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Bromination Kinetics of Phenolic Compounds and NOM 
by Hypobromous Acid in Drinking Water Treatment 
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Abstract 
Kinetic information on the reactions between hypobromous acid (HOBr) and phenols and the 

reactions between HOBr and natural organic matter (NOM) was collected by sequential 
stopped-flow technique.  The observed second-order rate constants (k2obsd) of 15 phenols at 
pH7.0 ranged from 3.3 102 to 6.0 105 M-1 s-1, indicating higher reactivity than other unsatu-
rated organic compounds.  The rate constants of the reactions between HOBr and 14 phenolates 
(k2’), the major reaction pathway in the common pH range in drinking water treatment practice, 
were correlated to Hammett’s values and k2’ for chlorination of phenols by HOCl.  Multiple 
reaction phases were found during the reaction between HOBr and NOMs.  The number of 
reaction sites for the fast reaction phase of NOM from three different sources ranged from 0.20 
to 0.92 µmole (mg C)-1, and was linked to specific phenolic contents.  Also, the apparent sec-
ond-order rate constants for the initial reaction phase between HOBr and NOM were similar 
that of vanillin.  A chemical quenching method using 2-chlorophenol confirmed that bromina-
tion is a dominant reaction pathway during the reaction between NOM and HOBr over oxida-
tion.

KeyWords  NOM, bromide, hypobromous acid, disinfection byproducts, sequential  
stopped-flow analysis, bromination 
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Table 1.  Characteristics of the water and NOM samples tested. 

code DOC  

(mg L-1)

NH4+

(µmole (mg C) -1)

SUVAa

(L cm -1mg -1)

phenolic contentb

(µmole(mg C) -1)

SRFA - 0.2 0.042 1.93

LBJ - 0.7 0.014 0.37

STP 12.8 0.3 0.011 0.43

a at 254 nm 
bas phenol equivalent 

a Specific UV absorbance. b as phenol equivalent. c Suwannee River fulvic acid.  
d Lake Biwa NOM, e a lake water from the Midwest region, USA. 
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Fig. 1. Schematic of the sequential stopped-flow system.
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No. compound k2obsd (M-1s-1)

1 phenol (4.1 0.1)  104

2 2-hydroxybenzoic acid (3.3 0.2)  102

3 3-hydroxybenzoic acid (5.1 0.2)  104

4 4-hydroxybenzoic acid (5.2 0.1)  104

5 2-nitrophenol (2.0 0.3)  104

6 2-bromophenol (2.3 0.1)  105

7 4-bromophenol (2.1 0.1)  104

8 2-chlorophenol (2.0 0.1)  105

9 4-chlorophenol (2.5 0.1)  104

10 vanillic acid (1.3 0.1)  105

11 vanillin (6.0 0.4)  105

12 4-methoxyphenol (3.1 0.1)  104

13 o-cresol (4.5 0.2)  104

14 m-cresol (2.7 0.2)  105

15 p-cresol (7.4 0.2)  104

16 resorcinol >(1.7 0.2)  106

Table 2. k2obsd of the reaction of HOBr and phenols at pH 
7.0 at 20 ˚C. Conditions: buffer, 25 mM phosphate buffer; 
initial HOBr concentration, 2.0-7.0 µM; phenol concen-
tration, 20-45µM.  Each compound was tested at least at 
three different HOBr concentrations and three phenolic 
compound concentrations (i.e., at least nine runs) to 
determine k2obsd.
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Fig 2.  Effect of pH on the observed second-order rate 
constant of the reaction between selected phenols and 
HOBr.  25 mM phosphate buffer was used to adjust pH. 
For other conditions see the caption of Table 1. 

Table 3. k2’ of the reactions between HOBr and phenols
at 20 ˚C.
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Table 4. Comparison of k2obsd for HOBr among various
types of organic compounds. 

compound
rate constant 

(M-1s-1)
source

phenolsa
3.1 104

6.0 105
this studyb

2-hydroxybenzoic acid 3.3 102 this studyb

benzene <0.01 ref. 24
anisole 52 this study
ethanol 5 10-6 ref. 15
acetaldehyde 2.1 10-3 ref. 25
p-xylene 0.2 ref. 24
propene 7 102 ref. 26
1-butene 9 102 ref. 26

log k2' = 7.79 - 3.29  o, m, p  (r
2
=0.88, n=18)    (3) 
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Fig. 3. Hammett plot for the bromination of phenols by 
HOBr.  For –COO-, 0.1 was assigned instead of com-
monly cited value, -0.02820).  Other  values were ob-
tained from ref. 27.  Open circles are the values obtained 
in this study.  Closed circles are obtained from ref. 10. 
Numbers indicated correspond to those in Tables 2 and 3.
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Fig 4.  Relationship between pKa of phenols and k2' of 
the reactions between HOBr and phenolic compounds at 
20 ˚C.  pKa 's of phenol, cresols, halophenols, and 
4-methoxy phenol were obtained from ref 21.  For va-
nillin and vanillic acid, pKa values were obtained from 
ref. 22.  For other phenols, pKa values were obtained 
from the thermodynamic values23).  Open circles are the 
values obtained in this study.  Closed circles are ob-
tained from ref. 9.  Numbers indicated correspond to 
those in Tables 2 and 3.  
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Fig. 5.  Hammett plot for the bromination of mono-
substituted benzenes by HOBr in aqueous phase at 20 
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obtained from ref. 6. 
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( mole mg 1) (M 1 s 1) x103(s 1 mg 1)

SRFA 0.92 13.6 10.0 

LBJ 0.20 5.4 2.4 

LKA 0.60 6.0 8.4 

Table 5.  Kinetic parameters on the reaction between 
NOM and HOBr.
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Fig. 8. Comparison of the reaction types during the 
reaction between HOBr and NOMs. The reaction with 
HOBr was conducted at pH 7.0 and at 20 ˚C. Reaction 
time was 1 s. 
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