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a b s t r a c t

The purpose of this study was to investigate the bromination kinetics of selected phenolic compounds
in aqueous solutions over the pH range of 5–11. The experiment results indicated that the reaction of
hypobromous acid with the phenoxide ions controlled the overall reaction rate, whereas the reaction
between hypobromite ion and the phenoxide ions and the reaction between hypobromous acid and the
undissociated phenolic species were considered to be negligible respectively in the pH range of 7–9.
eywords:
inetics
romination
henolic compounds
ate constants

The apparent second-order rate constants of the reaction of hypobromous acid with the phenoxide ions
ranged from 7.9 × 106 M−1 s−1 for 3-chlorophenol to 6.5 × 108 M−1 s−1 for 3-methoxyphenol, respectively.
The Hammett correlation could be successfully used to estimate the reactivity of bromine with substituted
phenols and the linear regression was log(k2) = −2.85б + 8.00. The rate constants of the reaction of bromine
with phenol-like organic compounds were about three orders of magnitude higher than with chlorine

f mag
rinking water and two to three orders o

. Introduction

Disinfection by-products (DBPs) have caused great public health
oncerns due to their potential harm to human health. In the pres-
nce of bromide in natural waters, hypobromous acid (HOBr) is
ormed when chlorine or ozone used a disinfectant [1]. Hypobro-

ous acid reacts with natural organic matter (NOM) in source
ater and its role in DBPs formation is analogous to that of

ypochlorous acid (HOCl). HOBr can shift the distribution of DBPs
o much brominated and mixed chlorobromo by-products [2], such
s bromoform (TBM), dichlorobromomethane (BDCM) and dibro-
ochloromethane (DBCM) [3,4]. The distribution of chlorinated,

rominated and mixed chlorobromo by-products depends on the
atios of HOCl/Br−, Br−/NOM and Br−/free chlorine [5,6]. DBPs are
uspected to be toxic, carcinogenic, and/or mutagenic to humans
f ingested over extended years, or have acute reproductive and
evelopmental effects [7–9]. It has been reported that 5000 cases
f bladder cancer per year and 8000 cases of rectal cancer per
ear may be associated with the consumption of chlorinated drink-
ng water in the US. Bull and Kopfler [10] and Boorman et al. [11]

ave reported some brominated DBPs pose much significant health
isks than chlorinated analogs, and brominated DBPs are associ-
ted with colon cancer by toxicological studies. The United States
nvironmental Protection Agency (USEPA) has regulated in Stage
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nitude lower than with ozone.
© 2009 Elsevier B.V. All rights reserved.

I of the disinfection/disinfection by-products rule (D/DBPs Rule)
the maximum contaminant level (MCL) of trihalomethanes (THMs)
and haloacetic acids (HAAs) at 0.080 and 0.060 mg/L, respectively
[12].

During ozonation, hypobromous acid is the key intermediate
in the formation mechanism of bromate (BrO3

−), an inorganic
DBP. Bromate is a potential carcinogenic by-product of ozonation
in waterworks [13,14]. The formation of bromate in the presence
of ozone presents a problem in the light of the recent D/DBPs
rule on the maximum permissible contaminant level of bromate
(0.01 mg/L) [15]. The formation mechanism of bromate has been
extensively studied in purified water [14]. However, because hypo-
bromous acid reacts also with NOM in complex reactions, study on
the formation mechanism of bromate becomes difficult in natural
waters. Accordingly, further research on the kinetics of reaction of
NOM with hypobromous acid is necessary in bromide-containing
natural waters.

NOM consists of a heterogeneous mixture of humic substances,
hydrophilic acids, protein, lipids, carbohydrates, carboxylic acid,
amino acid and hydrocarbon [16]. However, reactions between
NOM and chlorine have shown that general aromatic compounds
(e.g. phenols) have more commonly been suggestive and predictive
of DBP formation [17]. Some studies are available on the reaction of
chlorine and bromine with model organic compounds of NOM, such

