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of bromide ion (Br− ). Considering the risk of bromate (BrO3 − ) formation in ozonation of the
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(NH3 ) on BrO3 − formation during ozonation process were compared. The addition of H2 O2

sand-filtered water, the inhibitory efficiencies of hydrogen peroxide (H2 O2 ) and ammonia
Bromate

effectively inhibited BrO3 − formation at an initial Br− concentration amended to 350 μg/L.

Trihalomethanes

The inhibition efficiencies reached 59.6 and 100% when the mass ratio of H2 O2 /O3 was 0.25

Ozone

and > 0.5, respectively. The UV254 and total organic carbon (TOC) also decreased after adding

Hydrogen peroxide

H2 O2 , while the formation potential of trihalomethanes (THMsFP) increased especially in

Ammonia

subsequent chlorination process at a low dose of H2 O2 . To control the formation of both

Water treatment

BrO3 − and THMs, a relatively large dose of O3 and a high ratio of H2 O2 /O3 were generally
needed. NH3 addition inhibited BrO3 − formation when the background ammonia nitrogen
(NH3 –N) concentration was low. There was no significant correlation between BrO3 − inhibition efficiency and NH3 dose, and a small amount of NH3 –N (0.2 mg/L) could obviously
inhibit BrO3 − formation. The oxidation of NOM seemed unaffected by NH3 addition, and
the structure of NOM reflected by synchronous fluorescence (SF) scanning remained almost
unchanged before and after adding NH3 . Considering the formation of BrO3 − and THMs, the
optimal dose of NH3 was suggested to be 0.5 mg/L.
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Introduction
As a strong oxidant, O3 can effectively degrade micropollutants such as endocrine disruptors and pharmaceuticals
(Snyder et al., 2006; Zwiener and Frimmel, 2000), and has
been widely applied in drinking water treatment including pre-oxidation (Guo et al., 2006), intermediate oxidation
and disinfection (Tentscher et al., 2018). However, the formation of BrO3 − is inevitable during ozonation of bromidecontaining water, which is a potential carcinogenic disinfection by-product (DBP) (WHO, 1990; Antoniou et al., 2016). Br−
is commonly present in both fresh water and seawater. The
concentration of Br− in seawater was recorded to be as high
as 67 mg/L, while in fresh water varies greatly within 10–
1000 μg/L (Xie et al., 2004; Heeb et al., 2014). The highest concentration of Br− in water supply reservoirs in Shenzhen was
73.3 μg/L, and in polluted rivers exceeded 1000 μg/L (Du et al.,
2005; Zhang et al., 2008a). As one of the main factors affecting
the formation of BrO3 − , Br− concentration should be inhibited when it reaches 50 μg/L (von Gunten and Hoigne, 1994;
Driedger et al., 2001).
During the process of ozonation, Br− could be oxidized to
BrO3 − under the combined reaction of O3 and HO• (formed
in O3 decomposition) (Appendix A Fig. S1). HOBr/OBr− is an
important intermediate product in the formation of BrO3 − .
It should be noted that OBr− can react with O3 and HO•
at the same time, while HOBr can only react with HO• , so
OBr− is relatively more active Eqs. (1)–((3)) Buxton et al., 1988;
Haag and Hoigne, 1983). von Gunten and Hoigne (1994) found
that O3 mainly affected the oxidation of Br− →HOBr/OBr− and
BrO2 − →and3 − , while HO• mainly affected the formation of reactive bromine radicals such as Br• and BrO• (Eqs. (4)–((6)). Under common water treatment conditions, the blue arrows in
the figure shows the main formation pathway of BrO3 − .
OBr− + O3 → BrO−
2 + O2

HOBr + NH3 → NH2 Br + H2 O

(7)

−
+
NH2 Br + 3O3 → NO−
3 + Br + 3O2 + 2H

(8)

+
H2 O2 + H2 O  HO−
2 + H3 O

(9)

•
−
O3 + HO−
2 → +HO + O2 + O2
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H2 O2 + OBr− → H+ + Br− + H2 O + O2

