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a b s t r a c t

A kinetic model capable of simulating by-products formation in bromide-containing waters during disin-
fection processes is presented in this paper. The model is based on two parallel sequences of incorporation
and oxidation reactions induced by bromine or chlorine reacting with natural organic matter (NOM). Each
sequence starts from a different type of NOM functionality that has its own set of specific reaction rate.
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Decay reactions of NOM and halogenated intermediates are assumed to follow a first order kinetic, while
disinfection by-product (DBP) generation reactions are simulated introducing so-called splitting coeffi-
cients. This approach allows obtaining explicit expressions for DBP species. Model’s results are compared
with experimental data obtained for seawater samples. Comparison of the data confirms the model’s
ability to predict DBPs formation with high precision.
odelling
OM

. Introduction

One of the drawbacks of water chlorination is the formation
f by-products (DBPs), caused by natural organic matter (NOM)
alogenation. Due to the high toxicity of many DBP species, their
eneration represents a serious threat for human health and
nvironmental quality [1–3]. Therefore the availability of a mathe-
atical model capable of adequately simulating NOM halogenation

s very important to predict and control DBP formation.
In prior research, equations with which to predict DBP yield

nd speciation have been obtained using two approaches. The first
ne is based on the development of statistic correlations between
he concentrations of a single DBP species or their multiple classes
nd, on the other hand, water quality parameters and/or chlorine
ose [4–7]. The second one is based on the examination of spe-
ific reaction pathways leading to DBP production through chemical
eactions involving NOM and chlorine [8–10].

Research conducted with natural water sources, aquatic humic
ubstances and model compounds, has allowed formulating and
esting several hypotheses concerning these pathways. It has been
roved that chlorine reacts with NOM through both incorporation

nd oxidation reactions [11–13]. It has also been found that, in
he presence of bromide, bromine competes with chlorine as con-
equence of the rapid oxidation of bromide to bromine [14–19].
BP species containing bromine are formed as a result through
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the reaction pathway identical to that with chlorine [12,13]. Finally
incorporation and oxidation reactions have been shown to involve
at least two processes, one occurring much faster than the another
[20,21] due to the presence of two distinct types of reactive func-
tionalities of NOM [4,22].

These findings allow formulating a mathematical model that
simulates DBP formation in bromide-containing waters. The model
presented in this paper was calibrated using experimental data
obtained during chlorination of seawater, which is high in bro-
mide. DBPs formed during seawater chlorination are similar to
those usually formed during the chlorination of waters of terres-
trial provenance [23,24], although in the seawater, due to the high
concentration of bromide in it (about 65 mg L−1, i.e. one order
of magnitude higher than the highest concentration of bromide
in drinking water sources, estimated to be 2 mg L−1), chloro-
brominated and especially brominated species are more abundant.
However, the nature of sites that interact with halogens to form
DBPs appears to be largely the same in terrestrial waters and sea-
water, as has shown by absorbance spectroscopy measurements
[25]. It has to be also observed that seawater chlorination is not
rare, being used, for example, to control the growth of biofilm on
heat exchangers of power station and membranes of desalination
plants, or to disinfect ballast water: of course formation of DBP
in chlorinated seawater has to be controlled due to the possible
adverse effects on marine organisms [26], atmosphere [27] and

even humans in case of release of DBPs in drinking water produced
in desalination plants [24]. The aim of the paper is therefore to con-
tribute to better understand the mechanism of DBP formation in all
kind of waters containing bromine, including seawater, through the
elaboration of a mechanistic model able to predict the generation

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fabbrici@unina.it
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ig. 1. Schematic pathway of incorporation and oxidation reactions involved in the
ormation of disinfection by-products.

f chlorinated, brominated and chloro-brominated compounds in
hlorinated waters.