as phenolic compounds, in order to better understand the reactivity
of chlorine and bromine with NOM. The reaction rates are second
order with respect to the organic compounds and chlorine [18–21].
It is generally accepted that bromine reacts faster than chlorine with
NOM. For example, hypobromite was a more effective oxidant and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jiaokaifang@126.com
mailto:gmguo@126.com
mailto:fl@ecust.sdu.cn
dx.doi.org/10.1016/j.jhazmat.2009.05.017
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faster substituting agent than hypochlorite with resorcinol and
ts derivatives, and the presence of bromide during chlorination
ncreases the rate of formation of THMs [3,22,23]. Bromination of
esorcinol and orcinol yielded mono-, di- and tribrominated elec-
rophilic substitution products in meta and para positions [24]. For
he reaction of hypobromous acid with phenol in aqueous solu-
ion in a batch reactor, an apparent second-order rate constant was
00 M−1 s−1 at pH 4 [25]. The kinetics of bromination of phenol
as studied in the presence of high concentration of bromide and

he rate constant was 1.2 × 109 M−1 s−1 for the attack of bromine on
henoxide ion [26]. In the absence of bromide, the rate of bromi-
ation of aromatic compounds is proportional to the acidity of the
edia at low concentrations of acids [27], which can be explained

f rate-limiting step is either the reaction of the effective bromine
H2OBr+) with organic compounds or the decomposition of a proto-
ated transition state formed between hypobromous acid and the
rganic substrate. In the presence of high concentrations of bromide
dibromine (Br2) and tribromide ion (Br3

−) are the only brominat-
ng species), the kinetics of reaction of bromine with phenols was
tudied in aqueous solution at pH < 7 [26,28].

However, it is important to point out that for all these studies, pH
s too low or the concentration of bromide too high to describe the
eactivity of bromine with organic compounds in drinking water
reatment. The literature lacks the study on the kinetics of bromine
n aqueous solution at neutral and alkaline pH in the absence of
romide. The goal of this study was to determine the rate constants
f bromination of selected phenolic compounds between pH 5 and
H 11.

. Materials and methods

.1. Materials and methods

All chemicals were of the purest available quality. Solutions
f phenolic compounds, ammonia, chlorine and bromine were
repared with ultra-pure water produced from a US Filter Cor-
oration. A total of six phenolic compounds was studied: phenol,
-aminophenol, p-nitrophenol, 3-methoxyphenol, 3-chlorophenol
nd 4-nitro-m-cresol. Stock solutions of chlorine were prepared by
iluting a commercial solution of sodium hypochlorite (NaOCl, 4%
ctive chlorine). Sodium hypochlorite was standardized by iodom-
try.

Stock solutions of bromine were prepared from a solution of
zone (5 ◦C, pH 4, 10 mM phosphate) by addition of 0.1 M solution
f potassium bromide (KBr) [29]. After a day, ozone was purged by
ubbling nitrogen for 30 min. The bromine solution was standard-

zed by direct photometric determination of the hypobromite ion
BrO−) at 329 nm (ε = 332 M−1cm−1 [30]) after adjusting the pH of
he solution to 11. For a ratio Br−/O3 = 0.9, the yield of the reaction
as ≥95% and the concentration of the bromine solution was typi-

ally 0.65 mM. The solution was stable for 4 weeks when stored at
◦C.

All experiments were performed at room temperature (25 ◦C).
H measurements were carried out with a Mettler Toledo, which
as calibrated with pH 4, 7 and 9 standard buffers. Solutions were

uffered using phosphate (5 mM). Spectrophotometric measure-
ents were performed on a SAFAS 190 DES spectrophotometer.

.2. Reaction procedure
A preliminary study showed that the initial reaction of bromine
ith most of the phenolic compounds used in this study was too

ast to be followed in a batch reactor. Therefore, the kinetics of
romination was studied using a continuous-flow reactor.
aterials 170 (2009) 645–651

For the selected phenolic compounds the experimental setup
consisted of two HPLC pumps (Constametric3200 LDC Analytical).
The first one was used to pump the solution of oxidant (bromine or
chlorine), the second one the solution of the tested molecule (phe-
nolic compounds or ammonia). Both solutions were pumped with
the same flow rate. Total flow rates in the reactor varied between
3 and 21 mL min−1. The two solutions were mixed using a 1/15′′

mixing tee, connected to a 79.8 cm or a 29.6 cm reaction tube (0.25-
mm-ID Peek tube) where the reaction took place. The reaction
solution was collected in a 8 cm long photometric cell containing
4 mL of a buffered (pH 7.0) solution of diethyl-p-phenylenediamine
(DPD) method. The exact collected volume was determined using
a precision balance (±0.1 mg). The DPD solution stopped the reac-
tion and allowed analysis of the residual bromine (or chlorine) in
solution at 510 nm [31]. Detection limit was 0.09 �M. The reaction
time was defined based on the volume of the tube and the flux of
the mixed solution. Reaction times ranged about from 10 to 150 ms.

