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Hypobromous acid (HOBr), a highly reactive active species, can be formed and impact reaction processes with
organic pollutants in source water during chlorination disinfection of the water containing bromide (Brˉ). In this
study, we investigated the transformation kinetics of 10 parent polycyclic aromatic hydrocarbons (PAHs) and
formation mechanisms of transformation products in the presence of Brˉ during chlorination. The results indi
cated that HOBr can accelerate the processes of electrophilic substitution (ES) and single electron transfer (ET)
reactions in PAHs, and the second-order rate constants of HOBr are 102–103 times higher than those of hypo
chlorous acid (HOCl) with PAHs. HOBr was more conductive to induce ES reactions than HOCl. In water con
taining Brˉ, HOBr and HOCl dominate the reaction processes with PAHs, although other active bromine species
may still affect reaction processes. In terms of transformation products, higher reactivity of HOBr results from
faster formation of oxygenated PAHs (OPAHs) and halogenated PAHs (HPAHs) than HOCl. As an example of 3
model PAHs, anthracene transforms faster to its oxygenated products at a higher concentration, while pyrene and
fluorene transform faster to halogenated products. These fundamental results were essential to understanding the
transformation kinetics of PAHs and the formation of toxic disinfection by-products in the presence of Brˉ.

1. Introduction
The formation of disinfection by-products (DBPs) caused by chlori
nation disinfection has attracted continuous attention (Richardson et al.,
2000; Sedlak and von Gunten, 2011). More than 700 DBPs have been
identified by 2020 (Richardson and Kimura, 2020), and more emerging
DBPs are constantly being discovered. For most countries in the world,
the primary objective of chlorination disinfection is to control water
borne pathogens and disease spread, so it will be still the main disin
fection technology of drinking water for a long time in the future
(Shannon et al., 2008; Xiao et al., 2019). During chlorination, hypo
chlorous acid (HOCl) plays an important role in the formation of DBPs,
especially chlorinated DBPs (Deborde and von Gunten, 2008). However,
since bromide (Brˉ) is ubiquitous in natural water at concentrations from
μg L− 1 to mg L− 1, recent studies have indicated that the presence of Brˉ
impacts the reaction process due to the formation of hypobromous acid

(HOBr) transformed by HOCl (Criquet et al., 2015; Heeb et al., 2014).
Furthermore, HOBr has a significantly higher reaction rate than HOCl,
and can affect the formation of products such as the occurrence of
brominated products (Acero et al., 2005; Heeb et al., 2014; Hu et al.,
2006; Liu et al., 2020). Thus, these insights pose new challenges to
ensuring the safety of drinking water.
Parent polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in
source water with the concentration ranging from 10 to 104 ng L− 1 (Liu
et al., 2011; Wu et al., 2011; Xu et al., 2018). The detection rates of eight
PAHs were all more than 90% in source water from drinking water
treatment plants of China (Song et al., 2015). Chlorination disinfection
of PAHs has been studied for more than four decades (Harrison et al.,
1976a, b; Hu et al., 2006; Liu et al., 2020; Mori et al., 1991; Nilsson and
Colmsjo, 1990; Oyler et al., 1982; Xu et al., 2018). Bench studies have
implied that in the process of chlorination disinfection, PAHs can be
attacked by HOCl or HOBr and then active sites of PAHs are replaced by
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chlorine, bromine and oxygen atoms, which lead to the formation of
PAH derivatives, including halogenated PAHs (HPAHs) and oxygenated
PAHs (OPAHs) (Hu et al., 2006; Liu et al., 2020; Xu et al., 2018).
Recently, these PAH derivatives with ng L− 1 concentration levels,
including 14 HPAHs and 3 OPAHs, have been found in the terminal of
tap water and effluents of municipal wastewater treatment plants
(WWTPs) (Liu et al., 2021a, 2021b, 2019). These PAH derivatives can
similarly induce aryl hydrocarbon receptor (AhR) activity (HPAHs)
(Ohura et al., 2009), DNA-damaging effects (HPAHs) (Huang et al.,
2018) and endocrine disrupting effects (HPAHs and OPAHs) (Machala
et al., 2001; Novakova et al., 2020; Ohura et al., 2010). HPAHs have
stronger bioaccumulation due to their higher octanol-water partition
coefficients (Kow) (Sun et al., 2013), and partial PAH derivatives have
stronger toxicity (eg: AhR activity and estrogenic potencies) than their
corresponding parents, such as 1-chloropyrene (1-Cl-Pyr) and 9,
10-anthraquinone (9,10-Anq) (Supporting Information (SI), Table S1)
(Machala et al., 2001; Ohura et al., 2009). Therefore, their occurrence
has recently attracted the increasing concern.
The reaction mechanisms between HOCl and PAHs were relatively
clear, but the transformation kinetics, reaction types of different PAHs
and further identification of transformation products given the presence
of Brˉ remain to be studied. Our previous results have indicated that
more halogenated and oxygenated products would be formed with
increasing Brˉ concentrations (Liu et al., 2020). Two main reaction
types, electrophilic substitution (ES) and single electron transfer (ET)
reactions occurred between HOBr and PAHs, which led to the formation
of halogenated and oxygenated products, respectively (Liu et al., 2020;
Xu et al., 2018). However, several problems are yet required to be
explained regarding the role of HOBr in the transformation of PAHs. For
example, why can several “inactive” PAHs that rarely react with HOCl
be transformed by HOBr? What is the basic mechanism responsible for
the high reactivity of HOBr? These mechanisms are closely related to the
reaction processes. It is hypothesized that ES and ET reactions are the
crucial reaction processes for aromatic compounds and hypohalous
acids (Altarawneh and Dlugogorski, 2015; Criquet et al., 2015; Rook,
1977). Thus, to answer these questions, further work regarding the
mechanisms that allow HOBr to affect these two reaction processes and
the difference in the amounts of products created compared to those
related to HOCl needs to be done.
A previous study reported that the occurrence of ES and ET reactions
is mainly related to the characteristics of the chemicals for both HOCl
and HOBr (Criquet et al., 2015; Liu et al., 2020; Xu et al., 2020). For
example, acenaphthene (Ace), pyrene (Pyr) and benzo[a]pyrene (BaP)
mainly undergo an ES process. In contrast, acenaphthylene (Acy),
anthracene (Ant) and benzo[a]anthracene (BaA) mainly undergo an ET
process (Liu et al., 2020; Xu et al., 2018). However, unlike HOCl, HOBr
with its higher reactivity certainly will affect these two processes. Pre
vious studies focused more on the apparent high reactivity of HOBr, but
deep mechanisms on the specific impacts of HOBr have not been
revealed (Hu et al., 2006; Nakamura et al., 2007). In addition, chlori
nation experiments were more carried out under the condition of the
coexistence of HOCl and HOBr. Some active species, including BrOCl,
BrCl, etc., were proven to be involved in the reaction processes related to
HOCl and HOBr (Sivey et al., 2013, 2015). But their studies more
focused on the compounds with one ring. Here, another question needs
to be explored whether compounds with more rings will be affected.
Thus, the reactions of HOBr and HOCl needed to be compared to reveal
the role of HOBr.
The objective of this study is therefore to reveal the reaction mech
anisms of HOBr and elucidate the kinetics of PAHs as well as the for
mation mechanism of transformation products in the presence of Brˉ
during chlorination. We selected 10 PAHs that frequently found in
source water as target compounds. We first acquired the kinetic pa
rameters of PAHs with HOBr. Three conditions including the solo
presence of HOCl (HOClo), the coexistence of HOCl and HOBr (HOCl &
HOBr) and the solo presence of HOBr (HOBro), were compared to

