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chlorination of bromide-containing waters. The decay of oxidants and formation of disinfection byproducts (DBPs) due to the interaction between oxidants and selected metal
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oxides were studied. Selected metal oxides generally enhanced the decay of these halogen-

Cupric oxide

containing oxidants via three pathways: (1) catalytic disproportionation to yield an oxidized

Disproportionation

form of halogen (i.e., halate) and reduced form (halide for chlorine and bromine or chlorite

Bromine

for chlorine dioxide), (2) oxygen formation, and (3) oxidation of a metal in a reduced form

Bromate

(e.g., cuprous oxide) to a higher oxidation state. Cupric oxide (CuO) and nickel oxide (NiO)

Chlorine dioxide

showed significantly strong abilities for the first pathway, and oxygen formation was a side

Chlorate

reaction. Cuprous oxide can react with oxidants via the third pathway, while goethite was
not involved in these reactions. The ability of CuO on catalytic disproportionation of HOBr
remained stable up to four cycles. In chlorination process, bromate formation tends to be
important (exceeding 10 μg/L) when initial bromide concentration is above 400 μg/L in the
presence of dissolved organic matter. Increasing initial bromide concentrations increased
the formation of DBPs and calculated cytotoxicity, and the maximum was observed at pH
8.6 during chlorination process. Therefore, the possible disinfectant loss and DBP formation
should be carefully considered in drinking water distribution systems.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Distribution systems which are the final barriers for drinking water before delivery to the consumer’s tap act as complex reactors in which water quality is governed by various physical, chemical, hydraulic, and operational parameters
(Volk et al., 2002). Maintaining a residual oxidant (chlorine,

chlorine dioxide, etc) is generally adapted to inhibit the regrowth of bacteria and to improve the hygienic drinking water
quality in distribution systems (Li et al., 2019). However, chlorine (in the form of hypochlorous acid, i.e., HOCl, in water)
can react with dissolved organic matter (DOM) to form toxic
disinfection byproducts (DBPs) (Liu et al., 2017; Rook, 1974).
Among various DBPs, the most recognized compounds are trihalomethanes (THMs) and haloacetic acids (HAAs) (Liu et al.,
2018; Richardson et al., 2007), which are fully or partly
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regulated for drinking water worldwide (European Communities, 2007; Ministry of Public Health of China, 2006; U.S. Environmental Protection Agency, 2006).
Bromide (Br− ) is ubiquitous in source waters, with highly
variable levels in a range of 10 to >1000 μg/L (Liu et al., 2012).
The usage of desalinated seawaters, seawater intrusion, and
anthropogenic activities leads to elevated Br− levels (Good and
VanBriesen, 2016; Liu et al., 2018). During chlorination process, Br− can be oxidized to hypobromous acid (HOBr) (Kumar
and Margerum, 1987) which can further react with DOM to
form brominated DBPs (Br-DBPs). The formation of Br-DBPs
is of particular concern since they are more cytotoxic and
genotoxic than their chlorinated analogues (Plewa et al., 2004;
Wagner and Plewa, 2017).
To comply with the current drinking water standards for
regulated DBPs while maintaining disinfection of drinking water, chlorine dioxide (ClO2 ) has been proposed as an alternative secondary disinfectant in several European countries
(Jeong et al., 2012). Its disinfection efficiency is equal or even
superior to chlorine (Gagnon et al., 2004). ClO2 can maintain
a measurable residual and the microbiological quality of the
water was not adversely affected with over 60% reductions
in THMs and HAAs (Volk et al., 2002), primarily because ClO2
reacts with DOM via electron transfer (Baribeau et al., 2002).
Chlorine dioxide, however, forms inorganic chlorite (ClO2 − )
and chlorate (ClO3 − ), and the former one is generally the
primary product. Given that approximately 50% to 70% of
the ClO2 consumed is converted to ClO2 − (Schmidt et al.,
2000), which is regulated at a maximum contaminant level
(MCL) of 1 mg/L by the US EPA (US Environmental Protection
Agency, 2006), the dosage of ClO2 in water treatment should
be < 2 mg/L.
Metal pipes are widely used in distribution systems and
owing to pipe corrosion metal oxides are ubiquitous. Corrosion products inside cast iron pipes consist mainly of goethite
(α-FeOOH) (Hu et al., 2018), while cuprous oxide (Cu2 O) and
cupric oxide (CuO) are dominant corrosion products in copper pipes (Li et al., 2007; Lytle and Liggett, 2016). In addition,
nickel is widely used in the production of stainless steels
water pipe, coating, fittings, and hot/cold plumbing applications. Corrosion of nickel-containing pipe, tubing, and fittings
can lead to the formation of nickel oxide (NiO). The reaction of metal oxides with disinfectants/oxidants can cause
the loss of oxidants. For example, ClO2 can react with Fe3 O4
and Cu2 O by a one-electron transfer mechanism (Liu et al.,
2013b; Zhang, 2008). Concurrent with the decay of halogencontaining oxidants, halate or reduced form of halogen may
be formed as byproducts due to their interaction with metal
oxides. It was reported that bromate (BrO3 − ) could be produced during chlorination of bromide-containing waters in
drinking water distribution systems at levels above 10 μg/L,
which was ascribed to CuO-catalyzed HOBr disproportionation (Liu et al., 2012). Furthermore, in the presence of DOM, the
reaction between DOM and oxidants can compete with HOBr
disproportionation reaction, and thus the formation of BrO3 −
can be inhibited at the expense of halogenated DBP formation. Therefore, understanding how water treatment parameters determine the trade-off between BrO3 − formation and
halogenated DBP formation will help propose their mitigation
strategies for practitioners.
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Given that maintaining a residual is vital for the provision
of hygienically safe drinking water and current regulations for
DBPs in drinking water must be met in distribution systems,
the objectives of this study were to 1) investigate the decay
of disinfectants/oxidants in the presence of typical metal oxides found in water pipes (e.g., Cu2 O, CuO, α-FeOOH, and NiO)
and the corresponding formation of inorganic DBPs in the absence of DOM; 2) elucidate the formation of inorganic and organic DBPs in the presence of DOM under various initial Br−
concentrations and pHs; 3) evaluate the additive theoretical
cytotoxicity based on concentrations of DBPs measured.