3. Results and discussion

3.1. Preliminary experiments

For the study of kinetics of the fast reactions between bromine
and selected phenolic compounds, preliminary kinetic experiments
were conducted to test the suitability of the continuous-
flow apparatus. To validate the measurements made using the
continuous-flow apparatus, the confirmation of preliminary exper-
iments of the kinetics of the reactions between chlorine and
ammonia was used.

Saguiosin and Morris [32] and Gallard et al. [33] have reported
the reaction of hypochlorous acid with ammonia (NH3) is a second-
order reaction (first-order with respect to chlorine and first-order
with respect to ammonia). The fast reaction between HOCl and NH3
produces NH2Cl and NHCl2. Between the two neutral molecules of
hypochlorous acid and ammonia, the reaction rate constant (kcl)
was 5.6 × 106 M−1 s−1 at 20 ◦C [32] and 5.97 × 106 M−1 s−1 at 23 ◦C
[33]. HOCl dissociates into OCl− with a pKa of 7.54, and NH4

+ dissoci-
ates into ammonia with a pKa of 9.3. Accordingly, considering total
concentrations of chlorine ([Cl]t) and ammonia ([NH3]t) (Eqs. (1)
and (2)), the rate of chlorine consumption is considered as follows
(Eq. (3)):

[Cl]t = [HOCl] + [OCl−] (1)

[NH3]t = [NH3] + [NH4
+] (2)

d[Cl]t

dt
= ka[Cl]t[NH3]t (3)

where ka is the apparent second-order rate constant and ka = kcl
between pH 4 and pH 11.

Fig. 1 illustrated a plot of Ln ([Cl]t/[Cl]t0) vs. time for four dif-
ferent pH values. Under pseudo-first-order kinetic experimental
conditions, the total concentration of ammonia was much higher
than chlorine. The initial concentration of ammonia ([NH3]t0) var-
ied from 0.5 to 2.0 mM, and the initial concentration of chlorine
([Cl]t0) was 10 �M. The pseudo-first-order rate constant (k′) was
indicated as the slope of the linear regression through data:

Ln
[Cl]t

[Cl]t0
= k′t (4)

where the pseudo-first-order rate constant

k′ = k [NH ] (5)
a 3 t0

The experimental and theoretical profile of the apparent second-
order rate constant (ka) vs. pH was shown in Fig. 2. The preliminary
experimental pH profile of the apparent second-order rate con-
stant was determined in aqueous media over the pH range of
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Fig. 1. Pseudo-first-order kinetic plot of the reaction of chlorine with ammonia.
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ig. 2. Apparent second-order rate constant (ka) pH profile of the reaction of chlorine
ith ammonia.

.5–10.5. The apparent second-order rate constant depends on
he individual reaction-rate constant kcl and pH. The theoret-
cal pH profile was determined by a non-linear least-squares
egression of experimental data and the fit curve function of
igmaPlot 2000 software as a tool. The calculated value of kcl
as approximately 5.7 × 106 M−1 s−1. This value was close to the

alue of 5.6 × 106 M−1 s−1 observed by Saguiosin and Morris [32]
nd 5.97 × 106 M−1 s−1 given by Gallard et al. [33]. Therefore, the
ontinuous-flow apparatus in preliminary experiments could be
sed for the study of kinetics of the rapid reactions between
romine and selected phenolic compounds.