elucidate how HOBr affected the reaction types and to distinguish the
species involved in the reaction of water containing Brˉ. By means of the
electrophilic index (ω), fitted pseudo one-order rate constants were
verified to ensure the accuracy of the data. Furthermore, we described
the transformation trends of products as a function of time and predicted
the transformation pathways of Ant and fluorene (Flu) using their total
mass balances.
2. Methods and materials
2.1. Chemical reagents
Ten PAHs, naphthalene (Nap), Acy, Ace, Flu, phenanthrene (Phe),
Ant, fluoranthene (Flt), Pyr, BaA and BaP, were purchased from
AccuStandard (New Haven, CT, USA). Forty-one products including 21
chlorinated PAHs (Cl-PAHs), 16 brominated PAHs (Br-PAHs) and 4
OPAHs were purchased from and synthesized by different manufac
turers. Detailed product information, including the abbreviations, for
mulas, CAS numbers, mass weights, manufacturers and selected ions, is
shown in the SI Table S2. Phenanthrene-d10 (Phe-d10) was purchased
from AccuStandard. Sodium thiosulfate (Na2S2O3) with guaranteed
grade was purchased from Sinopharm Chemical Reagent (Beijing,
China). Buffer solutions (pH = 6), were purchased from Yuanye
(Shanghai, China). Ultrapure water (18.2 MΩ cm) was generated by a
Milli-Q purification system (Millipore, Billerica, MA, USA) and used in
the chlorination experiments.
2.2. Chlorination experiments
These experiments were carried out in 1 L amber glass bottles, and
each bottle was loaded with 450 mL of ultrapure water and 50 mL of a
buffer solution at pH6. Three batches of experimental samples were set
according to HOClo, HOCl & HOBr and HOBro. Specifically, for samples
of HOClo, sodium hypochlorite (NaClO) solutions (free chlorine = 59.2
μM) were added; for samples of HOCl & HOBr (HOCl:HOBr = 5), after
adding a NaClO solutions (free chlorine = 59.2 μM), potassium bromide
(KBr) solutions (Brˉ = 9.86 μM) were added; for samples of HOBro (HOCl
was all transformed to HOBr), after adding a NaClO solutions (free
chlorine = 59.2 μM), excessive KBr solutions were added. It should be
noted that the set of experimental condition was based on the actual
ratio of HOCl and HOBr in natural water and all chemicals have a more
significant transformation in the condition of ratio (HOCl:HOBr = 5 and
1) (Heeb et al., 2014; Hu et al., 2006; Liu et al., 2020). Then, ten types of
5 nM PAH mixtures were added into the reaction systems. The reaction
was terminated according to different reaction time by adding excess
Na2S2O3. The time settings are shown in SI Table S3. The experiments
were carried out at room temperature (20 ± 2 ◦ C) and conducted in a
minimum of duplicates. For all samples, Phe-d10, a surrogate standard
was added into the system after termination. All compounds in each
bottle were finally enriched, eluted and concentrated into a 2 mL brown
bottle for chemical analysis. The detailed reaction sample preparation is
shown in SI Text S1. The pH and free chlorine values were monitored
during the reactions by a portable multiparameter water quality
analyzer and chlorine colorimeter (HACH, Loveland, CO, USA),
respectively.
2.3. Chemical analysis
Quantification of PAHs and transformation products was performed
by GC–MS. GC-MS methods was referred to our previous study (Liu
et al., 2021a). The oven temperature was programmed as follows: the
initial temperature was 60 ◦ C (held for 2 min); then the temperature was
increased at a rate of 10 ◦ C min− 1 to the final temperature of 300 ◦ C
(held for 10 min). The instrumental parameters and conditions are
detailed in SI Text S2. Quality assurance and quality control are shown
in SI Text S3, SI Tables S4 and S5.
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2.4. Calculation of kinetic parameters

3. Results and discussion

According to the time-effect curves of PAH transformation, pseudo
first-order constants were acquired by the slope of the curve. Secondorder rate constants of two reaction conditions for HOClo and HOBro
were calculated according to Eqs. (1) to (5):

3.1. Transformation kinetics

HOCl + Br− → HOBr + Cl−

(1)

HOCl + PAHs → Products kCl

(2)

HOBr + PAHs → Products kBr

(3)

−

d[PAHs]
’
= kCl [PAHs] = kCl [HOCl]T [PAHs]
dt

(4)

−

d[PAHs]
’
= kBr [PAHs] = kBr [HOBr]T [PAHs]
dt

(5)