. Model formulation

The proposed model is based on the multi-step reaction path-
ay leading to trihalomethanes (THMs) and haloacetic acids (HAAs)

ormation that was proposed by Nokes et al. [13].
The pathway includes oxidation and incorporation processes

nd production of halogenated intermediates (Fig. 1). As a conse-
uence of the instantaneous oxidation of bromide, all processes are
ttributed to chlorine and/or bromine and assumed to occur simul-
aneously, although these two species have different characteristic
eaction rates. Previous studies [13,15,28,29] showed, in fact, that
romine substitution with NOM can be up to an order of magnitude
aster than bromine substitution.

For each halogen two parallel sequences are considered; the first
ne starts from slow reactive sites of NOM, and the second one
tarts from fast reactive sites. The two sequences are considered to
e mechanistically identical but they have different reaction rates.

In the sequence of relevant transformations, the following reac-
ions are described individually:

decay of the reactive sites of NOM;
generation and decay of mono-, di- and tri-halogenated organic
intermediates, as a consequence of incorporation reaction;
generation of disinfection by-products, as a consequence of oxi-
dation reactions.

Decay reactions are assumed to follow a first order kinetic, as
ndicated by the following relationships:

S0 =
∑
r=1,2

kr
oSr

o (1)

Si
=
∑
r=1,2

kr
i Sr

i 1 ≤ i ≤ 3 (2)

here DS0 is the decay rate of NOM (mol L−1 min−1); DSi
is

he decay rate of organic intermediates containing i halogens
mol L−1 min−1); kr

o, kr
i

are the kinetic constants of fast (r = 1) and
low (r = 2) decay processes (min−1); Sr

o is the concentration of fast
r = 1) and slow (r = 2) reactive site of NOM (mol L−1); Sr

i
is the con-

entration of i-halogenated intermediates generated by fast (r = 1)
r slow (r = 2) reactions (mol L−1).

Halogen incorporation reactions to generate halogenated inter-
ediates are obtained assuming that the generation rate of each

pecie containing i halogens, is equal to the decay rate of the corre-

ponding specie containing i − 1 halogens:

Si
=
∑
r=1,2

˛r
i kr

i−1Sr
i−1 1 ≤ i ≤ 3 (3)
rdous Materials 168 (2009) 782–786 783

where GSi
is the generation rate of organic intermediates contain-

ing i halogens (mol L−1 min−1); ˛r
i

is the splitting coefficient of fast
(r = 1) and slow (r = 2) intermediate generation reactions.

Finally DBP generation reactions, caused by chlorine- or
bromine-driven oxidation, are obtained assuming that the genera-
tion rate of each species is equal to the fraction of the overall decay
rate of the intermediate containing the same number of halogens:

GDBPi
=
∑
r=1,2

ˇr
i kr

i Sr
i 1 ≤ i ≤ 3 (4)

where GDBPi
is the generation rate of by-products containing i halo-

gens (mol L−1 min−1); ˇr
i

is the splitting coefficient of fast (r = 1) and
slow (r = 2) by-product generation reactions.

Of course if n is the number of incorporation or oxidation reac-
tion involving a generic intermediate containing i − 1 halogens, the
following relationship has always to be satisfied:∑

n

(˛r
i + ˇr

i−1) = 1 r = 1, 2 (5)

Relevant mass balance equations can be therefore written as

dSo

dt
= −DSo (6)

dSi

dt
= GSi

− DSi
1 ≤ i ≤ 3 (7)

dDBPi

dt
= GDBPi

1 ≤ i ≤ 3 (8)

where t is the time (T); DBPi is the concentration of a generic DBP
containing i halogens (mol L−1).