.2. Rate constants of reactions between bromine and phenolic
ompounds

Bischel and Gunten [34] and Gallard and Gunten [18] studied
he kinetics of reactions of hypoiodous acid (HOI) and hydrochlor-
us acid with phenolic compounds in aqueous solutions between
H 2 and pH 12, and reported that the initial iodination and
hlorination of phenolic compounds were considered as second-
rder reactions. The apparent second-order rate constant showed
pH-dependence which could be explained by the species of both
alogen and phenols in aqueous solutions. For hypobromous acid,
similar behavior is expected and it can be hypothesized that

he initial bromination of phenolic compounds was a second-order
eaction (first-order with respect to bromine and first-order with

espect to phenolic compounds). Because hypobromous acid disso-
iates into hypobromite ion (BrO−) with a pKa of 8.89, and phenolic
ompounds dissociate into phenoxide ion (PhO−), total concentra-
ions of bromine ([Br]t) and phenolic compounds ([Phenols]t) can
aterials 170 (2009) 645–651 647

be considered as follows:

[Br]t = [HOBr] + [BrO−] (6)

[Phenols]t = [PhOH] + [PhO−] (7)

Based on Eqs. (6) and (7), the second-order rate constant (k′′)
of the initial bromination of phenolic compounds will depend on
the degree of dissociation of both bromine and phenolic com-
pounds in aqueous solutions. For chlorine, apparent second-order
rate constants showed a maximum in the pH region 8–9, which
was explained that HOCl was the only active electrophile and the
reactivity of OCl− is negligible [18,34]. Similar to OCl−, BrO− was
probably less reactive and might only react with phenoxide ion in
alkaline solutions (Eq. (8)).

BrO− + PhO− → Products, k1 (8)

In neutral and alkaline solutions, hypobromous acid was prob-
ably the only active electrophilic species of bromine and exhibits
a much higher reactivity than hypobromite ion, which could react
with both undissociated phenolic species (PhOH) and phenoxide
ion, respectively. The reaction of hypobromous acid with undis-
sociated phenolic species and phenoxide ion can be depicted as
follows:

HOBr + PhO− → Products, k2 (9)

HOBr + PhOH → Products, k3 (10)

Based on previous studies in the literature, the contribution of
dibromine (Br2) species to the observed reaction rate was negligi-
ble in our proposed model. Gallard et al. [33] studied bromination
of phenolic compounds under the same experimental conditions,
and indicated the proportion of dibromine was calculated to be
<0.08% at pH 5. Tee et al. [26] reported the kinetic constants of
hypobromous acid were only one order of magnitude smaller than
dibromine. These results reinforce our hypothesis and the reactions
between dibromine and undissociated phenolic species and phe-
noxide ion were considered negligible. Also, in the literature, the
reactions between XO− (e.g. BrO−) and phenoxide ion are generally
not included into models because the contribution of the reac-
tion seems to be significant only above pH 11. Furthermore, when
the reaction between hypobromite ion and undissociated phenolic
species was introduced into the model, the best fitting value of the
rate constant was zero, which indicated the reaction was consid-
ered to be negligible. Therefore, the consumption of bromine can
be written as follows:

d[Br]t

dt
= −k1[BrO−][PhO−] − k2[HOBr][PhO−] − k3[HOBr][PhOH]

(11)

d[Br]t

dt
= −(k1˛Br˛Phenols + k2(1 − ˛Br)˛Phenols + k3

× (1 − ˛Br)(1 − ˛Phenols))[Br]t[Phenols]t (12)

ka = k1˛Br˛Phenols + k2(1 − ˛Br)˛Phenols + k3(1 − ˛Br)(1 − ˛Phenols)

(13)

�Br = [BrO−]/([HOBr] + [BrO−]) (14)
�Phenols = [PhO−]/([PhO−] + [Phenols]) (15)

HOBr � BrO− + H+, ka1 (16)

PhOH � PhO− + H+, ka4 (17)
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Table 1
Hammett constants and rate constants of OBr− (k1) and HOBr (k2, k3) with selected
phenolic compounds.

Phenolic compounds б k1 (M−1 s−1) k2(M−1 s−1) k3(M−1 s−1)

Phenol 0 5.3 × 102 2.3 × 108 0.8 × 104

p-Aminophenol −0.24 4.9 × 103 5.4 × 108 8.9 × 104

p-Nitrophenol 0.33 6.4 × 103 8.8 × 106 9.2 × 103
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Fig. 4. Evolution of the pseudo-first-order rate constant (k′) with the initial concen-
tration of 3-chlorophenol at pH 8.3.

experiments were conducted between pH 5 and pH 11 (the solid
-Methoxyphenol −0.35 7.6 × 104 6.5 × 108 6.8 × 105

-Chlorophenol 0.38 7.5 × 102 7.9 × 106 6.5 × 104

-Nitro-m-cresol −0.15 5.6 × 102 3.2 × 108 7.5 × 105

here �Br and �Phenols (reactions (14) and (15)) are the degrees of
issociation of hypobromous acid and phenolic compounds.