3.1.1. Kinetics characteristics
Time-dependent transformations of Acy, Ant, BaA, Ace, Pyr, BaP,
Nap, Phe, Flu and Flt under three chlorination conditions, HOClo, HOCl
& HOBr and HOBro, are shown in Fig. 1. The kinetic parameters of 10
PAHs with HOCl, HOCl and HOBr, and HOBr, are shown in Table 1.
Under HOClo conditions, six PAHs, Acy, Ant, BaA, Ace, Pyr and BaP,
were transformed, and their pseudo first-order rate constants (k’Cl) were
0.01144, 0.00629, 0.00261, 0.00215, 0.00172 and 0.00148 min− 1,
respectively. Correspondingly, the according to Eq. (4) and a nearly
complete distribution of HOCl at pH5.9 (actual pH) (pH-dependent
distribution of HOCl and HOBr were shown in SI Table S6), we calcu
lated the second-order rate constants (kCl), namely 3.22, 1.77, 0.74,
0.61, 0.48 and 0.42 M− 1 s− 1, respectively. For HOBro, 10 PAHs, Acy,
Ant, BaA, Ace, Pyr, BaP, Nap, Phe, Flu and Flt, were all transformed and
their pseudo first-order rate constants (k’Br) were 4.4500, 1.7640,
0.5931, 4.5720, 1.4450, 2.7890, 0.0038, 0.0470, 0.0218 and 0.0284
min− 1, respectively. Similarly, according to Eq. (5) and a nearly com
plete distribution of HOBr at pH5.9 (SI Table S6), their second-order rate
constants (kBr) were 1253.8, 497.0, 167.1, 1288.1, 407.1, 785.8, 1.1,
13.2, 6.1 and 8.0 M− 1 s− 1, respectively. For HOCl & HOBr, 10 PAHs,
Acy, Ant, BaA, Ace, Pyr, BaP, Nap, Phe, Flu and Flt, were all transformed
and their pseudo first-order rate constants (k’BrCl) were 1.4010, 0.0964,
0.0204, 1.1080, 0.0418, 0.0363, 0.0010, 0.0007, 0.0028 and 0.0015
min− 1, respectively.
In our previous study, Nap, Phe, Flu and Flt were defined as inactive
PAHs because of their almost zero transformation rate in the HOClo
condition; in contrast, Acy, Ant, BaA, Ace, Pyr and BaP were defined as
active PAHs, since it is obviously observed that transformation for these
PAHs can occur in the HOClo condition. Similarly, this result showed the
low transformation rate of Nap, Phe, Flu and Flt, which indicated that
inactive PAHs were difficult to transform as a function of HOClo. For
active PAHs, we acquired similar results to previous studies under the
HOClo conditions. For example, Xu et al. (2018) reported the respective
kCl values of Acy, Ace, Ant and Pyr, as 1.19, 0.126, 0.682 and 0.101 M− 1
s− 1
, and Hu et al. (2006) reported the kCl value of Pyr (0.28 M− 1 s− 1). In
addition, we calculated the kCl values of BaA and BaP, which have never
been reported. These results all showed that active PAHs have high re
activities during chlorination. For HOBro, the kBr values of 9 PAHs were
first acquired. Six active PAHs presented high reaction rates, which were
still lower than the k values (108 M− 1 s− 1 or higher) of SO4•− and •OH
(Wei et al., 2019; Xiao et al., 2020). In addition, previous studies have
reported that the second-order rate constant of Pyr (10.75 M− 1 s− 1) and
another heterocyclic compound (benzotriazole, 8.50 M− 1 s− 1) (Acero
et al., 2013; Hu et al., 2006), were lower than the values found in this
study. For Pyr, this is mainly due to the different starting points of two
studies. In the study of Hu et al. (2006), HOBr was considered to have
significantly higher reactivity than HOCl . Then, they neglected the ef
fect of HOCl in the establishment of model and calculation of
second-order rate constants. In the later studies, some scholars found
several active species, such as BrOCl, BrCl, Br2O, Cl2O, etc., can form
and affect the reaction processes in the system of the coexistence of
HOCl and HOBr (Sivey et al., 2013, 2015). They considered that the
effect of HOCl should not be neglected. And our experiments were based
on the later consideration. Thus, there may be some differences on the
rate constants. For benzotriazole, previous study have identified that it
have almost zero transformation rate in the condition of HOClo (Lee
et al., 2019). Thus, it indicated that the inactive property of benzo
triazole in chlorination disinfection processes is similar to inactive
PAHs, and its second-rate constant (8.50 M− 1 s− 1) is close to that of
inactive PAHs (1.1, 13.2, 6.1 and 8.0 M− 1 s− 1). In addition, inactive
PAHs also show a transition to “active” PAHs. This result was in
agreement with the work done in our previous study, which showed that

where k’Cl and k’Br are pseudo-first-order constants for HOCl and PAHs,
and HOBr and PAHs, respectively; kCl and kBr are second-order kinetic
constants for HOCl and PAHs, and HOBr and PAHs, respectively.
2.5. Computational method
The global energy minimum geometries of the tested PAHs were first
optimized using Spartan’10 with the Merck Molecular Force Field, a
commonly-used molecular mechanics method. Then with the resulting
geometries, optimization and frequency calculations were performed at
the M06–2X/6–311++g(d,p) level of theory with the Gaussian 09
package for more optimized geometries Luo et al., 2021). Within the
frame of density functional theory (DFT), M06–2X is considered to
provide satisfactory results for several relevant structural and thermo
dynamic properties. For example, with the M06–2X method, Yang et al.
obtained satisfactory results for the thermodynamic and kinetic behav
iors of radical-induced reactions of ibuprofen (Yang et al., 2017). In
addition, the DFT result is basis set dependent, and the 6–311++g(d,p)
basis set is reckoned to be accurate enough for the calculation of mo
lecular properties. The geometries of all stationary points were
confirmed by vibrational calculations for no imaginary frequencies. For
single point energies, the calculations were performed at the
M06–2X/6–311++g(d,p) level of theory. The ionization potential (IP)
and electron affinity (EA) can be vertically and adiabatically calculated.
Compared to the vertical process, the adiabatic process accounted for
the effect of electric charge in the processes of geometry optimization;
thus, we used adiabatic IP and EA in this study. These values were
calculated from the absolute energies with Eqs. (6) and ((7), respec
tively, in which EPAH, EPAH+ and EPAH− represent the energies for
neutral, cationic and anionic forms of the PAH molecules, respectively.
IP = EPAH+ − EPAH

(6)

EA = EPAH − EPAH-

(7)

The ω is calculated according to Eqs. (8) to (10), which is referred to
by Altarawneh and Dlugogorski (2015), Parr et al. (1999), Wei et al.
(2019):
ζ = (IP + EA)/2

(8)

η = (IP − EA)/2

(9)

/
ω = ζ 2 2η

(10)

where ω is the electrophilic index (eV); ζ is the electronegativity (eV);
and ƞ is the hardness (eV).
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Fig. 1. Time-dependent transformation for Acy, Ant, BaA, Ace, Pyr, BaP, Nap, Phe, Flu and Flt under three chlorination conditions, including HOClo (black pattern),
HOCl & HOBr (red pattern) and HOBro (blue pattern). Pseudo first-order reaction curves are fitted.