(11)

−
HO−
2 + HOBr → Br + H2 O + O2

(12)

(1)

OBr− + HO• → BrO• + OH−
•

source water enters the stage of ozonation after coagulation,
sedimentation and sand filtration. Previous studies reported
that BrO3 − formation could be effectively controlled by adding
acid (to reduce pH value) Krasner et al., 1993), HO• quenching
agent (Song et al., 1996), NH3 (Hofmann and Andrews, 2001;
Huang et al., 2010), and H2 O2 (von Gunten et al., 1996;
Wang et al., 2014). In addition, heterogeneous catalytic ozonation has also been widely studied (Zhang et al., 2008b, 2011b;
Wu et al., 2014; Li et al., 2015). In view of the process equipment
and water quality conditions, adding chemicals is the most
convenient and economical method. NH3 could not affect the
oxidation and disinfection effects of O3 (Pinkernell and von
Gunten, 2001). On the contrary, NH3 could react with HOBr to
generate NH2 Br (Eq. (7)), which would be slowly oxidized by O3
to nitrate (NO3 − ) and Br− (Eq. (8)), thus controlling the formation of BrO3 − (Haag et al., 1984; Buffle et al., 2004). H2 O2 is the
product of ozonolysis, which plays two different roles in the
formation of BrO3 − . Low concentrations of H2 O2 can promote
the formation of BrO3 − , because HO2 − can react with O3 to
form HO• (Eqs. (9)–(10), von Gunten, 2003). However, high concentrations of H2 O2 could reduce HOBr/OBr− to Br− (Eqs. (11)–
(12)), and inhibit the formation of BrO3 − (von Gunten and Oliveras, 1998; Acero et al., 2001).

(2)

•

HOBr + HO → BrO + H2 O

(3)

Br− + O3 → OBr− + O2

(4)

−
BrO−
2 + O3 → BrO3 + O2

(5)

Br− + HO• → Br• + OH−

(6)

This study was based on the formation and control of
BrO3 − and THMs during ozonation of sand-filtered water from
a water treatment plant in Shanghai. The objectives were to:
(1) investigate the effect of O3 dose on BrO3 − formation; (2)
explore the effect of O3 /H2 O2 and O3 /NH3 processes on BrO3 −
and THMs; (3) investigate the influence of H2 O2 and NH3 on
the structure change and removal of NOM, and evaluate the
feasibility of H2 O2 and NH3 as BrO3 − inhibitors.

−,

In order to reduce the exposure risk of BrO3
appropriate measures should be taken to control BrO3 − formation in drinking water. The removal of BrO3 − is currently
based on laboratory researches, mainly including photocatalysis (Liu and Gao, 2005; Xie and Shang, 2005), activated carbon
reduction (Siddiqui et al., 1996) and UV treatment (Phillip et al.,
2006). However, when the granular activated carbon was gradually converted into biological activated carbon, the removal
rate of BrO3 − was significantly reduced (Asami et al., 1999),
and normal disinfection UV dose could not efficiently reduce
BrO3 − (Peldszus et al., 2004).
The advanced treatment process of ozone-activated carbon is adopted in our studied water treatment plant. The

1.

Materials and methods

1.1.

Chemicals

Chemicals used were at least of analytical grade. KBr,
KBrO3 , H2 O2 (30%), NH4 Cl, NaClO and K2 TiO(C2 O4 )2 were all
purchased from Sinopharm Chemical Reagent Co. (China).
Methyl–tert–butyl–ether (MTBE) was purchased from Fisher
(USA). THMs calibrations were provided by J&K Scientific LTD.
(China). Ultrapure water (18.2 M cm) was produced by a MilliQ system (Advantage A10, Millipore, USA).
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1.2.