Hypobromous acid dissociates into hypobromite ion
reaction (16)) and phenolic compounds dissociate into phe-
oxide ion (reaction (17)). The degrees of dissociation can
e calculated from the pH and the dissociation constants
˛Br0 = ka1/(ka1 + [H+]),˛Phenols0 = ka4/(ka4 + [H+])). Replacing ˛Br0
nd ˛Phenols0 into reaction (13), the apparent second-order rate
onstant (ka) depended on the individual reaction-rate constants
k1, k2, k3), the pH, and the acid dissociation constants according to
eaction (18). The individual rate constants were determined by a
onlinear least-squares regression of the experimental pH profile
f ka.

a = k1ka1ka4 + k2[H+]ka4 + k3[H+]2

(ka1 + [H+])(ka4 + [H+])
(18)

ate constants of initial brominations of phenol, p-aminophenol,
-nitrophenol, 3-methoxyphenol, 3-chlorophenol and 4-nitro-
-cresol were obtained in the pH range of 5–11 with the

ontinuous-flow apparatus under experimental conditions devel-
ped for pseudo-first-order kinetics. The values of k1, k2, k3 of the
tudied phenols were given in Table 1. The initial concentrations
f phenols varied from 30 to 150 �M. The initial concentrations
f bromine ranged from 1.5 to 7.5 �M. The bromination of 3-
hlorophenol as representative reaction was described in detail.

For the bromination of a 150 �M solution of 3-chlorophenol,
ig. 3 illustrated a plot of Ln ([Br]t/[Br]t0) vs. time for four differ-
nt pH values. The rate of bromination can be well linearized using
pseudo-first-order kinetic model. As shown in Fig. 4, the reac-

ion order for 3-chlorophenol was examined at pH 8.3 by ranging
he concentration of 3-chlorophenol. A close-fitting linear plot was
btained with our results for the pseudo-first-order rate constant
s. the initial concentration of 3-chlorophenol.

The experimental and theoretical profiles of the apparent

econd-order rate constant (ka) vs. pH for the bromination of
-chlorophenol are shown in Fig. 5. The experiments were con-
ucted between pH 5 and pH 11. The solid line was a non-linear

east-squares regression fit of k1, k2 and k3 to the experimental

Fig. 3. Pseudo-first-order kinetic plots of the bromination of 3-chlorophenol.
Fig. 5. Apparent second-order rate constant (ka) pH profile of the initial bromination
of 3-chlorophenol.

data. In near-alkaline media, rate constants showed a maximum,
which was explained if hypobromous acid was the only elec-
trophilic and the reactivity of hypobromite ion was negligible. Using
the acid dissociation constants ka1 = 10−8.9 and ka4 = 10−7.85, the
individual rate constants were calculated as k1 = 7.5 × 102 M−1 s−1,
k2 = 7.9 × 106 M−1 s−1, k3 = 6.5 × 104 M−1 s−1.

The kinetic models of brominations of the other phenolic com-
pounds were obtained using the same approach. The experimental
and theoretical profiles of the apparent second-order rate con-
stant vs. pH of the bromination of phenol are shown in Fig. 6. The
line was a non-linear least-squares regression fit of k1, k2 and k3
to the experimental data). Gallard et al. [33] studied bromination
kinetics of phenol under the same experimental condition. Also,
Pinkernell and Gunten [25] studied the apparent second-order rate

Fig. 6. Apparent second-order rate constant (ka) pH profile of the initial bromination
of phenol.
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ig. 7. Apparent second-order rate constant (ka) pH profiles of the initial bromina-
ion of p-aminophenol and p-nitrophenol.

onstant of the bromination of phenol in a batch reactor at pH 4.
he experimental results showed that the pH profiles of the appar-
nt second-order rate constant obtained in their studies were in
ood agreement with ka in the present paper. The apparent second-
rder rate constant pH profiles of the initial bromination of both
-aminophenol and p-nitrophenol are shown in Fig. 7 and both 3-
ethoxyphenol and 4-nitro-m-cresol in Fig. 8, Similar to phenol,

he proposed model fit well with the experimental profile. The val-
es of k1, k2 and k3 of the six selected phenolic compounds in our
tudy were listed in Table 1.