4

Q. Liu et al.

Water Research 207 (2021) 117787

Table 1
Kinetic parameters of 10 PAHs with HOCl, HOCl and HOBr, HOBr and BrCl-Model. The “-” indicates that the k’Cl of the compound is not available because the
transformation rate is almost zero under HOClo conditions.
Compounds

k’Cl
(min− 1)

k’Br
(min− 1)

k’BrCl
(min− 1)

kCl (M−
s− 1)

Acy
Ant
BaA
Ace
Pyr
BaP
Nap
Flu
Phe
Flt

0.01144
0.00629
0.00261
0.00215
0.00172
0.00148
–
–
–
–

4.4500
1.7640
0.5931
4.5720
1.4450
2.7890
0.0038
0.0470
0.0218
0.0284

1.4010
0.0964
0.0204
1.1080
0.0418
0.0363
0.0010
0.0007
0.0028
0.0015

3.22
1.77
0.74
0.61
0.48
0.42
–
–
–
–

1

kBr (M−
s− 1)

1

1253.8
497.0
167.1
1288.1
407.1
785.8
1.1
13.2
6.1
8.0

1

kBr/
kCl

k’BrCl-Model
(min− 1)

k’BrCl/k’BrClModel

kCl-Ra (M−
s− 1 )

389
280
227
2127
840
1884
–
–
–
–

0.7512
0.2992
0.1010
0.7638
0.2423
0.4661
–
–
–
–

1.9
0.3
0.2
1.5
0.2
0.1
–
–
–
–

1.19c
0.68c
–
0.13c
0.10c, 0.28d
–
–
–
–
–

kBr-Rb (M−
s− 1)

1

–
–
–
–
10.75d
–
–
–
–
–

Note:
a
kCl-R: second-order rate constants between HOCl and PAHs in the references.
b
kBr-R: second-order rate constants between HOBr and PAHs in the references.
c
Xu et al. (2018)
d
Hu et al. (2006)

Nap, Phe, Flu and Flt were transformed in water containing Brˉ during
chlorination (Liu et al., 2020). For HOCl & HOBr, we only showed the
k’BrCl of 10 PAHs, as the species involved in the reaction were still un
clear and needed to be explored. Additionally, 4 inactive PAHs had a
certain transformation, although their transformation rates were lower
than that of HOBro, which indicated that HOBr indeed affected the
reactivity of inactive PAHs.
To verify the k’ between PAHs and HOCl or HOBr, we calculated the
molecular descriptors (Table 2) and acquired the correlation between k’
and ω value by linear fitting (SI Fig. S1). The results showed that the R2
values were 0.5782, 0.3213 and 0.5745 (p < 0.05) for HOClo, HOCl &
HOBr and HOBro, respectively. A relatively higher R2 occurred for the k’
of HOCl and HOBr. Ace was not included because of its high reaction
rate with a low ω value. A previous study reported that ω was used as an
indicator of the biodegradation of pharmaceuticals (Wei et al., 2019). In
this study, although the relationship was not significantly strong, it
verified the accuracy of these kinetic parameters to an extent. In addi
tion, we also fitted an exponential curve for HOBro (SI Fig. S1). A better
fitting results were presented (R2 = 0.6368, p < 0.05). It indicated that,
linear fitting was suitable for active PAHs, but the exponential curve
may be more suitable for all PAHs. Meanwhile, as inactive PAHs did not
have rate constants due to the almost zero transformation rates in the
condition of HOClo, it cannot be verified whether the exponential curve
is also suitable for all PAHs in the condition of HOClo. But for the con
dition of HOBro, HOBr accelerates the reaction processes for both active
and inactive PAHs. It makes all PAHs have rate constants and the fitting
curves more completely. Thus, the ω and k’Br are more likely to show an
exponential relationship in this condition. ƞ is a combined property of
both energy of the highest occupied molecular orbital (EHOMO related to
the nucleophilicity of a molecule) and the lowest unoccupied molecular
orbital (ELUMO related to the electrophilicity of a molecule) (He et al.,
2021; Xu et al., 2018). It can be also defined as the resistance towards
the deformation or polarization of the electron cloud of atoms, ions or
molecules (Islam and Ghosh, 2011; Kaya and Kaya, 2015). Previous
study revealed that ƞ was identified as having a positive correlation with
k’ between PAHs and HOCl (Xu et al., 2018). Thus, ƞ can be used as a
reference for the reactivity. In our results, we also found that the ƞ
values of inactive PAHs were higher than those of active PAHs. It reflects
that inactive PAHs can be more difficult to reaction with HOCl and HOBr
than active PAHs due to their relatively stable structures.

for Acy, Ant, BaA, Ace, Pyr and BaP, and their kBr/kCl values were 389,
280, 227, 2127, 840 and 1884, respectively. These values indicated that
HOBr has a higher reactivity than HOCl, which is in accordance with the
results of previous studies (Criquet et al., 2015; Deborde and von
Gunten, 2008; Gallard et al., 2004; Heeb et al., 2014; Hu et al., 2006).
For example, Hu et al. (2006) reported that the kBr/kCl value of Pyr was
approximately 39 ; the kBr/kCl value of HOBr with phenolate and hal
ophenolates was approximately 3000 (Heeb et al., 2014); and the kBr/kCl
values of HOBr with bisphenol A was approximately 105 (Criquet et al.,
2015; Gallard et al., 2004). Furthermore, our previous study revealed
that Acy, Ant and BaA mainly occurred in the ET process and Ace, Pyr
and BaP mainly occurred in the ES process (Liu et al., 2020). In this
study, it was observed that the kBr/kCl values of Ace, Pyr and BaP were
higher than those of Acy, Ant and BaA, which means that the promoting
effects of HOBr on ES reactions was higher than those on ET reaction.
Thus, HOBr was more conductive to induce ES reactions than HOCl.
In addition, the reaction species produced under HOCl and HOBr
conditions remain unclear. Thus, we used Eq. (6) to calculate the k’BrClModel according to the hypothesis that HOBr and HOCl were involved in
independent reactions:
−

d[PAHs]
= k’ BrCl − Model[PAHs]
dt
= kCl [HOCl]T [PAHs] + kBr [HOBr]T [PAHs]

(11)

The k’BrCl/k’BrCl-Model values were calculated to compare the dif
ference between the model value and the experimental value, and
further identify the existence of other reaction species (Table 1). The
results showed that k’BrCl/k’BrCl-Model values ranged from 0.1 to 1.9.
Due to floating around the value of 1, it can be said that HOBr and HOCl
still dominate the reaction processes with PAHs, and kinetic parameters
can be calculated based on the model of HOBr and HOCl participating in
the reaction independently. Actually, in the condition of HOCl & HOBr,
several active species may be formed in the system including BrOCl,
BrCl, Br2O, Cl2O, etc. (Sivey et al., 2013, 2015). Although these active
species have lower concentration than HOCl or HOBr, they may have
higher reactivity than HOCl or HOBr. Previous study reported that BrCl
may be the predominant agent at pH < 7.1 and will accelerate the re
action processes. Even so, compounds with one ring, such as dimethe
namid, p-xylene and cinnamic acid, were more studied (Li et al., 2020;
Sivey et al., 2013). But our results showed that the k’BrCl/k’BrCl− Model
values would decrease with the increase of ring number of compounds,
which indicated that the difference in k’BrCl/k’BrCl− Model values was
more dependent on the structure of PAHs. It also may imply the pro
moting function of these active species may be weakened for PAHs. In
addition, we also found k’BrCl/k’BrCl-Model values have a negative cor
relation with increasing average dipole polarizabilities (SI Table S7).

