products (DBPs). Many DBPs have
definitive adverse health impact even at very low concentration
levels, and some DBPs are regulated by various drinking water
quality standards. The DBP occurrence levels in the finished water
can be affected by the dosing of ozone to the treatment train.
Ozone can react with natural organic matter (NOM) and other
DBP precursors in the water and change their properties
(Świetlik et al., 2004). Previous studies showed that the levels of
many DBPs, e.g. total trihalomethanes (THMs) and haloacetic acids
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(HAAs), could be substantially reduced when ozone was used,
primarily ascribed to the decreased DBP precursor concentration
and the reduced chlorine or chloramine demand (Hu et al., 1999;
Galapate et al., 2001; Chaiket et al., 2002; Ma, 2004; Chin and
Bérubé, 2005). However, some studies (Plummer and Edzwald,
2001) found that ozonation enhanced the formation of THMs.
The differences in the observed effects of ozonation on DBP forma-
tion may be attributed to the different ozone dosages. In addition,
ozonation would enhance the formation of some emerging DBPs.
One notable example is the enhancing effect on the formation of
halonitromethanes (HNMs) (Hu et al., 2010). Detailed underlying
mechanisms could be found in von Gunten (2003a, 2003b).

Every natural fresh water contains bromide at a concentration
from �10 to >1000 lg L�1 (Flury and Parritz, 1993). In addition
to chlorinated DBPs, brominated DBPs can also be formed in the
process of chlorination or chloramination. The cytotoxicity and
genotoxicity of brominated DBPs were shown much higher than
that of the solely chlorinated analogs (Westerhoff et al., 2004;
Richardson et al., 2007). Formation of brominated DBPs could be
affected by dosing ozone into the treatment system. On the one
hand, ozone is such a strong oxidant that can oxidize bromide
via hypobromite to bromate; on the other hand, ozone can decom-
pose the hydrophobic NOM of larger molecular weights into the
hydrophilic organic substances of smaller molecular weights
which leads to more formation of brominated DBPs (Świetlik
et al., 2004). It appeared that the bromine element was more easily
incorporated into hydrophilic substances than hydrophobic sub-
stances (Amy et al., 1998; Liang and Singer, 2003; Huang et al.,
2004; Wert and Rosario-Ortiz, 2011).

This study was conducted mainly to quantitatively investigate
the effect of ozonation on the formation of brominated DBPs
during subsequent chlorination. The ozone dosage was varied to
reveal its effect on both DBP formation and speciation. A total of
eighteen DBPs in six groups were included that cover most DBPs
of significant abundance in drinking water. These included THMs,
trihaloacetic acids (THAAs), dihaloacetic acids (DHAAs), dihao-
acetonitriles (DHANs), chloral hydrate (CH), and trichloronitrome-
thane (TCNM).

2. Materials and methods

2.1. Synthetic raw water

The raw water was synthetic water that was prepared according
to the recipe given in Table 1 (Liu et al., 2003). Humic acid at
3.0 mg L�1 as dissolved organic carbon (DOC) was adopted to
simulate the NOM in typical surface waters. The bromide concen-
tration was deliberately set at a relatively high value (300 lg L�1).
High concentration of bromide in the raw water is not uncommon,
especially where the water is influenced by seawater intrusion
(Huang et al., 2003; Richardson et al., 2003). The pH value was con-
trolled at 8.0 ± 0.1 by using carbonate.

2.2. Experimental procedure

Ozonation batch experiments were carried out in a thermostat
reactor (1.14 L) in a water bath (20 ± 1 �C). The synthetic raw water
was added into the reactor firstly before a saturated ozone solution
was added by using a syringe with its needle penetrating through
Table 1
The water qualities for the synthetic raw water.