1.

Materials and methods

1.1.

Standards and reagents

All chemical solutions were prepared from reagent grade
chemicals or stock solutions using deionized water
(18.2 M cm, Milli-Q, MQ, Millipore). A sodium hypochlorite (NaOCl) solution was used as the source of chlorine
(13% active chlorine, Acros Organics). HOBr solutions were
prepared by reaction of NaOCl with Br− (Liu et al., 2012).
Chlorine dioxide stock solutions were prepared from gaseous
ClO2 by slowly adding diluted H2 SO4 to a NaClO2 solution
(Liu et al., 2013b). Impurities such as chlorine were removed
from the gas stream by a NaClO2 scrubber and the gaseous
ClO2 was passed into MQ water in a steady stream of N2 .
The produced ClO2 stock solution was stored in the dark
at 4 °C, and standardized spectrophotometrically at 359 nm
(ε = 1230 M−1 cm−1 ) (Furman and Margerum, 1998).
Metal oxide (CuO and α-FeOOH) particles were prepared by
the precipitation of cupric and ferric nitrate salts in a sodium
hydroxide solution at pH 11, and then rinsed and dried at 70 °C
for 48 hr. Another commercial CuO mineral from Acros, denoted as CuO-Acros, was also used when needed. The CuO
powder prepared in the laboratory was abbreviated as CuO
throughout this paper unless specified otherwise. Commercial Cu2 O (particles size <5 μm) and NiO (particles size <50
nm) were purchased from Sigma-Aldrich. DOM isolates with
the value of specific UV absorbance at 254 nm (SUVA254 ) of
1.1 L/m/mg were used in this study as the model DOM.

1.2.

Analytical methods

Residual oxidants were analyzed spectrophotometrically
by the N,N-diethyl-p-phenylenediamine (DPD) method
(American Public Health Association, 1998). The anions of
BrO3 − , chloride, ClO2 − , and ClO3 − were quantified by a Dionex
5000 Reagent-Free ion chromatograph (IC). Total dissolved
organic carbon (TOC) was analyzed by a Shimadzu TOC-Vcsh
Analyzer. THMs and HAAs were analyzed by EPA Method 551
and 552, respectively, with some modifications(Liu and Croue
, 2016).

1.3.

Experimental setup

All experiments were conducted in the dark and under continuous agitation by a stir plate at a rate of 350 rpm at room temperature (21 ± 1 °C). Reactions were initiated by the addition
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of metal oxides (CuO, Cu2 O, NiO, and α-FeOOH) to the tetraborate buffered oxidant (e.g., HOCl, HOBr, and ClO2 ) solution. The
DOM isolate or Br− was added when required. To investigate
the formation of organic DBPs in the presence of DOM, experiments were conducted in 250 mL capped amber bottles under
headspace-free conditions. Samples were withdrawn at preselected time intervals, filtered through a 0.45 μm syringe filter
(surfactant-free cellulose acetate membrane) which was pretreated with the corresponding oxidant solution (ca. 1 mg/L)
to minimize the potential oxidant demand by the filter. Residual oxidant concentrations in filtered samples were analyzed
by the DPD method. For product (ClO2 − , ClO3 − , BrO3 − , THMs,
and HAAs) analyses, the samples were quenched by sulfite (for
HOCl or HOBr) or purged immediately with N2 gas for at least
5 min (for ClO2 only). Each experiment was performed at least
in duplicate.