Assuming that only mono- and di-haloacetic acids are formed
by the oxidation of mono- and di-halogenated intermediates, while
tri-halogenated HAAs and tri-halomethanes (THMs) are formed via
the oxidation of tri-halogenated intermediates and applying Eqs.
(6)–(8) to the sequence of reactions involving bromine and chlorine,
it is possible to generate a set of differential equations, which can be
integrated analytically. This approach also assumes that the initial
concentration of the slow and fast reactive sites of NOM can be
either determined experimentally or found based on the fitting of
model data. This approach allows obtaining the following explicit
expressions for the concentrations of chlorinated and brominated
organic intermediates and disinfection by-products:

Si =
∑
r=1,2

(
Sr

o,t=0 ·
∏
h=1,i

(˛r
h
kr

h−1) ·
∑
j=0,i

(
e

−kr
j
t∏

w=0,1;w /= j
(kr

w − kr
j
)

))
1 ≤ i ≤ 3

(9)

Hi=
∑
r=1,2

(
ˇr

Hi
· Sr

o,t=0 · kr
o ·
∏
h=1,i

(˛r
h
kr

h
) ·
∑
j=0,i

(
1−e

−kr
j
t∏

w=0,1;w /= j
(kr

w−kr
j
)

))
1 ≤ i ≤ 3

(10)

T =
∑
r=1,2

(
ˇr

T · Sr
o,t=0 · kr

o ·
∏
h=1,i

(˛r
h
kr

h
) ·
∑
j=0,i

(
1 − e

−kr
j
t∏

w=0,1;w /= j
(kr

w − kr
j
)

))
(11)

where Sr
o,t=0 is the initial concentration of fast (r = 1) and slow

(r = 2) reactive site of NOM (mol L−1); Hi = concentration of a generic
HAA containing i halogens (mol L−1). T = concentration of a generic
THM (mol L−1).

Similar expressions, not reported here for brevity, can be derived
for mixed chloro-bromo compounds.
3. Materials and methods

Two different seawater samples were used in the experimen-
tal study, indicated as S1 and S2. Samples were collected close to
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Table 1
Seawater characteristics.

Sample S1 S2

pH 7.6 7.6
D −1

B
U
S

t
c
a
o
o
o
e

f

OC (mg L ) 0.9 1.0
r (mg L−1) 61 60
V254 (cm−1) 0.024 0,029
UVA254 (L mg−1 m−1) 2.7 2.9

he shoreline in the Gulf of Naples (Italy) and filtered using a poly-
arbonate filter 0.45 �m. Main characteristics of filtered samples
re summarized in Table 1. Chlorination experiments were carried
ut according to the standard procedures employed in the research

f DBP formation and carried out at the Water Quality Laboratory
f the University of Washington. These procedures are described
lsewhere [30].

After filtration the samples were placed in closed headspace-
ree reactors, in which chlorine was injected. At different times

Fig. 2. Time profiles of the release of trihalometha

Fig. 3. Time profiles of the release of mono- and di-halogenated

Fig. 4. Time profiles of the release of trihalogenated haloa
rdous Materials 168 (2009) 782–786

(from 10 to 480 min) chlorinated samples were taken from
the reactors, quenched with a sodium sulfite solution, dosed
in excess respect to the initial chlorine amount, and stored in
the dark, at 4 ◦C. EPA methods 551 and 552 were followed for
DBP measurements in chlorinated samples. Standards methods
were followed for any other analytical determination. All mea-
surements were performed within 1 week from the experiment
start.

THMs and HAAs were measured using a GC HP 5890, equipped
with a Ni electron capture detector. Dissolved organic carbon was
obtained using a Shimadzu TOC-5000 analyzer which has been
shown to yield high quality data for DOC measurements in seawater
[31]. Finally bromide content was measured using an IC Metrhom

761.

A stock solution of NaClO 0.01N was used as disinfectant agent:
selected chlorine dose was equivalent to 1 mg L−1 (ratio Cl:DOC
∼1:1). All reagents used during experiments were high purity grade.
Only Millipore MilliQ water was used as reagent water.

nes formed in chlorinated seawater samples.

haloacetic acids formed in chlorinated seawater samples.

cetic acids formed in chlorinated seawater samples.
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Table 2
Model’s parameters.