Parameter Ca2+ Mg2+ Na+ Total carbonate Cl� SO4
2�

Concentration (mM) 0.73 0.42 1.52 1.5 1.44 0.43
septa on the top of the reactor. The saturated ozone solution (at
about 30 mg L�1) was prepared freshly by continuously bubbling
ozone-containing oxygen gas (from an ozone generator (Newland,
Model NLO-20, China)) into cold de-ionized water (at 4 �C) using a
diffuser. No headspace was left in the reactor to avoid the loss of
dissolved ozone and any formed volatile DBPs through the
water–air interface. The respective volumes of the simulated natu-
ral water and saturated ozone solution were determined by the
required ozone dosage (ranging from 0 to 6 mg L�1). The reaction
will last for 20 min under magnetic stirring. And then 5 min of
nitrogen stripping was used to quench the residual O3. One aliquot
of sample filtered with a 0.45 lm membrane was taken for the
analysis of bromide, bromate, UV254, and DOC. Another aliquot of
sample was taken for the determination of formation potentials
of the concerned DBPs according to the uniform formation condi-
tions (UFC) protocol (Summers et al., 1996). After incubation for
24 h, a stoichiometric amount of sodium thiosulfate was added
to quench the residual chlorine.

2.3. Analytical methods

THMs, DHANs, CH and TCNM were determined according to
USEPA Method 551.1 (USEPA, 1995) by using a GC (Agilent
7890A, Santa Clara, USA) equipped with a DB-1 capillary column
(30 m � 0.25 mm � 0.25 lm, Agilent, USA) and an electron capture
detector. THAAs and DHAAs were determined according to USEPA
Method 552.3 (USEPA, 2003) by using a GC (Agilent 7890A, Santa
Clara, USA) equipped with a DB-1701 capillary column
(30 m � 0.25 mm � 0.25 lm, Agilent, USA) and an electron capture
detector. All of the DBP standards were purchased from the Sigma–
Aldrich company (Germany).

Ozone concentration was determined spectrophotometrically at
610 nm by using the indigo method. Bromate and bromide were
measured by an IC (Metrohm 761, Switzerland) which had a supp7
250/4.0 mm anion column, a 100 lL loop and a conductivity detec-
tor. The mobile phase was sodium carbonate solution (3.6 mM
Na2CO3) and the flow rate was 0.8 mL min�1. DOC was determined
by a total organic carbon analyzer (Shimadzu TOC-VCPH). Chlorine
was determined by the N, N-diethyl-p-phenylenediamine titrimet-
ric method using a Hach chlorine detector (Pocket Colorimeter II).
3. Results and discussion

3.1. Effects of ozonation on DBP formation

As expected, ozonation at the dosage of this study (1–6 mg L�1)
showed a minor DOC removal (Fig. 1). Previous studies have
showed that the typical reduction in DOC ranged from 5% to 20%
Ozone dose (mg L-1)
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Fig. 1. Variations of DOC and UV254 values with ozone dose.
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under typical ozone dose of 2–5 mg L�1 (Can and Gurol, 2003; Lee
et al., 2009). However, it is clear from Fig. 1 that ozone was quite
effective for the removal of UV absorbing compounds (e.g. having
double bonds and aromatic structure), leading to decreased SUVA
values. SUVA (specific UV absorbance at 254 nm) is the ratio of
UV254 to DOC, which has been used as an indicator of DBP precur-
sors and humic content of the NOM (Weishaar et al., 2003). In gen-
eral, water with high SUVA value is rich in hydrophobic and high
molecular organic matter. These results indicated that ozonation
altered the NOM properties from hydrophobic matters into hydro-
philic organic substances of smaller molecular weights.