3.1.2. Kinetics mechanisms
The kBr/kCl, k’BrCl-Model and k’BrCl/k’BrCl-Model are also shown in
Table 1. The kBr/kCl values are the ratios of second-order rate constants
of HOBr and HOCl with PAHs, which reflect that how much faster HOBr
react with same PAHs than HOCl. The ratio of six PAHs was calculated
5
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Table 2
The molecular descriptors and structural characteristics of 10 PAHs.
IPa (eV)

EAb (eV)

ζc (eV)

ƞd (eV)

ωe (eV)

3

6.01

2.89

4.45

1.56

6.36

Ant

3

5.51

2.53

4.02

1.49

5.42

BaA

4

5.69

2.43

4.06

1.63

5.06

Ace

3

5.73

1.75

3.74

1.99

3.51

Pyr

4

5.62

2.38

4.00

1.62

4.95

BaP

5

5.42

2.62

4.02

1.40

5.77

Nap

2

6.05

1.96

4.00

2.04

3.93

Flu

3

6.01

1.76

3.89

2.12

3.56

Phe

3

6.05

2.01

4.03

2.02

4.01

Flt

4

6.06

2.72

4.39

1.67

5.76

Compound

Number of rings

Acy

Structure

Note:
a
IP: ionization potential;
b
EA: electron affinity;
c
ζ: electronegativity;
d
ƞ: hardness;
e
ω: electrophilic index.

Indeed, k’BrCl/k’BrCl-Model values of Ace and Acy, as compounds with
three rings, was higher than 1.0, which indicated that these active
species can still promote the reaction processes. Additionally, it may also
be attributed to the bridge bond in the middle of the ring, which ac
celerates the transformation of Ace and Acy in the desirable directions
(Riva et al., 2017; Xu et al., 2018). Acy and Ace presented high re
activities in the apparent observations, but the promoting effect of these
active species for Ace and Acy may have been lower than that of

compounds with one ring. And for other PAHs with more than 2 rings,
the ratio was lower than 1.0. It indicated that the reaction processes of
these PAHs may be inhibited. But HOCl and HOBr still dominated the
reaction processes, because even if the reaction processes are inhibited,
HOCl and HOBr were still main thrust for the reaction processes.
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3.2. Transformation mechanisms

that Ant was constantly substituted by bromine was identified. And Ane
and 9,10-Anq were still the main transformation products, although
HOBr have high reactivity. It means that ES and ET reactions of Ant
simultaneously occurs in the condition of HOCl and HOBr, but ET re
actions are still the main reaction types of Ant. Besides, in the process of
forming Ane and 9,10-Anq, this pathway also experiences the formation
of 9-hydroxyanthracene (9-OH-Ant) and 9,10-dihydroxyanthracene (9,
10-diOH-Ant). And then 9-OH-Ant and 9,10-diOH-Ant were further
oxidized to Ane and 9,10-Anq (Xu et al., 2018). Moreover, 9,10-Anq was
the final transformation product which may explain the occurrence of 9,
10-Anq at a high concentration (72.5 ng L− 1) in tap water (Liu et al.,
2021b).
For BaA, we observed a 6.06 ± 0.96 nM mass balance. Although only
one transformation product, namely, benz[a]anthracene-7,12-dione
(BaAQ), was observed, a stable mass balance indicated that BaAQ was
the main transformation product. Thus, BaA mainly occurs via the ET
reaction. From the aspect of chemical structure, BaA have four rings, but
three rings are arranged in parallel, which is similar to the structure of
Ant (Table 2). And there are two sites (Sites 7 and 12), corresponding to
Sites 9 and 10 of Ant, that can be easily attacked in the middle ring. It
may imply that this kind of structure more easily undergoes ET reaction,
leading to the formation of oxygenated products. Mori et al. (1993)
similarly reported that BaAQ was the main product, which agrees with
our research.
For Acy, only 1-acenaphthenone (Acn) was observed with a
maximum concentration 0.58 nM at 2 min in this study. Therefore, the
mass balance of Acy decrease as a function of time. Thus, the formation
of Acn may only present one transformation pathway for Acy. It in
dicates that Acy may transform to the more polar and/or noncyclic small
products that are not detected by the analytical method of GC
(Schummer et al., 2009; Xu et al., 2018). Additionally, the maximum
concentration of Acn was 0.32 nM at 5 min under HOClo conditions in
our previous study (Xu et al., 2018). Compared to this result, the for
mation concentration of Acn in HOBr and HOCl was nearly two times
than that in HOClo. It implied that the introduction of HOBr in the re
action system accelerated the reaction process of this pathway from Acy
to Acn. This can also help explain the high reaction rate constant of Acy,
which is in agreement with the kinetics results.