1.4.
Calculations of theoretical cytotoxicity of DBPs
measured
The theoretical cytotoxicity assessment was performed by
summing the individual toxic potency-weighted DBP concentrations in which molar concentrations of each DBP in the
original water sample are divided by the corresponding LC50
value which is determined in toxicological assay, considering
that the cytotoxicity is additive (Lau et al., 2020). The LC50
value is the concentration of each individual DBP inducing a
50% reduction in the density of Chinese Hamster Ovary cells
for 72 hr (Wagner and Plewa, 2017). The LC50 values of individual DBPs (BrO3 − , THMs, and HAAs) were available in the literature Wagner and Plewa (2017). The data for the DBP formation under various initial DOM concentrations and CuO doses
were collected from reference (Liu and Croue, 2016). This approach has been used to assess toxicity of measured DBPs and
evaluate the contribution of individual DBPs to the total DBPassociated toxicity (Krasner et al., 2016; Liu et al., 2018, 2019;
Plewa et al., 2017).

Significant oxidant decay in HOCl-Br− -MeO system can be
ascribed to the interaction between chlorine and metal oxides
or interaction between bromine and metal oxides. Therefore,
the pure system containing only HOBr and metal oxides was
employed (Fig. 1b). There was no significant HOBr demand in
the absence of metal oxides and the k’ was <1 × 10−5 sec−1 .
Likewise, the presence of metal oxides enhanced the decay
rate of HOBr. The k’ values were 1 × 10−5 ,2.4 × 10−5 ,1.5 × 10−4 ,
and >5 × 10−3 sec−1 for α-FeOOH, Cu2 O, CuO, and NiO, respectively. It appeared that only CuO and NiO can significantly enhance the HOBr decay.
Given the strong interaction between HOBr and metal oxides (mainly CuO and NiO) and the similarity HOCl to HOBr,
additional experiment was performed to examine the decay
of HOCl in the presence of CuO and NiO (Figure 1c). Not surprisingly, the decay of HOCl was significantly enhanced by
the presence of CuO and NiO. The decay of HOCl followed
pseudo-first-order kinetics, and the k’ values were 1 × 10−3
and 3.6 × 10−3 sec−1 for CuO and NiO, respectively. When compared to the k’ obtained in absence of metal oxides, the k’ was
enhanced by 2–3 orders of magnitude by the presence of CuO
and NiO.
In contrast with HOCl/HOBr in which pseudo-first-order kinetics were employed to fit the oxidant decay, the decay of
ClO2 followed second-order kinetics, and plots of the reciprocal of the concentration vs. time resulted in a linear correlation (Fig. 1d). Slight ClO2 loss was observed in the absence
of metal oxides, which was attributed to volatilization under continuous agitation. Applying second-order kinetics, the
second-order rate constant (k) value was 0.4 (mol/L)−1 sec−1 .
Akin to the HOBr-MeO system, slight increases in the k for ClO2
decay in the presence of α-FeOOH and Cu2 O were observed
(k = 0.5 and 3.1 (mol/L)−1 sec−1 , respectively). On the contrary,
in the presence of CuO and NiO, the ClO2 decay was significantly enhanced with k values of 13.8 and 26.4 (mol/L)−1 sec−1 ,
respectively. Again, this implies the strong interaction between oxidants and metal oxides (CuO and NiO).

2.1.2.

2.

Results and discussion

2.1.
Interaction between oxidants and metal oxides in the
absence of DOM
2.1.1.

Oxidant decay

Fig. 1 shows the kinetic plots for the decay of oxidants in the
presence of metal oxides under different systems. The decay
of residual oxidants in HOCl-Br− -MeO followed pseudo-firstorder kinetics (Fig. 1a). In the absence of metal oxides, the
pseudo-first-order rate constant (k’) was 4 × 10−6 sec−1 , indicating that there was no significant oxidant decay since HOCl
cannot further react with HOBr (Margerum and Hartz, 2002).
The presence of metal oxides enhanced the k’, and the k’ values were 6 × 10−6 , 2 × 10−5 , 1 × 10−4 , and 1.9 × 10−3 sec−1
for α-FeOOH, Cu2 O, CuO, and NiO, respectively. This indicates
the strong interaction between oxidants (chlorine or bromine)
and metal oxides (especially CuO and NiO). Of the four metal
oxides, the presence of CuO and NiO significantly elevated the
k’ for the oxidant decay by two or three orders of magnitude.