The rate constants of the reaction of hypobromous acid
ith the phenoxide ions (k2) ranged from 7.9 × 106 M−1 s−1 for

-chlorophenol to 6.5 × 108 M−1 s−1 for 3-methoxyphenol. For phe-
ol, the rate constant of hypobromous acid with phenoxide ion was
.3 × 108 M−1 s−1, which was close to the value of 1.8 × 108 M−1 s−1

iven by Gallard et al. [33]. Tee et al. [26] reported the rate con-
tant of dibromine with phenoxide ion was 1.2 × 109 M−1 s−1, which
as only one order of magnitude larger than hypobromous acid.
ased on the very low dibromine concentration (<0.08%) under the
ame experimental conditions with the continuous-flow apparatus
33], this result could reinforce our hypothesis that the reactivity of
ibromine species was considered as negligible. Because the rate
onstants of the reaction of hypobromous acid with the phenoxide
ons were two to six orders of magnitude greater than the cor-
esponding rate constants of the reaction between hypobromite
on and the phenoxide ions (k1) and the rate constants of the
eaction between hypobromous acid and the undissociated phe-

olic species (k3), in the pH range of 7–9, the values of k1 and k3
ere too small to affect the apparent second-order rate constant

f bromination of the phenolic compounds. Therefore, the over-
ll reaction was only controlled by the reaction of hypobromous
cid with the phenoxide ions. Gallard et al. [33] studied the kinet-

ig. 8. Apparent second-order rate constant (ka) pH profiles of the initial bromina-
ion of 3-methoxyphenol and 4-nitro-m-cresol.
Fig. 9. Hammett plots for the reaction of HOBr with phenoxide ions.

ics of bromination of phenolic compounds and found the initial
bromination of p-methylphenol, p-chlorophenol, p-acetylphenol
and 2,4-dichlorophenol was considered as a second–order reac-
tion. However, kinetics of bromination of 2,4,6-trichlorophenol was
first-order since 2,4,6-trichlorophenol exhibited a much lower reac-
tivity toward bromine. Also, the reaction of hypobromous acid
with the phenoxide ions controlled the reaction and the rate
constants ranged from 1400 M−1 s−1 for 2,4,6-trichlorophenol to
2.1 × 108 M−1 s−1 for p-methylphenol.

3.3. The effect of substituents on rate constants

It is generally accepted that the Hammett correlation is clas-
sically used to predict the effect of substituents on reaction-rate
constants between organic compounds and oxidants [18,34,35].
Both inductive effect and resonance effect determine substituents
with an electron-withdrawing effect or an electron-donating effect.
Substituents with an electron-withdrawing effect decrease the
electron density of the aromatic ring, whereas substituents with
an electron-donating effect increase the electron density of the
aromatic ring. The Hammett constant (б) reflects the effects of
inductive and resonance effects on substituents. If б > 0, sub-
stituents have an electron-withdrawing effect (e.g. –Cl, –NO2),
whereas if б < 0 substituents exert an electron-donating effect (e.g.
–CH3, –NH2). The non-substituted phenol was used as a reference
compound (б = 0). Because the reactions between hypobromite ion
and the phenoxide ions and between hypobromous acid and the
undissociated phenolic species were considered as negligible in the
pH range of 7–9, the Hammett correlation was only tested for the
reaction between hypobromous acid and phenoxide ions in natural
waters (neutral pH). A linear plot could be drawn between log(k2)
and б (Fig. 9). Values of б were shown in Table 1 for the selected
phenolic compounds. The linear regression for the bromination of
the selected phenolic compounds was:

log(k2) = −2.85б + 8.00, r = 0.97, n = 6. (19)

The Hammett constant increased with the increase of the deacti-
vating effect of the substituents, whereas the rate constants of the
reaction of hypobromous acid with the phenoxide ions decreased
with the deactivating effect of the substituents due to the elec-
trophilic character of hypobromous acid. For example, for the
bromination of 3-methoxyphenol, the Hammett constant was the
smallest and the rate constant (k2) was the largest. The negative
sign of the Hammett slope of the linear regression was typical

of electrophilic substitution reaction. Both p-aminophenol and
3-methoxyphenol with substituents having an electron-donating
effect promoted the halogen substitution onto the para and meta
position. However, p-nitrophenol and 3-chlorophenol with sub-
stituents having an electron-withdrawing effect hindered the
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alogen substitution. The initial reaction of bromine with phenol
ompounds was the electrophilic substitution onto available 2, 4
nd 6 ring positions leading to the formation of bromophenols [26].

ith phenolic compounds the –OH and –O− substituents acted
s activating substituents that promoted the halogen substitution
nto the para and meta positions [33].