The time-dependent transformation products for Acy, Ant, BaA, Ace,
Pyr, BaP, Nap, Phe, Flu and Flt during chlorination condition of HOCl &
HOBr were shown in Fig. 2. Only the condition of HOCl & HOBr was
discussed here due to their proximities to actual water environments. It
worth noting that the reaction types of these PAHs would not change
with the different ratio of HOBr and HOCl because the reaction types of
these PAHs are determined by the structure of the compounds and are
the inherent property of the compounds. Acero et al. (2005) found that
the reaction rates of HOCl and HOBr are governed by the electron
density of the aromatic rings. Criquet et al. (2015) considered that ET
reactions depend strongly on the electronic properties of the sub
stituents and electron-withdrawing substituents can inhibit this reaction
completely. These results indicated that the reaction types indeed
depend on the chemical structure. For PAHs, Br-PAHs and OPAHs
dominated the reaction products, which elucidated the kinetics mech
anisms of HOBr with higher reactivity. Specifically, of the active PAHs,
Acy, Ant and BaA mainly underwent ET reactions due to the formation
of OPAHs; Ace, Pyr and BaP mainly underwent ES reactions due to the
formation of HPAHs. Of the inactive PAHs, Flu mainly underwent ES
reactions due to the formation of HPAHs; partial Nap and Flt underwent
ES reactions; and trace Phe underwent ES reactions. From the aspects of
the structure (Table 2), PAHs having a five-membered ring with a C=C
bond (like Acy) or a parallel arrangement of three benzene rings (like
Ant and BaA) were more prone to induce ET reaction. And other PAHs
were more prone to induce ES reaction.
3.2.1. Acy, Ant and BaA
Ant and BaA were supposed to mainly undergo ET reactions. The
corresponding oxygenated products with high concentrations were
observed in the results. For Ant, we observed a 3.40 ± 0.39 nM mass
balance during chlorination disinfection. The results showed that
anthrone (Ane) and 9,10-Anq were formed with the transformation of
Ant, and the initial concentration of Ane was slightly higher than that of
9,10-Anq. The concentrations of the two products remained unchanged
until 720 min. Then, the concentration of 9,10-Anq began to rise as the
concentration of Ane decreased. In addition, slightly halogenated
products including 9-chloroanthracene (9-Cl-Ant), 9,10-dichloroanthra
cene (9,10-diCl-Ant), 9-bromoanthracene (9-Br-Ant) and 9,10-dibro
moanthracene (9,10-diBr-Ant) were observed throughout the reaction
process. The concentrations of halogenated products were one to two
magnitudes lower than those of oxygenated products.
Based on the above results, we first revealed the transformation
pathway of Ant closer to the actual HOCl & HOBr condition (Fig. 3).
Three reaction processes were considered. Sites 9 and 10 were the main
reaction sites of Ant. The main reaction process was the ET reaction.
First, Ant was oxidized to Ane, and then Ane was further oxidized to
9,10-Anq. During this reaction process, Ane and 9,10-Anq at higher
concentrations were observed, which finally led to the formation of
abundant 9,10-Anq. The other two pathways originated from the func
tion of HOCl or HOBr, which indicated that Ant similarly underwent the
weak ES reactions due to formation of trace halogenated products. For
Ant and HOCl, Ant was first attacked by HOCl, which led to the for
mation of 9-Cl-Ant. Then 9-Cl-Ant was attacked twice by HOCl, which
led to the formation of 9,10-diCl-Ant. 9-Br-Ant and 9,10-diBr-Ant were
formed via similar reaction steps by HOBr. Chlorinated and brominated
Ant were similar concentrations, and their concentrations were signifi
cantly lower than oxygenated products.
Therefore, for the first time, the transformation pathway of Ant was
revealed in water containing Brˉ during chlorination disinfection. Pre
vious studies including our previous results reported the transformation
pathway of Ant in HOClo (Merkel et al., 1998; Oyler et al., 1982; Xu
et al., 2018). Different from previous results, this pathway in water
containing Brˉ is closer to the actual aquatic environment. In this
pathway of the condition of HOCl & HOBr, a novel transformation route

3.2.2. Ace, Pyr and BaP
Ace, Pyr and BaP were supposed to mainly undergo ES reactions
because plenty of halogenated products were observed in the reaction
processes. For Ace, the main electrophilic position was at Sites 3, 5, 6
and 8. At 2 min, 5-bromoacenaphthene (5-Br-Ace) reached a maximum
concentration of 2.80 nM before decreasing as a function of time. Then,
trace 5,6-dibromoacenaphthene (5,6-diBr-Ace) and 3,5,6-tribromoace
naphthene (3,5,6-diBr-Ace) formed at maximum concentrations of
0.23 nM and 0.14 nM, respectively. Comparing brominated products,
only trace amounts of 3 chlorinated products including 3-chloroace
naphthene (3-Cl-Ace), 5-chloroacenaphthene (5-Cl-Ace) and 5,6dichloroacenaphthene (5,6-diCl-Ace), were detected during the whole
chlorination process, which implied that HOBr dominated the reaction
processes of Ace at this Brˉ concentration.
It worth noting that, we synthesized 11 standards of halogenated
Ace, including almost all 8 possible chlorinated products of Ace and 3
brominated products. Among that, the choice of 3 brominated Aces was
mainly because chlorinated Aces with same substitution position in the
condition of HOClo have higher concentrations compared to the other
isomers (Xu et al., 2018). The relevant NMR spectra were obtained ac
cording to our previous studies (Liu et al., 2020; Xu et al., 2018). In
previous research, we revealed that Ace was first transformed to
3-Cl-Ace and 5-Cl-Ace, and then 3,6-dichloroacenaphthene (3,
6-diCl-Ace), 3,5-dichloroacenaphthene (3,5-diCl-Ace) and 5,6-diCl-Ace,
followed by 3,5,6-trichloroacenaphthene (3,5,6-triCl-Ace) and 3,5,8-tri
chloroacenaphthene (3,5,8-triCl-Ace), and finally to the formation of 3,
5,6,8-tetrachloroacenaphthene
(3,5,6,8-tetraCl-Ace)
under
the
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Fig. 2. Time-dependent transformation products for Acy, Ant, BaA, Ace, Pyr, BaP, Nap, Phe, Flu and Flt under chlorination conditions of HOCl & HOBr. The red line
represents the total concentration of each compound and product.
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Fig. 3. Transformation pathway of Ant under HOCl & HOBr conditions.