The formation of inorganic DBPs

Since significant oxidant decay was observed from the interaction between oxidants and metal oxides, the formation of
halate from such system was investigated to understand the
fate of halogen (Fig. 2). Only in the presence of CuO, significant BrO3 − was formed in HOCl-Br− -CuO system. For example, upon 29.6 μmol/L oxidant consumption, the concentration
of BrO3 − formed was 7.2 μmol/L. Considering the initial Br−
concentration of 10 μmol/L, the BrO3 − yield was 72%, which
means that BrO3 − was the major product for bromine species.
Interestingly, after a lag phase for oxidant demand, the plot of
3BrO3 − vs. HOX (BrO3 − formation vs oxidant consumption)
at different reaction times for different pHs showed reasonable linear correlation, indicating that BrO3 − may be formed
from the decomposition of HOBr. For other metal oxides, the
insignificant formation of BrO3 − indicated that the reduced
form of halogen species (Cl− or Br− ) was the major sink.
Considering the proportional formation of BrO3 − in the
mixed system (in the coexistence of HOCl and HOBr), the
BrO3 − formation in HOBr-MeO system was studied (Fig. 2b).
It was seen that significant BrO3 − was formed in the presence
of CuO and NiO, and thus the catalytic disproportionation of
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Fig. 1 – Kinetic plots for the decay of oxidants in the presence of metal oxides: (a) Pseudo-first-order kinetics for
HOCl-Br− -MeO; (b) Pseudo-first-order kinetics for HOBr-MeO; (c) Pseudo-first-order kinetics for HOCl-MeO; (d) Second-order
kinetic for ClO2 -MeO. Experimental conditions: temperatures: 21 ± 1 °C. (a) [MeO] = 0.2 g/L, [HOCl]0 = 36 μmol/L,
[Br− ]0 = 800 μg/L (10 μmol/L), pH = 8.6; (b) [MeO] = 0.2 g/L, [HOBr]0 = 36 μmol/L, pH = 8.6; (c) [MeO] = 0.2 g/L,
[HOCl]0 = 28 μmol/L, pH = 7.6; (d) [MeO surface area] = 3.6 m2 /L, [ClO2 ]0 = 32 μmol/L, pH = 8.6. The data for Figs. 1b and d
were from references (Liu et al., 2012; Liu et al., 2013b)

HOBr can be proposed, which was described as Eq. (1) using
CuO as an example.
CuO

3HOBr −−→ BrO3 − +2Br− +3H+

(1)

The plot of 3BrO3 − vs. HOBr (the stoichiometry in HOBr
disproportionation in Eq. (1)) at different reaction times for different pHs showed linear correlations. A lag phase for BrO3 −
formation in the presence of NiO was observed, probably because the HOBr adsorption onto NiO surface at the beginning
stage does not form BrO3 − . Our previous studies showed that
the disproportionation of HOBr was initiated by the HOBr adsorption on the metal oxide surface (Liu et al., 2012; Liu et al.,
2013a). The fitted slopes (i.e., fractions of BrO3 − formation over
the total HOBr decay) are 0.77 and 0.61 for CuO and NiO, respectively. This demonstrated that in addition to the disproportionation pathway, other pathway (i.e., oxygen formation)
exists, as shown in Eq. (2).
CuO

2HOBr −−→ 2Br− +O2 +2H+

(2)

However, the latter pathway is minor since the slope was
higher than 0.5. Even though α-FeOOH and Cu2 O can lead to
slight HOBr decay, the formation of BrO3 − was insignificant.
It was reported that Cu2 O can be oxidized to CuO by HOBr
(Liu et al., 2013a).
Akin to HOBr, the disproportionation of HOCl in the presence of CuO and NiO leads to the formation of ClO3 − (Fig. 2c).
Taking CuO as an example, the reaction can be formulated in
Eq. (3).
CuO

3HOCl −−→ ClO3 − +2Cl− +3H+

(3)

The fitted slopes (fractions of ClO3 − formation over the total HOCl decay: 0.18 and 0.03 for CuO and NiO, respectively)
indicated that the disproportionation pathway is minor. The
oxygen formation pathway predominates, as shown in Eq. (4).
CuO

2HOCl −−→ 2Cl− +O2 +2H+

(4)

In analogy to HOCl and HOBr, significant ClO3 − formation
was observed from enhanced decay of ClO2 in the presence
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Fig. 2 – Formation of halate vs. consumption of oxidants in the presence of metal oxides: (a) 3BrO3 − vs. HOX in
HOCl-Br− -MeO; (b) 3BrO3 − vs. HOBr in HOBr-MeO; (c) 3ClO3 − vs. HOCl in HOCl-MeO; (d) 2ClO3 − vs. ClO2 in
ClO2 -MeO. Experimental conditions: temperatures: 21±1 °C. (a) [MeO] = 0.2 g/L, [HOCl]0 = 36 μmol/L, [Br− ]0 = 800 μg/L
(10 μmol/L), pH = 8.6; (b) [MeO] = 0.2 g/L, [HOBr]0 = 36 μmol/L, pH = 8.6; (c) [MeO] = 0.2 g/L, [HOCl]0 = 28 μmol/L, pH = 7.6; (d)
[MeO surface area] = 3.6 m2 /L, [ClO2 ]0 = 32 μmol/L, pH = 8.6. The data for Figs. 2 b and d were from references (Liu et al.,
2012; Liu et al., 2013b)

of CuO and NiO (Fig. 2d). As expected, ClO3 − was not formed
in significant concentrations in the presence of Cu2 O and αFeOOH. This showed that CuO and NiO can catalyze the disproportionation of halogen-containing oxidant ClO2 (Eq. (5)).
MeO