113

Experimental procedures

The experimental water was sampled from the effluent of a
water treatment plant after sand filtration in Shanghai. The
water quality indicators are shown in Appendix A Table S1.
The concentration of NH3 –N after sand filtration varies greatly,
with only 0.04 mg/L in June and 0.4 mg/L in May. The Br− concentration in raw water was relatively low ( 0.04o μg/L). In order to investigate the inhibition of H2 O2 and NH3 on BrO3 − ,
KBr was added to water samples to keep the Br− concentration
at about 350 μg/L. All experiments were performed in a reactor
with 1 L water samples. We adjusted the flow rate and concentration of O3 in the inlet gas for 2 min of aeration, and continued the contact reaction for 8 min (10 min in total). The dose
of gaseous O3 during the reaction was calculated by Eq. (13).
O3 dose =

CO3 ,gas × QO3 ,gas × t
V

(13)

where CO3 ,gas (mg/L) is the concentration of O3 at the reactor
inlet; QO3 ,gas (L/min) is the flow rate of O3; t (min) is the reaction
time; V (L) is the reactor volume.

1.3.

Analytical methods

The O3 dose in the gas phase was determined by IDEAL-2000
monitor (Zibo Ideal Co., Ltd., China), and the detection range
was 0–40 mg/L; NH3 –N concentration and UV254 were determined by a water quality analyzer (DR6000, HACH, USA); TOC
was measured with a TOC-VCPN analyzer (Shimadzu, Japan);
H2 O2 concentration was determined by titanium salt spectrophotometry (Jiang et al., 2006).
NO3 − concentration was analyzed by ion chromatography
(ICS-2000, Dionex, CA, USA) with an AS19 column (4 × 250 mm)
and an eluent of 30 mM KOH at a flow rate of 1 mL/min. Water samples were filtered (0.45 mm) prior to chromatographic
analysis and the injection volume was 20 mL.
Three-dimensional fluorescence analysis was performed
on a fluorescence spectrophotometer (Angilent Cary Elipse,
USA). The excitation wavelength of Excitation-EmissionMatrix Spectra (EEM) was changed from 240 to 400 nm at 5 nm
intervals, and the emission wavelength was scanned from 300
to 500 nm at 2 nm intervals at a scanning rate of 5000 nm/min.
The Raman peaks (excitation 348 nm, emission 395–400 nm)
of water were determined daily as quality control. SF analysis
was performed from 240 to 500 nm.
Chloroform (TCM), dichlorobromomethane (DCBM), dibromochloromethane (DBCM) and bromoform (TBM) samples
(extracted with MTBE) were analyzed by a gas chromatograph
(6890 N, Agilent, CA, USA) equipped with an electronic capture detector. The retention times of the four substances were
2.480, 3.375, 5.581 and 9.948 min, respectively.

2.

Results and discussion

2.1.

BrO3 − formation during ozonation

As shown in Fig. 1a, the decay rate of O3 increased with the
increase of its initial concentration. Accordingly, more BrO3 −

Fig. 1 – Effect of ozone dose on bromate formation.
Experimental conditions: Temperature 20 °C, Br− o 350 μg/L.

was formed by consuming more O3 . However, no BrO3 − was
formed when O3 dose in the liquid phase was O its mg/L
(Fig. 1b). This was because NOM in water competed with Br−
to consume O3 . The Br− measured at two O3 doses (0.1 and
0.3 mg/L) with no BrO3 − formation did not decrease during the reaction. Therefore, there was no oxidation of Br− to
HOBr/OBr− , and no reaction of HOBr/OBr− with NOM. Because
the reaction of Br− to BrO3 − is multi-step, while the reaction of
NOM with O3 and HO• is single and rapid, and the concentration of NOM in real water (expressed by TOC) is much higher
than that of Br− . Hence, under the condition of low O3 dose,
NOM preferentially reacted with O3 , and Br− could not be oxidized to BrO3 − . When the O3 dose was Oe o mg/L, the BrO3 −
concentration in the effluent was more than 10 μg/L. When
the O3 dose reached 2.3 mg/L, the BrO3 − concentration after
exposure to oxidation for 10 min was as high as about 130 μg/L.
Therefore, when the O3 dose in liquid phase increases, BrO3 −
control must be considered.