condition of HOClo. In this study, we carried out this experiment in the
condition of HOClo, and the same results were identified (SI Fig. S2).
However, for brominated products, although 3 kinds of standards were
synthesized, a similar transformation pathway predicted that Ace was
transformed to 3-bromoacenaphthene (3-Br-Ace) and 5-Br-Ace, and then
3,6-dibromoacenaphthene (3,6-diBr-Ace), 3,5-dibromoacenaphthene
(3,5-diBr-Ace) and 5,6-diBr-Ace, followed by 3,5,6-triBr-Ace and 3,5,
8-tribromoacenaphthene (3,5,8-triBr-Ace), and finally to the formation
of 3,5,6,8-tetrabromoacenaphthene (3,5,6,8-tetraBr-Ace). Actually, in
the previous study, 5-Cl-Ace, 5,6-diCl-Ace and 3,5,6-triCl-Ace have the
highest concentration in their corresponding isomers under the condi
tion of HOClo (Xu et al., 2018). In this study, the maximum concentra
tion of monohalogenated Ace (5-Br-Ace, 2.80 nM) in the condition of
HOBr and HOCl were significantly higher than that of 5-Cl-Ace (1.99
nM) in the condition of HOClo. The maximum concentration of 3,5,6-tri
Br-Ace (0.14 nM) of HOCl & HOBr was slightly higher than that of 3,5,
6-triCl-Ace (0.06 nM) HOClo. This result indicated that HOBr presented
stronger ES reaction than HOCl in the process of monohalogenation,
which explained why HOBr can improve the ES reaction rate to an
extent. But the maximum concentrations of 5,6-diBr-Ace (0.23 nM) of
HOCl & HOBr were slightly lower than those of 5,6-diCl-Ace (0.39 nM)
of HOClo. Meanwhile, the decrease of the total mass balance of Ace was
observed, which indicated HOBr can also lead to the occurrence of more
reaction types after monohalogenation reaction, such as the cleavage of
rings and further oxidation reactions (Acero et al., 2005; Arnold et al.,
2008; Gallard and von Gunten, 2002).
For Pyr, the mass balance was maintained 4.65 ± 0.50 nM for 30
min. Then, the mass balance began to decrease with time. Meanwhile, 1bromopyrene (1-Br-Pyr) increased as Pyr decreased. Then, 1,6-dibromo
pyrene (1,6-diBr-Pyr) and 1,8-dibromopyrene (1,8-diBr-Pyr) increased,
reached the peak value and decreased. The maximum concentrations of
1-Br-Pyr, 1,6-diBr-Pyr and 1,8-diBr-Pyr were 2.76 nM at 30 min, 0.84
nM at 360 min and 0.87 nM at 360 min, respectively. During the chlo
rination process, trace chlorinated products including 1-Cl-Pyr, 1,6dichloropyrene (1,6-diCl-Pyr) and 1,8-dichloropyrene (1,8-diCl-Pyr)
were observed. 1-Cl-Pyr was the dominant product of chlorinated Pyr

and its maximum concentration reached 0.14 nM at 30 min.
Actually, the symmetrical type of Pyr belong to D2h (Wen and Soos,
1998). Thus, in the process of monohalogenation, site 1, 3, 6 and 8 are
the same ES sites, and site 4, 5, 9 and 10 are the same ES sites. But no
4-Br-Pyr was observed in the whole reaction processes according to the
target analysis, which indicated that Site 1 was the main transformation
pathway for Pyr during chlorination disinfection. A previous study re
ported that Pyr was first transformed to 1-Br-Pyr, and the 1,3-dibromo
pyrene (1,3-diBr-Pyr), 1,6-diBr-pyr and 1,8-diBr-Pyr, followed by a
transformation to 1,3,6-tribromopyrene (1,3,6-triBr-Pyr) and finally a
transformation to 1,3,6,8-tetrabromopyrene (1,3,6,8-tetraBr-Pyr) (Hu
et al., 2006). These results are in accordance with our study. But a
decrease in mass balance after occurrence of monohalogenation reaction
can be observed like Ace. It can mean that the same condition as Ace,
such as the cleavage of rings and further oxidation reactions, occurred in
the reaction process. In addition, 1-Cl-Pyr, 1-Br-Pyr, 1,6-diBr-Pyr and 1,
8-diBr-Pyr have been found in tap water (Liu et al., 2021b). And this
study provides an evidence that chlorination disinfection is one source
of these halogenated Pyr existing in tap water.
For BaP, a 3.95 ± 0.81 nM mass balance was observed. 6-bromo
benzo[a]pyrene (6-Br-BaP) was the main transformation product, with
a maximum concentration of 3.18 nM. 6-chlorobenzo[a]pyrene (6-ClBaP) was similarly observed with a maximum concentration of 0.77 nM.
Compared to Ace and Pyr, BaP can transform to more halogenated
products, and these products were mainly monohalogenated BaP. In
terms of the reaction process, 6-Br-BaP was the dominant product
compared to 6-Cl-BaP, which indicated that this result can account for
the possible occurrence of this product in tap water.
3.2.3. Nap, Flu, Phe and Flt
Under HOCl & HOBr condition, 3 inactive PAHs, Nap, Flu and Flt,
presented halogenated products, specifically, brominated products. It
also elucidated that inactive PAHs including Nap, Flu, and Flt, can be
transformed by HOBr. Meanwhile, Flu, with the highest reaction rate
among inactive PAHs, presented the largest amount of brominated
products. Details are shown below.
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could be other polar or/and oxygenated products via an ET reaction.
Meanwhile, it also implied not all inactive PAHs will undergo an ES
reaction in the function of HOBr.

For Nap, 1-bromonaphthalene (1-Br-Nap) began to increase slowly
as Nap decreased. The concentration of 1-Br-Nap reached a peak (1.22
nM) at 4320 min and then decreased as a function of time. Trace 1,4dichloronaphthalene (1,4-Cl-Nap) was observed during the whole
chlorination process. A previous study reported the occurrence of
monobrominated Nap during electrochemical treatment of saline
aqueous solutions (Muff and Sogaard, 2011). And in this study, we
further identified that 1-Br-Nap was main brominated product, and
observed its formation trend. 2-bromonaphthalene (2-Br-Nap) was not
observed, which indicated that Site 2 was not the dominant substitution
position for Nap. In addition, the formation trend of 1-Br-Nap also
explained why Nap can be transformed in the condition of HOCl &
HOBr.
For Flu, a 3.77 ± 0.64 nM mass balance was observed. 2-bromofluor
ene (2-Br-Flu) and 2,7-dibromofluorene (2,7-diBr-Flu) were the main
halogenated products, which increased as Flu decreased. 2-Br-Flu
reached a maximum concentration of 3.6 nM at 4320 min and then
decreased. Trace 2-chlorofluorene (2-Cl-Flu) was observed during the
whole chlorination process. Therefore, the formation pathway of Flu is
shown in Fig. 4. Flu was first transformed to the major 2-Br-Flu and
minor 2-Cl-Flu. Then, 2-Br-Flu was further halogenated to 2,7-diBr-Flu.
This is the first study to acquire the mass balance of Flu. The formation
trend of 2-Br-Flu and 2,7-diBr-Flu identifies the transformation of
inactive Flu.
For Flt, we found one transformation product, namely, 3-bromo
fluoranthene (3-Br-Flt). The concentration increased as the decrease of
Flt. The maximum concentration was 1.28 nM at 720 min, which
accounted for 26% transformation of the parent. To our knowledge, this
was the first time that the formation trend of 3-Br-Flt was observed. Site
3 of Flt was the first transformation step of Flt, which determine its
further transformation direction. Thus, although only 3-Br-Flt was found
in this study, its formation trend was essential to understand the trans
formation of Flt and its occurrence in tap water.
For Phe, the difference between Phe and other inactive compounds is
the amounts of halogenated products. Trace amounts of 9-chlorophe
nanthrene (9-Cl-Phe) and 9,10-dichlorophenanthrene (9,10-diCl-Phe)
were observed during the chlorination process. The concentration of 9bromophenanthrene (9-Br-Phe) was one-order of magnitude higher than
that of the chlorinated product, but the maximum concentration was
only 0.17 nM. But it can be identified that Phe did not mainly undergo an
ES reaction because only trace halogenated products were observed.
Previous studies reported that 9-monohydroxyphenanthrene (9-OHPhe) and oxygenated Phe accounted for 50% of the products at pH 3 but
only 4% at pH8 (Oyler et al., 1982). Epoxy Phe also accounted for 88%
of the products at pH8. Thus, it indicated that the main products of Phe