Fig. 2 illustrates the effects of ozone dose on DBP formation dur-
ing subsequent chlorination. The nine HAAs were grouped into
THAAs, DHAAs and monohaloacetic acids (MHAAs). THAAs are
the sum of trichloroacetic acid (TCAA), bromodichloroacetic acid
(BDCAA), dibromochloroacetic acid (DBCAA), and tribromoacetic
acid (TBAA), and DHAAs are the sum of dichloroacetic acid (DCAA),
bromochloroacetic acid (BCAA) and dibromoacetic acid (DBAA).
The MHAA concentrations were low and not included in the
following discussion. In general, the THM, THAA and DHAA yields
increased and then decreased as ozone dose increased. The
maximum concentrations of THM, THAA, and DHAA when ozone
dose was at around 2 mg L�1 reached 1.83, 0.65, 0.56 lM, respec-
tively, which were about 1.38, 1.23, and 1.43 times higher than
that without ozonation, respectively. It may because that the
strong oxidant ozone oxidized the large fractions of humic acid
that are hard to react with chlorine to low-molecular weight
organic matter, resulting in more DBP precursors. Ozone may oxi-
dize NOM and produce greater amounts of methyl-ketone-like
structures, which are considered major DBP precursors (Yang
et al., 2012). However, when ozone dose increased to 6 mg L�1,
THM and THAA yields showed net decreases of 10% and 18%,
respectively, whereas DHAA yield still presented 6% net increase.
The relatively similar trends observed for the THM and THAA
yields at various ozone doses are likely linked to the fact that both
DBP classes have similar precursors and formation pathways
(Reckhow and Singer, 1985). Hua and Reckhow (2007) investigated
DBP formation from various NOM fractions. Results showed that
hydrophobic NOM generally formed more THMs and THAAs than
the corresponding hydrophilic NOM, whereas the hydrophilic
NOM produced the highest DHAA yields among the NOM fractions.
Results observed at higher ozone dose in this study may be attrib-
uted to that DBP precursors of methyl-ketone-like structure were
further ozonated to organic matter of lower molecular weights
which were non-DBP precursors.

In addition to THMs, THAAs, and DHAAs, DHANs are another
important class of DBPs because most of them are more toxic than
THMs and HAAs. Ding et al. (2013) found that HANs were about
923�, 116�, 92� and 34� more cytotoxic than THM4, HAAs,
THM THAA DHAA DHAN CH TCNM
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Fig. 2. Effects of ozone dose on DBP yields during subsequent chlorination.
Iodinated THMs and HNMs, respectively. Three DHANs were
detected in this study, which include dichloroacetonitrile (DCAN),
bromochloroacetonitrile (BCAN) and dibromoacetonitrile (DBAN).
As shown in Fig. 2, pre-ozonation reduced the yield of DHANs from
subsequent chlorination at any ozone doses. As the ozone dose
increased from 1 to 6 mg L�1, the DHAN reduction rates increased
from 25% to 57%. The DHAN reductions caused by ozonation were
generally larger than the reductions of THMs and THAAs. It is
consistent with the literatures that reported the typical order of
DBP formation potential (DBPFP) reductions by ozone: DHANs >
THAAs > THMs > DHAAs (Reckhow and Singer, 1985; Yang et al.,
2012; Hua and Reckhow, 2013).

Haloacetaldehydes are the third largest class of halogenated
DBPs on a weight basis (Krasner et al., 2006). In this study, the pri-
ority haloaldehyde CH increased when ozone dosage increased and
reached 0.15 lM at ozone dose of 6 mg L�1. A similar trend was
observed for the effect of pre-ozonation on TCNM formation. It is
likely that the concentrations of aldehydes and dissolved organic
nitrogen species in the hydrophilic NOM were increased after
ozonation, which were the major precursors of CH and TCNM
(Hu et al., 2010; Yang et al., 2012). Previous studies demonstrated
that aldehydes and TCNM could be removed with biofiltration (e.g.
BAC) (Weinberg et al., 1993; Chu et al., 2012). Therefore, the BAC
process may be used by water utilities after ozonation for better
DBP control.
3.2. Effects of ozonation on DBP speciation

Fig. 3 presents the effects of pre-ozonation on the speciation of
THMs, HAAs, and DHANs. TBAA was not shown in this figure
0.0

.1

.2

DBAA

Ozone dose (mg L-1)

0 1 2 3 4 5 6

D
H

A
N

s

0.00

.02

.04

.06
DCAN
BCAN
DBAN

D
H

A
A

s
D

B
P

 y
ie

ld
s 

(µ
M

(d)