2.2.
Effect of H2 O2 and NH3 on BrO3 − formation during
ozonation
The O3 dose was determined to be 2.3 mg/L, and the dose of
H2 O2 added was changed. The effects on BrO3 − formation after oxidation were observed with different H2 O2 /O3 ratios. It
can be seen from Fig. 2a that the addition of H2 O2 effectively
inhibited the formation of BrO3 − . When H2 O2 /O3 = 0.25 (the
dose of H2 O2 was 0.6 mg/L), the reduction rate of BrO3 − was
60%. When H2 O2 /O3 ≥ 1, the residual H2 O2 in liquid phase was
more than 1 mg/L, which reduced HOBr/OBr− to Br− , inhibiting
the formation of BrO3 − . When H2 O2 /O3 = 0.5, the initial H2 O2

114

journal of environmental sciences 110 (2021) 111–118

Fig. 2 – Bromate formation under different mass ratios of
H2 O2 /O3 (a) and different NH3 concentrations (b).
Experimental conditions: Temperature 20 °C, Br− o 350 μg/L,
O3aq,o 2.3 mg/L.

dose was 1.2 mg/L. After 2 min of reaction, it quickly dropped
to 0.26 mg/L, and the O3 concentration dropped to 1.34 mg/L.
However, no formation of BrO3 − was observed, which may be
due to the interference of NOM. Because the TOC was significantly reduced when H2 O2 /O3 ≥ 0.5 (Fig. 4a).
As shown in Fig. 2b, the addition of NH3 can effectively
inhibit the formation of BrO3 − . When the concentration of
BrO3 − formed was low, all NH3 dose can make BrO3 − in effluent lower than 20 μg/L. However, when the concentration
of BrO3 − was high, it was necessary to select the appropriate
dose of NH3 . Previous studies reported that when the background NH3 –N concentration was low, with the increase of
NH3 dose, the formation of BrO3 − gradually decreased until
it no longer changed with NH3 dose (Pinkernell and von Gunten, 2001). However, our experimental results showed no definite correlation between the concentration of NH3 and BrO3 −
in the effluent. The possible reason was that the concentrations of BrO3 − in the experiment were close, and the difference between them cannot be reflected. However, we can find
that 0.2 mg/L NH3 dose can achieve a good inhibition effect,
only from the perspective of BrO3 − control, low NH3 dose can
meet the requirements.

2.3.

Effect of H2 O2 and NH3 on O3 decomposition

The addition of H2 O2 could promote the decomposition rate
of O3 (Fig. 3a). The rapid decomposition of O3 was concentrated within 2 min of aeration, at which time the gas and liq-

Fig. 3 – Effect of H2 O2 and NH3 on O3 decomposition.
Experimental conditions: Temperature 20 °C, Br− o 350 μg/L,
O3aq,o 2.3 mg/L.

uid were mixed, and the mass transfer rate and reaction rate
were both accelerated. By contrast, the decay rate of O3 did
not change obviously within the next 8 min. When H2 O2 /O3
≥ 1, O3 in liquid phase was almost exhausted. Therefore, the
effect of O3 on BrO3 − was obviously suppressed. While consuming O3 , the concentration of H2 O2 also rapidly degraded
within 2 min (Fig. 3b), and the degradation rate increased with
the increase of initial concentration. Within 8 min after stopping contact aeration, the concentration of H2 O2 decreased
slowly.
The O3 concentration increased after the addition of NH3
(Fig. 3c), which was attributable to the change of ionic strength
in water caused by NH3 –N (ionic strength is conducive to the
increase of O3 solubility). The principle of NH3 –N controlling the formation of BrO3 − is that NH3 –N could react with
HOBr to generate ammonium bromide (NH2 Br, NHBr2 , NBr3 )
(Wajon and Morris, 1983), which would be slowly oxidized by
O3 to nitrate (NO3 − ) and Br− . As shown in Appendix A Fig. S2,
although the change was small (< 0.2 mg/L), the concentration
of NH3 –N after oxidation decreased, while the concentration
of NO3 –N increased.
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Fig. 4 – Removal of UV254 and TOC under different mass
ratios of H2 O2 /O3 (a) and different NH3 concentrations (b)
(10 min). Experimental conditions: Temperature 20 °C, Br− o
350 μg/L, O3aq,o 2.3 mg/L.