3.2.4. Reaction comparison of HOClO, HOCl & HOBr and HOBro
To present the reaction mechanism between HOCl or HOBr and
PAHs, we compared the time-dependent transformation products of Ant,
Flu and Pyr during HOClo, HOCl & HOBr and HOBro (Fig. 5). Ant, Flu
and Pyr represent the ET reaction of active PAHs, ES reaction of active
PAHs and ES reaction of inactive PAHs, respectively. In general, the firststep transformation products determine the transformation rate of the
parent.
During the ET reaction of Ant, Ane reached the maximum concen
tration at 720 min (1.32 nM), 360 min (1.60 nM) and 2 min (2.43 nM)
under the three conditions, HOClo, HOCl & HOBr and HOBro repec
tively. It was obvious that the formation rate of Ane during HOBro was
significantly faster than that under the other conditions, and the con
centration was relatively higher. This implies the reason that the reac
tion rate between HOBr and Ant was higher than that of HOCl: Ant
transformed faster to its oxygenated products at a higher product
concentration.
For Pyr, monohalogenated Pyr reached maximum concentrations at
720 min (2.61 nM), 30 min (2.76 nM) and 2 min (2.71 nM) under the
three conditions of HOClo, HOCl & HOBr and HOBro, respectively. In
contrast to Ant, the maximum concentration of monohalogenated Pyr
was closer. Therefore, the reaction rate between HOBr and Pyr was
higher than that of HOCl, and Pyr transformed to halogenated products
faster.
Flu has a complete formation trend of transformation products.
Monohalogenated Flu reached maximum concentrations at 10,080 min
(0.13 nM), 4320 min (3.58 nM) and 60 min (2.96 nM) under the three
conditions of HOClo, HOCl & HOBr and HOBro, respectively. Notably,
trace 2-Cl-Flu was observed at HOClo, which indicated the low reaction
rate between HOCl and Flu. The formation rate of 2-Br-Flu of HOBro was
significantly higher than that of HOCl & HOBr. Thus, the formation of
brominated Flu at high concentrations can explain why HOBr can react
with inactive Flu more strongly than HOCl.
In a word, higher reactivity of HOBr results from faster formation of
HPAHs and OPAHs from the observed results. In terms of 3 typical
compounds, Ant transformed to its oxygenated products faster at a
higher concentration, while Pyr and Flu transformed faster to their
halogenated products, and similar results occurred for the compound of
Ace and BaP (SI Fig. S2). It is a consensus that HOCl has higher oxidation
and acidity than HOBr. But why does HOBr has significantly higher
reactivity? Further explanation is that it can be related to the electron

Fig. 4. Transformation pathway of Flu under HOCl & HOBr conditions.
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Fig. 5. Comparison of time-dependent transformation products of Ant, Flu and Pyr under HOClo, HOCl & HOBr and HOBro conditions. Dash line presented the time
that first-step transformation products reach the peak.

cloud distribution of halogen atoms in HOCl or HOBr. Previous studies
indicated that the Mulliken and ChelpG charges for both HOCl and HOBr
follow the same tendency of negative charges for the oxygen and posi
tive ones for the hydrogen and halogen atoms (Ximenes et al., 2015). But
the values of Mulliken and ChelpG charges of HOBr (0.2910, 0.0576)
were higher than those of HOCl (0.1829, 0.0084). It indicated that
higher positive charge is on bromine, and bromonium ion (Br+) as an
intermediate may be formed, which make HOBr higher susceptibility to
electron-rich center, namely, more electrophilic (Ximenes et al., 2015).

because higher positive charge is on bromine, and Br+ as an interme
diate may be formed, which make HOBr it more electrophilic. It was
essential to understanding the formation of toxic DBPs in water con
taining Brˉ. Generally, Ant and BaA mainly lead to the formation of less
toxic oxygenated PAHs. The formation of more toxic halogenated
products for Ace, Pyr, BaP, Nap, Flu and Flt was observed during chlo
rination. In addition, we predicted their transformation pathways using
the total mass balances of Ant and Flu.
In summary, our results indicated that PAHs will transform to many
emerging toxic products in water containing Brˉ during chlorination
disinfection. This was also the reason that HPAHs and OPAHs occurred
in tap water and effluents of WWTPs. For disinfection process, water
containing Brˉ could be closer to the real water environment than that
only containing HOCl. The existence of HOBr with high reactivity poses
a new challenge in terms of the transformation of organic pollutants in
source water and the identification of emerging DBPs.

4. Conclusions
In this study, we investigated the kinetics of 10 PAHs and the for
mation mechanism of transformation products in the presence of Brˉ
during chlorination. We, for the first time, acquired the kinetic param
eters of 9 PAHs with HOBr. The results indicated that HOBr can accel
erate the processes of both ES and ET reaction in PAHs, and the secondorder rate constant of HOBr is 102–103 times higher than that of HOCl
with the reaction of PAHs. PAHs having a five-membered ring with a
C=C bond (like Acy) or a parallel arrangement of three benzene rings
(like Ant and BaA) were more prone to induce ET reaction, and other
PAHs were more prone to induce ES reaction. In addition, the kBr/kCl
values of Ace, Pyr and BaP were higher than those of Acy, Ant and BaA,
which means that HOBr was more conductive to induce ES reactions
than HOCl. It was also the reason that inactive PAHs including Nap, Flu
and Flt, can be transformed by HOBr. In terms of products, it is the
increased formation of brominated products for inactive PAHs. In the
water containing Brˉ, HOBr and HOCl dominate the reaction processes
with PAHs although other species may still affect the reaction processes.
From the aspects of transformation products, higher reactivity of HOBr
results from faster formation of HPAHs and OPAHs than HOCl. As an
example of 3 typical compounds, Ant transforms to its oxygenated
products faster at a higher concentration, while Pyr and Flu transform
faster to their halogenated products. Further mechanisms can be
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