2ClO2 +H2 O −−−→ ClO2 − +ClO3 − +2H+

(5)

According to Eq. (5), the stoichiometry in ClO2 disproportionation of 2 indicated that the plot of 2ClO3 − vs. ClO2
should yield a linear correlation with slope of 1. However, the
fitted slopes (i.e., fractions of ClO3 − formation over the total
ClO2 decay) are 0.83 and 0.92 for CuO and NiO, respectively, alluding an additional reaction pathway (O2 formation, Eq. (6)).
MeO

4ClO2 +4OH− −−−→ 4ClO2 − +O2 +2H2 O

(6)

In addition, the loss of ClO2 in the presence of Cu2 O did
not lead to the formation of ClO3 − , indicating that ClO2 can
oxidize Cu2 O to a higher oxidation state of copper (i.e., CuO)
(Liu et al., 2013b).

2.1.3.

Stability of CuO for the catalytic activity

Fig. 3 shows the stability of CuO on the enhancement of HOBr
decay and BrO3 − formation. Results indicated that there was
no significant difference for the residual HOBr in the presence
of CuO which was reused for up to four cycles. For example,

after 180 min, 68%, 73%, 67%, and 67% of initial HOBr were consumed by CuO which was used for one, two, three, and four
times. Correspondingly, concentrations of BrO3 − formed were
1.3, 1.3, 1.4, and 1.4 μmol/L. This strongly demonstrated that
the catalytic activity of CuO remained stable up to four cycles.

2.2.

Formation of DBPs in the presence of DOM

As mentioned above, CuO can enhance the disproportionation of halogen-containing oxidants (HOCl, HOBr, and ClO2 ) to
produce toxic halate (i.e., ClO3 − and BrO3 − ). In the presence
of DOM, the reaction between halogen-containing oxidants
and DOM will certainly compete with their disproportionation pathways, inhibiting the formation of halate. In addition,
metal oxides (e.g., CuO) may also affect the halogenation of
DOM and corresponding DBP formation. Our previous study
indicated that ClO2 reacts with DOM mainly via one electron
transfer pathway, not halogen substitution, the formation of
TOCl was low (< 1 μmol/L) (Liu et al., 2013b). Therefore, we will
only focus on the effects of initial Br− concentrations and pH
in chlorination process on the oxidant demand and formation
of BrO3 − , THMs, and HAAs in this study.

2.2.1.

Effect of initial bromide concentrations

Fig. 4 shows the oxidant demand and formation of BrO3 − ,
THMs, and HAAs under varying initial Br− concentration (0-
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Fig. 3 – Effect of CuO stability on (a) residual HOBr and (b)
formed BrO3 − . Experimental conditions:
[HOBr]0 = 29 μmol/L (2.1 mg/L Cl2 ), [CuO-acros] = 0.2 g/L,
pH = 8.6 (2.5 mmol/L tetraborate buffer), temperature:
21 ± 1 °C, reaction time = 3 hr.

400 μg/L) in the presence of CuO. It was seen that an increase
in the initial Br− concentration gradually decreased concentrations of residual oxidant because bromine reacts much
faster with DOM than chlorine (Westerhoff et al., 2004). As expected, increasing the initial Br− concentrations increased the
concentrations of BrO3 − formed, which is in agreement with
previous studies (Hu et al., 2016; Liu and Croue, 2016). For example, BrO3 − concentration approached 10.0 μg/L when initial
Br− concentration was 400 μg/L. In the cases where initial Br−
concentrations were ≤160 μg/L, BrO3 − was not detected.
An increase in initial Br− concentrations enhanced the formation of THMs (Figs. 4b). For example, concentration of THM
(i.e., TCM) in the absence of Br− was 24.8 μg/L, and concentration of THMs were elevated to 119.6 ± 7.4 μg/L. It was reported
that increasing initial Br− concentration can increase the formation of THMs during chlorination process in the absence of
CuO (Ersan et al., 2019; Liu et al., 2018). Moreover, the presence
of CuO can additionally provide an enhancement for THM formation since bromine is much more readily activated by CuO
than chlorine Liu and Croue (2016). Bromide also shifted the
speciation of THMs from chlorinated species to brominated
analogues. For example, when initial Br− concentrations were
≤40 μg/L, chlorinated species (TCM and BDCM) predominate.
For initial Br− concentration of 160 μg/L (i.e., 2 μmol/L), the
concentration of chlorine ([HOCl]0 = 40 μmol/L) was >10 times
higher than the secondarily formed bromine. However, the
concentration of TCM was less than TBM, indicating that the
ability of bromine to produce THMs is at least 10 times higher