2.4.
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Fig. 5 – SF scanning of raw water and the effluent after O3 ,
O3 /H2 O2 (a) and O3 /NH3 (b) disposal. Experimental
conditions: Temperature 20 °C, Br− o 350 μg/L, O3aq,o
2.3 mg/L.

Effect of H2 O2 and NH3 on NOM removal

The increase of O3 dose reduced UV254 , but could not reduce
the TOC of effluent (Appendix A Fig. S3). However, with the
increase of HO• formed in the O3 –H2 O2 system Eqs. (9)-((10)),
the TOC decreased significantly (Fig. 4a). When H2 O2 /O3 = 1.5,
the TOC of effluent decreased by 20%. The decrease of UV254
was relatively slow, which indicated that the oxidant was HO•
rather than O3 .
The addition of NH3 inhibited the generation of BrO3 − and
also affected the degradation of NOM, as shown in Fig. 4b. The
TOC of raw water was 1.96 mg/L, which generally increased
after ozonation, but there was no significant correlation with
the dose of NH3 . The molecular structures of humic acid and
fulvic acid in NOM are similar to molecular sieves with a large
number of “holes”, and phenol and benzoic acid groups are
bonded to the molecular sieve by hydrogen bonds. These holes
can retain or fix some molecules, and may also entrap some
volatile aromatic compounds. These compounds entrapped
in the polymeric network may be released during oxidation
process, causing an increase in TOC or toxicity (Camel and
Bermond, 1998). O3 degraded macromolecules into smaller
molecules that are more easily oxidized, causing an increase
in oxidation efficiency of water samples detected by TOC analyzer, which is one of the reasons for the increase of TOC detection results (Kleiser and Frimmel, 2000). TOC increased after the addition of NH3 , but UV254 decreased significantly. This
may be related to the increase in O3 dose after the addition of
NH3 (Fig. 3c).

The effect of H2 O2 on the morphology of NOM in water can
also be expressed by SF scanning. SF is continuously scanned
in a certain wavelength range according to the fixed difference
between the excitation and emission wavelengths. SF can reduce the interference caused by peak overlap, so that each
fluorescence component can be found in a certain spectral
range. Fig. 5a shows the results of SF scanning of raw water
after O3 and O3 /H2 O2 disposal. The raw water sample has two
obvious peaks near 260 and 330 nm. The former shows that
the water contains the aromatic amino acids tryptophan and
phenylalanine, as well as protein substances or polyphenols
containing these amino acids; the latter is the peak emitted
by humic acids. This is a common peak of NOM (Chen et al.,
2003). O3 can effectively oxidize substances containing benzene rings and C-C double bonds, so these two peaks gradually decreased with the increase of O3 dose, but the peak
at 390 nm increased (Appendix A Fig. S4). This was the fluorescence emitted by a substance with a structure similar to
flavonoids and coumarin, indicating that O3 did not mineralize NOM, but only transformed the structure of NOM. After
adding H2 O2 , the first two peaks basically disappeared, but
the peak at 390 nm did not change, indicating that oxidation
has little effect on it. This may be one of the precursors of
THMs.
The addition of NH3 cannot promote the decomposition of
O3 to generate HO• , so it is not an advanced oxidation technology. This can also be seen in SF scanning of water samples
before and after the reaction. As shown in Fig. 5b, the addition
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Fig. 6 – Change of THMsFP before and after ozonation (a)
with addition of H2 O2 (b) and NH3 (c). Experimental
conditions: Temperature 20 °C, Br− o 350 μg/L, O3aq,o
2.3 mg/L.

of NH3 had no effect on the fluorescence intensity of the substance, and the decrease in fluorescence intensity was entirely
caused by O3 oxidation.