Fig. 3. Effects of ozone dose on DBP speciation during subsequent chlorination.
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because it was below the detection limit. It was observed that the
effects of ozonation on the concentration of individual species
within each DBP groups were quite different. Within the THM
group, CHCl3 and CHCl2Br concentrations reached their maxima
when the ozone dose was 2 mg L�1; whereas the CHClBr2 concen-
tration was the highest for an ozone dose at 4 mg L�1 and the
CHBr3 concentration kept increasing with the ozone dose. The
effect on the DHAA group was similar; while the highest DCAA
and BCAA concentrations corresponded to an ozone dose at
2 mg L�1, no inflection point could be observed for the DBAA con-
centration. The effect on THAA group was different; the TCAA and
DBCAA concentrations kept decreasing and increasing with the
ozone dose, respectively, while the BDCAA concentration was the
highest when the ozone dose was 2 mg L�1. Although the total
DHAN yield decreased with increasing ozone dose (Fig. 3d), the
ozone dose showed different impacts on each DHAN species. When
the ozone dosage increased, DCAN yield decreased rapidly, BCAN
yield decreased gradually, while DBAN yield increased continu-
ously. It is clear that pre-ozonation shifts the formation of THMs,
HAAs and DHANs to more brominated species during subsequent
chlorination.

To obtain a better understanding of the effects of pre-ozonation
on DBP speciation, bromine incorporation factor (BIF) is used to
indicate the degree of bromine substitution in DBPs. Eqs. (1)-(4)
present the calculations of the BIFs for THMs, THAAs, DHAA, and
DHANs, respectively (Obolensky and Singer, 2005). As shown in
Fig. 4, the BIF values of these DBPs generally increased after ozon-
ation, and the higher the ozone dose was, the higher the BIF values
were. This confirmed that ozonation shifted the formation of DBPs
to more brominated species. In addition, the BIF values of these
DBPs showed a general order of THMs > DHANs > DHAAs > THAAs.
Although a BIF order of DHANs > THMs � DHAAs > THAAs was
observed in the literatures (Hua et al., 2006; Hu et al., 2010),
Yang et al. (2013) reported that bromine incorporation in THMs
was higher than that in HAAs, and bromine incorporation in HAAs
was higher than that in DHANs when using chlorine dioxide fol-
lowed by chlorination of NOM. Therefore, the water characteristics
also played an important role in DBP speciation.

BIF ðTHMsÞ ¼ ½CHBrCl2� þ 2½CHBr2Cl� þ 3½CHBr3�
½CHCl3� þ ½CHBrCl2� þ ½CHBr2Cl� þ ½CHBr3�

ð1Þ

BIF ðTHAAsÞ ¼ ½BDCAA� þ 2½DBCAA� þ 3½TBAA�
½TCAA� þ ½BDCAA� þ ½DBCAA� þ ½TBAA� ð2Þ
Ozone dose (mg/L)
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Fig. 4. Effects of ozone dose on DBP BIFs during subsequent chlorination.
BIF ðDHAAsÞ ¼ ½BCAA� þ 2½DBAA�
½DCAA� þ ½BCAA� þ ½DBAA� ð3Þ

BIF ðDHANsÞ ¼ ½BCAN� þ 2½DBAN�
½DCAN� þ ½BCAN� þ ½DBAN� ð4Þ
3.3. Effects of bromide addition point on brominated DBP formation

The effect of bromide addition point (before or after ozonation)
was investigated to explore the mechanism for the shifts of more
brominated DBPs with pre-ozonation. As shown in Fig. 5, bromide
spiked before or after ozonation has little effect on the organic DBP
formation and speciation during subsequent chlorination. The only
obvious difference was that bromide spiked before ozonation
resulted in the formation of bromate. However, the concentration
of bromate was far below that of the brominated organic DBPs
(Fig. 6), which will be discussed in detail later. This can be
explained by the competition kinetics of NOM and bromide for
ozone (von Gunten, 2003a). The concentration of humic acid was
almost 10 times higher than that of bromide, and it was expected
that most ozone added was consumed by the reactions with humic
acid. Ozone alone can react with bromide and NOM to produce
brominated DBPs including CHBr3, DBAA and DBAN (Huang et al.,
2004). However, in this study, the yields of all brominated DBP spe-
cies were below the detection limits when ozone was used alone
(i.e. without subsequent chlorination). This indicated that the con-
tributions to brominated DBPs from the reaction between HOBr
(produced from the reaction between ozone and bromide) with
NOM, and from the brominated intermediates formed by HOBr
and NOM (that served as brominated-DBP precursors later) were
insignificant under the conditions of this study. The NOM transfor-
mation caused by ozonation, i.e. from hydrophobic natural NOM of
larger molecular weights to the hydrophilic organic substances of
smaller molecular weights, was the major mechanism for the shifts
to more brominated DBPs.