Fig. 4 – Effect of initial bromide concentration on (a) residual
oxidant and formed BrO3 − , (b) THMs, and (c) HAAs.
Experimental conditions: [HOCl]0 = 40 μmol/L (2.8 mg/L
Cl2 ), [Br− ]0 = 0–5 μmol/L (0–400 μg/L), [DOC] = 1.3 mg/L,
[CuO] = 0.025 g/L, pH = 8.6, temperature: 21±1 °C, reaction
time = 20 hr.

than chlorine in the presence of CuO. When initial Br− concentrations were ≥160 μg/L, TBM and DBCM were always the
main species, while BDCM and TCM were formed at relatively
low levels.
Concentrations of formed HAAs were significantly less
than THMs. Increasing the initial Br− concentration from 0 to
40 μg/L increased the formation of HAAs. However, a further
increase in initial Br− concentration from 40 to 400 μg/L decreased concentrations of HAA formed. This is likely due to
the limited HAA precursors, as compared with THMs. It was
proposed that THMs and HAAs can be formed from a common
precursor with R-CO-CX3 structure Liang and Singer (2003).
Base-catalyzed hydrolysis yields THMs, while an oxidation
step is requisite to form HAAs. Halogen reacts with organics
through oxidation and halogen substitution pathways Liu and
Croue (2016). Even though bromine is a better halogen incorporation agent, HOBr has a lower redox potential than HOCl
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In a manner analogous to that observed for BrO3 − , concentrations of THMs increased with increasing pH from 6.6
to 8.6, followed by a decrease within pH 8.6–9.6. Hypohalous
acid (HOCl/HOBr) that is present as non-dissociating species
at lower pH (e.g., ≤7.6) shows a higher reactivity than the corresponding hypohalite ion form towards DOM (Deborde and
von Gunten, 2008; Heeb et al., 2014) However, the THM formation is a multi-step process. The enolization of carbonyl
moiety of DOM or the hydrolysis of intermediate (e.g., trihalocarbonyl) to THM reaction is the rate-limiting step, which can
be catalyzed by hydroxide ion. Therefore, the pH effect on the
THM formation were determined by multiple reactions.
Compared with THMs, less HAAs (≤6.8 ± 0.4 μg/L) were
formed within pH 6.6–9.6. The formation of HAAs increased as
the pH increased from 6.6 to 8.6 and then slightly decreased
within pH range of 8.6–9.6. It is known that some species of
trihaloacetic acids are not stable at higher pH (Zhang and
Minear, 2002). As a result, brominated dihaloacetic acids (e.g.,
DBAA) were the main HAA species.

2.3.
DBPs

Evaluation of the calculated cytotoxicity of measured

Since the presence of DOM can diminish the formation of
BrO3 − but yielded organic DBPs, to evaluate the trade-off of
mitigating the formation of BrO3 − over the risk of organic DBP
formation the theoretical cytotoxicity of measured DBPs were
calculated by weighing the concentrations of measured DBPs
against their toxicity index (Fig. 6).

2.3.1.

Fig. 5 – Effect of pH on (a) residual oxidant and formed
BrO3 − , (b) THMs, and (c) HAAs. Experimental conditions:
[HOCl]0 = 40 μmol/L (2.8 mg/L Cl2 ), [Br− ]0 = 10 μmol/L
(800 μg/L), [DOC] = 1.3 mg/L, [CuO] = 0.1 g/L, pH = 6.6–9.6,
temperature: 21 ± 1 °C, reaction time = 2 hr.

(Liu et al., 2018). Absence of oxidative cleavage yields preferentially THMs, other than HAAs. In addition, the potency of
HOBr disproportionation pathway became high at high initial
Br− concentrations, which could reduce the concentrations of
available Br− for brominated HAA formation. With respect to
the speciation, dihaloacetic acids (DCAA, BCAA, and DBAA)
were main species, and TCAA was formed at low levels.

2.2.2.