The Hammett correlation was also used to predict the kinetics of
eactions of hypochlorous acid and hypoiodous acid with phenolic
ompounds in aqueous solutions by Bischel and Gunten [34] and
allard and Gunten [18]. Rate constants of hypobromous acid were
bout three to four orders of magnitude higher than hypochlorous
cid and 5 to 500-fold higher than hypoiodous acid, which indicated
hat HOBr was a more effective substituting halogen than HOCl and
OI. In agreement with the lowest electronegativity of iodine, the

ate constants of the reaction of hypoiodous acid with the phe-
oxide ions should present the highest. However, the intermediate
eactivity of iodine was not consistent with the order of electroneg-
tivity of halogens. Steric effect and the low stability of hypoiodous
cid in aqueous solution might explain the unexpected reactivity of
odine. Hammett slopes of hypoiodous acid were smaller than Ham-

ett slopes of hypochlorous acid and hypobromous acid, which
ould be explained by the lowest electronegativity of iodine [33].

.4. Implications for drinking water treatment

To understand the behavior of hypobromous acid in drink-
ng water treatment plants, the pseudo-first-order rate constants
f reactions of HOBr with phenol and 3-chlorophenol were
alculated at pH 8.0. The concentration of HOBr was 1.2 �M
about 100 �g/L of Br). Rate constants of reactions of HOBr with
henol and 3-chlorophenol were 2.6 and 0.34 s−1, respectively.
seudo-first-order rate constants of reactions of O3 with phenol
nd 4-chlorophenol and reactions of HOCl with phenol and 4-
hlorophenol were calculated at pH 8.0 for ozone ([O3] = 20 �M,
bout 1 mg/L) and chlorine ([HOCl] = 20 �M, about 1.4 mg/L) from
iterature data [18,34]. Pseudo-first-order rate constant was 360 s−1

or reactions of O3 with phenol and 1.2 × 10−3 s−1 for reactions of
OCl with phenol. Pseudo-first-order rate constant was 680 s−1 for

eactions of O3 with 4-chlorophenol and 6.0 × 10−4s−1 for reactions
f HOCl with 4-chlorophenol. Results showed that rate constants
f bromination of phenol and 3-chlorophenol were about three
rders of magnitude higher than rate constants of the reaction of
hlorination of phenol and 4-chlorophenol when the concentra-
ion of bromine was much lower than chlorine. This verifies that
uring chlorination of natural waters, reactions of active bromine
ith phenol-like organic structures of NOM are much faster than

eactions of chlorine, which leads to the formation of bromi-
ated and mixed chlorobromo by-products [33]. However, rate
onstants of bromination of phenol and 3-chlorophenol were about
wo to three orders of magnitude lower than rate constants of
eactions of ozone with phenol and 4-chlorophenol. This result
onfirms that in ozonation step of natural waters, the high reac-
ivity of ozone with phenols limits reactions of active bromine
ith phenol-like organic structures of NOM. Therefore, the forma-

ion of brominated organic compounds is considered as negligible
25].

. Conclusion

The purpose of this paper was to determine bromination kinetics

f phenolic compounds in aqueous solution between pH 5 and pH
1. The following conclusions were obtained from the study:

1) The initial bromination of selected phenolic compounds was
a second-order reaction. The reaction rates of hypobromous

[

[

aterials 170 (2009) 645–651

acid with phenoxide ions controlled the overall reaction rate
between pH 7 and pH 9.

(2) Hammett correlation could be successfully used to predict the
bromination kinetics of phenolic compounds. Hammett equa-
tion could be obtained to estimate the reactivity of active
bromine with substituted phenols.

(3) In drinking water treatment plants, the high reactivity of
bromine with phenol-like organic structures led to the
formation of brominated disinfection by-products during chlo-
rination. However, the reactions of bromine with phenols were
negligible during ozonation.
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