3.4. Effects of ozonation on bromide distribution

When concentrations of bromate, brominated THMs, bromi-
nated THAAs and brominated DHAAs as well as bromide ion at var-
ied ozone doses were known, mass balance for bromide could be
analyzed for its distribution in the water (Fig. 6). A minimum of
22% of the bromide was contained in brominated THMs which
were the main products after chlorination at various ozone doses.
When the ozone dose increased from 0 to 6 mg L�1, the percentage
of bromate (in terms of bromide) increased from 0 to 15%, while
Fig. 5. Effects of bromide addition point on DBP formation and speciation during
subsequent chlorination. (First bar: bromide spiked after ozonation; second bar:
bromide spiked before ozonation.)
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that of the brominated THMs, THAAs and DHAAs reached their
maximum values of 38%, 9%, and 9%, respectively, at ozone dose
of 2 mg L�1. The total percentage of the brominated DBPs (in terms
of bromide) ranged from 32% to 55% under the conditions of this
study. It is consistent with Krasner et al. (2006) that reported the
typical percentage of total organic bromide accounted for by the
known halogenated DBPs ranged from 6% to 58%.

It appears that dosing ozone may increase the risk by DBPs not
only because of increased total DBPFP, but also because of
increased brominated DBPFP. The ozone dose which causes the
highest risk by DBPs varies with water quality. In our experiment
conditions, ozone dose at 2 mg L�1 caused the highest risk. It
implies that the use of ozone as a primary disinfectant does not
necessarily reduce the DBPFP under any conditions, and the
applied ozone dose need to be taken into serious consideration
by water utilities, especially of those treating high-bromide waters.

4. Conclusions

In this study, 3 mg L�1 (calculated as DOC) humic acid was used
to simulate NOM, pH was controlled at 8.1 ± 0.1, bromide concen-
tration was prepared at about 300 lg L�1, and ozone dose was
ranged from 0 to 6 mg L�1. The ozonation was carried out in a
batch reactor for 20 min. After ozonation, subsequent chlorination
was adopted under the UFC protocol. Under such conditions, some
conclusions can be drawn as follows:

(1) THM, THAA and DHAA formation potentials reached the
maximum values of 1.83, 0.65 and 0.56 lM, respectively,
at 2 mg L�1 ozone dose. CH and TCNM formation potentials
increased while DHAN formation potential decreased with
increased ozone dose. In drinking water treatment, the use
of ozone as a primary disinfectant may increase DBP forma-
tion during subsequent chlorination.

(2) The yields of the principal chlorinated DPBs (i.e. CHCl3 and
DCAA) and brominated DBPs (i.e. CHCl2Br, BCAA and BDCAA)
reached the maximum at ozone dose of 2 mg L�1, whereas
the increasing rates of the brominated DBPs were much
higher than that of the chlorinated DBPs. The ratio of the
brominated DBPs increased significantly after pre-ozona-
tion. Because the brominated DBPs are more cytotoxic than
the chlorinated DBPs, the health risk of DBPs caused by pre-
ozonation followed by subsequent chlorination may be
much higher than that caused by increase of the DBP yields.

(3) The BIF values of THMs, THAAs, DHAAs, and DHANs,
increased by 44%, 78%, 38%, and 125% when ozone dose
increased from 0 to 6 mg L�1, respectively. Such results
indicated that the use of ozone as a primary disinfectant
may cause a shift to more brominated DBPs during subse-
quent chlorination, and the shift may be more evident with
increased ozone dose. According to the bromide mass bal-
ance analysis, the total percentage of brominated DBPs (as
bromide) reached the maximum value of 55% at 2 mg L�1

ozone dose.
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