Effect of pH

Significant oxidant decay (≥76%) was observed at lower pH (6.6
and 7.6) and increasing the pH from 7.6 to 9.6 decreased the
oxidant demand (Fig. 5). This is because CuO preferentially enhanced the decay of chlorine (which is the main oxidant) at
lower pH (Liu et al., 2012). Concentrations of BrO3 − were 6.2,
7.6, 29.2, and 4.2 μg/L for pH 6.6, 7.6, 8.6, and 9.6, respectively
and the maximum BrO3 − formation was observed at pH 8.6
near its pKa (i.e., 8.8). The CuO-catalyzed disproportionation
of HOBr occurs via the interaction between HOBr and OBr−
(Liu et al., 2012)

Influence of initial Br− concentration

It was reported that increasing the initial Br− concentration
increased the theoretical cytotoxicity of measured DBPs in the
absence of CuO since brominated DBPs are generally more
cytotoxic than their chlorinated analogues (Liu et al., 2020).
Not surprisingly, an increase in initial Br− concentration enhanced calculated cytotoxicity (Fig. 6a). Contributions from
HAAs to the calculated cytotoxicity were in the comparable
levels with THMs or even higher at initial Br− concentrations
of 40–160 μg/L, even their concentrations were much lower
than the latter group. Their high toxicity indices can offset
their concentrations Wagner and Plewa (2017). At high initial Br− concentration (400 μg/L), the contribution from BrO3 −
tends to be comparable with THMs and HAAs for calculated
toxicity.

2.3.2.

Influence of pH

Increasing the pH from 6.6 to 8.6 increased calculated cytotoxicity (Fig. 6b), since an increase in concentrations of BrO3 − ,
THMs, and HAAs was observed. Among the DBPs formed,
BrO3 − seems to be the forcing agent for calculated toxicity
within pH 6.6–8.6 because of its high toxicity index and relatively high formation. Nevertheless, when pH was ≥ 8.6, the
calculated toxicity decreases with increasing pH owning to
the decreased formation of DBPs and contribution from BrO3 −
was comparable with THMs and HAAs.

2.3.3.

Influence of initial DOM concentration

In the absence of CuO, an increase in initial DOM concentration was expected to increase the DBP formation and thereby
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Fig. 6 – Effects of (a) initial Br− concentrations, (b) pH, (c) initial DOM concentrations, and (d) CuO dose on calculated
cytotoxicity of DBPs measured. Experimental conditions: [HOCl]0 = 40 μmol/L (2.8 mg/L Cl2 ), temperature: 21 ± 1 °C. (a)
[Br− ]0 = 0–5 μmol/L (0–400 μg/L), [DOC] = 1.3 mg/L, [CuO] = 0.025 g/L, pH = 8.6, reaction time = 20 h; (b) [Br− ]0 = 10 μmol/L
(800 μg/L), [DOC] = 1.3 mg/L, [CuO] = 0.1 g/L, pH = 6.6–9.6, reaction time = 2 hr; (c) [Br− ]0 = 10 μmol/L (800 μg/L),
[DOC] = 0.7–10.0 mg/L, [CuO] = 0.025 g/L, pH = 8.6, reaction time = 8 hr; and (d) [Br− ]0 = 10 μmol/L (800 μg/L),
[DOC] = 1.3 mg/L, [CuO] = 0–0.2 g/L, pH = 8.6, reaction time = 2 hr.

increase the calculated toxicity since more reactive sites (precursors) are available (Liu et al., 2018). However, in the presence of CuO increasing initial DOM concentrations decreased
theoretical cytotoxicity (Fig. 6c). When initial DOM concentrations were 0.7–1.3 mg C/L, BrO3 − was the major contributor to the calculated cytotoxicity. Bromate which was among
the most toxic DBPs measured in this study was formed
at higher concentrations than THMs and HAAs Wagner and
Plewa (2017). At high initial DOM concentrations (> 2.5 mg
C/L), due to the insignificant BrO3 − formation, THMs were the
contributors to the calculated total cytotoxicity.

2.3.4.

Influence of CuO dose

As expected, increasing the CuO dose from 0–0.2 g/L increased
the calculated cytotoxicity since CuO can enhance the formation of BrO3 − , THMs, and HAAs (Fig. 6d). In the absence of CuO,
THMs and HAAs were major contributors to the total calculated toxicity. The presence of CuO catalyzed the HOBr disproportionation, yielding BrO3 − which tends to be forcing agent
to the calculated cytotoxicity. Even an increase in concentrations of THMs and HAAs was observed with increasing CuO
dose (0.05–0.2 g/L), BrO3 − was always the major contributor
due to its lower LC50 value and relatively high formation.
It should be noted that the theoretical cytotoxicity was calculated based on the measured DBPs, which are currently regulated by drinking water standards. Nevertheless, these DBPs

only account for partial total organic halogen (Liu et al., 2018).
It was known that unregulated nitrogenous DBPs (N-DBPs,
e.g., haloacetonitrile, haloacetamide, etc) are more cytotoxic
and genotoxic than the regulated BrO3 − , THMs, and HAAs
(Plewa et al., 2004; Wagner and Plewa, 2017). Future research
should be addressed to include all DBPs (especially N-DBPs) for
toxicity calculation and to experimentally evaluate the toxicity of DBP mixture for verification.

2.4.