2.5.
Effect of H2 O2 and NH3 on THMsFP in subsequent
chlorination process
As mentioned above, O3 and O3 /H2 O2 can cause changes in
the structure of NOM in water, which will inevitably affect
DBPs during chlorination. We take THMsFP as an example to
discuss. As shown in Fig. 6a, THMsFP of water samples after
O3 oxidation first increased and then decreased with the increase of O3 dose. THMsFP of effluent was still higher than
that of raw water when the O3 dose was 2.3 mg/L. For the four
components in THMs, with the increase of O3 dose, the formation of TCM and DCBM increased slightly and then remained
basically unchanged, while the formation of DBCM and TBM
first increased rapidly and then decreased slowly, which was
slightly lower than that of raw water at the O3 dose of 2.3 mg/L.
In the O3 /H2 O2 system, THMsFP of effluent also increased first
and then decreased with the increase of H2 O2 dose (Fig. 6b).

The difference was the changes in the four components of
THMs. The addition of a little H2 O2 greatly increased the formation of THMs, especially DCBM and DBCM. These two substances and TCM decreased significantly with the increase of
H2 O2 dose. However, the concentration of TBM is relatively
higher at high H2 O2 /O3 .
Therefore, from the perspective of controlling the formation of THMs, it is necessary to adopt a higher dose of O3 and
a higher H2 O2 /O3 . Although the THMsFP after O3 and O3 /H2 O2
was not much different, the addition of H2 O2 changed its composition and increased the concentration of Br-THMs, which
is more carcinogenic and teratogenic (Komaki et al., 2009;
Richardson et al., 2007).
The NH3 –N in water can react with chlorine to form chloramine with weak oxidation ability during chlorine disinfection, reducing the formation of DBPs. As shown in Fig. 6c,
with the increase of NH3 addition, THMsFP of raw water decreased significantly, in which the formation of TCM remained
basically unchanged, and the concentration of brominated
halomethane decreased significantly. The situation after O3
oxidation was slightly different. When NH3 –N ≤ 0.5 mg/L, the
THMsFP after oxidation decreased, mainly due to the decrease
of brominated halomethane; while NH3 –N concentration ≥
1.0 mg/L, the THMsFP was instead slightly increased, especially TBM. Zhang et al. (2011a) reported that when Cl2 /N ratio < 5 during disinfection, chloramine was the main disinfectant, and the main reaction was substitution; when Cl2 /N
ratio > 5, chlorine disinfection and oxidation reaction were the
main process. In this study, the dose of chlorine was 4 mg/L.
When NH3 –N concentration < 0.5 mg/L (Cl2 /N ratio > 5), chlorine disinfection was the main process, and when NH3 –N concentration ≥ 1.0 mg/L, chloramine was the main disinfectant.
The results of THMsFP showed that the small molecule organic compounds formed by ozonation were more likely to be
substituted. However, when NH3 –N concentration ≥ 0.5 mg/L,
THMsFP was lower than 80 μg/L. Therefore, from the perspective of THMsFP control, 0.5 mg/L NH3 was the best dose.

3.

Conclusion

In this study, inhibition efficiencies of H2 O2 and NH3 on BrO3 −
and THMs formation were investigated. O3 /H2 O2 can effectively inhibit the formation of BrO3 − . When the mass ratio of H2 O2 /O3 were 0.25 and > 0.5, the inhibition efficiencies reached 59.6% and 100%, respectively. UV254 and TOC
decreased by a maximum of 70% and 20% after addition of
H2 O2 , while THMs increased. Considering the formation of
both BrO3 − and THMs, a relatively large dose of O3 (> 2 mg/L)
and a high H2 O2 /O3 ratio (1.5) were needed. The addition of
NH3 can effectively inhibit the formation of BrO3 − at a low
background ammonia concentration, and a great inhibiting
efficiency was obtained at a small dose (0.2 mg/L). UV254 decreased by a maximum of 30% after addition of NH3 , while
TOC sightly increased, and the structure of NOM remained
almost unchanged. Considering the formation of BrO3 − and
THMs, and the limitation of NH3 –N in drinking water, the optimal dose of NH3 was suggested to be 0.5 mg/L.
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