Mechanistic considerations

According to our results, the interaction between halogencontaining oxidants and metal oxides occurs via three main
reaction pathways: (1) catalytic disproportionation to halate
(BrO3 − or ClO3 − ) and reduced form of halogen (ClO2 − or chloride) Eqs. (1), ((3), and (5)); (2) oxygen formation Eqs. (2), ((4),
and (6)); and (3) oxidation of metal to a higher valence state.
Among the various metal oxides studied, CuO and NiO can
catalyze the disproportionation reaction (pathway 1). Meanwhile, oxygen formation (pathway 2) can also occur as a side
reaction. α-FeOOH and Cu2 O show no effect on pathway 1, but
Cu2 O can react with oxidants through pathway 3 (Liu et al.,
2012; Liu et al., 2013a, 2013b).
Based on a kinetic model which was developed to better understand the multiple step reactions of CuO-enhanced
decay of halogen-containing oxidants, there is a rapid pre-
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Fig. 7 – Typical half-lives of oxidants in the presence of CuO
under typical drinking water distribution system
conditions: CuO = 0.1–0.2 g/L; Chlorine or
bromine = 2.5 mg/L Cl2 ; ClO2 = 2.0 mg/L.

ClO3 − , and organic DBPs) could become another concern. Our
results indicated that BrO3 − formation can be of concerns (exceeding 10 μg/L drinking water regulation) when initial Br−
concentrations are above 400 μg/L. This can be applied to
some types of waters with high Br− level but low concentration of DOM (e.g., desalinated seawaters, ground waters) and
in coastal regions under seawater intrusion. In addition, the
formation of organic DBPs (e.g., THMs and HAAs) could be
also a problem since CuO can activate the reactivity of chlorine/bromine towards DOM, leading to enhanced formation
of THMs and HAAs. Therefore, compromise should be taken
into consideration between maintaining residual oxidants
and mitigating byproduct formation in copper-containing distribution systems.

3.
equilibrium step with the formation of a complex between
halogen molecules (HOCl, HOBr, and ClO2 ) and CuO (Liu et al.,
2012; Liu et al., 2013b). Complexation of halogen molecules
by the Lewis acid CuO polarizes the halogen atom thus increasing its electrophilicity. The halogen-CuO complex can
react with itself to give halate and reduced form of halogen in the absence of DOM. Moreover, CuO-adsorbed halogen has a higher reactivity towards DOM than halogen in homogeneous solutions, leading to enhanced formation of organic DBPs Liu and Croue (2016). For chlorination of bromidecontaining waters, the rapid formation of HOBr from oxidation
of Br− by HOCl can be subject to the CuO-catalysed disproportionation, leading to the formation of BrO3 − and Br− . In the
excess of HOCl, the released Br− can be re-oxidized to HOBr
(catalytic cycle) until the free Br− was depleted.

2.5.

Conclusions

The interaction between halogen-containing oxidants and
metal oxides occurs via three main reaction pathways: (1) catalytic disproportionation to halate (BrO3 − or ClO3 − ) and reduced form of halogen (ClO2 − or chloride); (2) oxygen formation; and (3) oxidation of metal (e.g., cuprous) to a higher valence state. The first pathway can lead to enhanced BrO3 − formation during chlorination of bromide-containing waters in
the presence of CuO and NiO. However, Cu2 O and α-FeOOH
were not involved in pathways 1 and 2. Increasing the initial
Br− concentrations increased the formation of BrO3 − , THMs,
and calculated cytotoxicity. Maximum formation and calculated cytotoxicity of DBPs were at pH 8.6. Since significant oxidant loss and DBP formation can occur during distribution of
disinfected waters in the presence of metal oxides (e.g., copper pipes), water quality should be monitored in distribution
systems and at consumer’s taps.

Implications on drinking water distribution systems

Metal oxides are ubiquitous in distribution systems and
household plumbing due to pipe corrosion of metal pipes or
contamination of metal ions. Our results indicate several concerns when halogen-containing oxidants are used in distribution systems containing metal pipes: (1) consumption of oxidants by metal (oxides); (2) inorganic product formation; and
(3) enhanced formation of toxic organic DBPs.
The interaction between metal oxides and oxidants can
lead to the unexpected loss of residual in distribution systems,
especially for long residence times. Fig. 7 summarizes typical half-lives of oxidants in the presence of CuO under typical
drinking water distribution system conditions. At the typical
pH 8.0 in drinking water distribution systems, the half-life of
chlorine was less than 100 min; and bromine and ClO2 have
longer half-lives. However, their half-lives are pH dependent.
Increasing the pH increased the half-live of chlorine but decreased the half-lives of bromine and ClO2 . As a result, when
chlorine is used as a secondary disinfectant, high pH is desired
to maintain a residual. On the contrary, low pH is preferential
for ClO2 if corrosion of metal pipe can be controlled.
In cases where maintaining a residual is a challenge, the
dose of oxidants has to be increased. Nevertheless, the resulting formation of byproducts (inorganic BrO3 − , ClO2 − , and
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