Sample Initial concentration of NOM reactive sites (�mol L−1) Ratio between slow and fast reactions NOM decay kinetic constant (min−1)

S1
o, t=0 S2

o, t=0 s/f k1
o

S1 20 10 0.02 0.6
S2 40 10 0.5

Chlorine induced reactions kinetic constants (min−1) Bromine induced reactions kinetic constants (min−1)

k1
1 k1

2 k1
3 k1

1 k1
2 k1

3

S1 0.3 0.07 0.4 0.7 0.02 0.6
S2 0.4 0.06 0.6 0.4 0.01 0.8

Chlorine induced reactions splitting coefficients Bromine induced reactions splitting coefficients

˛1
1 ˛1

2 ˛1
3 ˛1

1 ˛1
2 ˛1

3

S1, S2 0.3 0.3 0.3 0.8 0.3 0.6

ˇ1
T

ˇ1
H1

ˇ1
H2

ˇ1
H3

ˇ1
T

S 0.0003 0.0002 0.006 0.06 0.12
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ˇ1
H1

ˇ1
H2

ˇ1
H3

1, S2 0.0002 0.0002 0.01

. Results and discussion

Experimental results referred to detected DBPs are presented in
igs. 2–4.

Total amount of formed THMs after 8 h was 3.1 �mol L−1 in S1
ater and 1.5 �mol L−1 in S2 water, while total amount of formed
AAs was 1.8 �mol L−1 in S1 water and 0.9 �mol L−1 in S2 water.
BPs speciation was similar for the two samples. Measured concen-

rations of single species were in accordance with literature data
23–25]. Brominated DBP were predominant, as expected due to
he high bromide concentration. Among THMs, bromoform con-
ributed to about 98% of total formed THMs. Among HAA, the most
bundant species was tribromoacetic acid (about 73% of total HAAs
or both waters), followed by dibromoacetic acid (17–18%) and
richloroacetic acid (4%), whose concentration was similar to that
f monobromoacetic acid. The other species were found only at
race levels. After 480 min of reaction, total incorporated bromide
n detected DBPs ranged between 12 and 14 �mol L−1 for S1 and
etween 6 and 7 �mol L−1 for S1; total incorporated chlorine was
n order of magnitude less important for both waters.

The time profiles of the release for all DBP species, are not
arkedly different form those observed for fresh water samples

25]. In accord with the hypothesized existence of two distinct
ypes of reactive functionalities of the NOM, one reacting faster than
he other, the growth rate was higher during the first 60–90 min,
nd then it slightly decreased for all DBP species, except for tri-
hloroacetic acid, tri-chloromethane and tri-bromomethane. For
hese three compounds, in fact, the concentration reached a peak
fter 60 min, and decreased somewhat, probably because of decay
rocesses, which, in terrestrial water chlorination, are characteris-
ics of tri-bromoacetic acid [30].

The experimental data presented in Figs. 2–4 were used to cali-
rate the proposed model. Only chlorinated and brominated species
ere taken into account, excluding mixed chloro-brominated ones,
hose concentrations, as mentioned previously, were generally

ery low.
The ratio of yields of the slow and fast reactions (s/f) was

ssumed to be the same for all decay and DBP generation pro-
esses. This assumption was introduced to reduce the number of
arameters to be determined through calibration. The latter was

erformed by minimizing differences between the experimental
BP concentrations and model predictions using for an assigned

et of kinetic constants, splitting coefficients, initial concentrations
f the fast and slow reactive sites of NOM, and ratios of yields of
he fast and slow processes. Splitting coefficients were supposed to
Fig. 5. Correlations between experimentally DBP concentrations and their model
predictions.

be independent of NOM characteristics, and therefore equal for the
two seawater samples used in the study.

Results of model calibration are summarized in Fig. 5 and Table 2.
As it can be seen, the developed model generates high quality sim-
ulation data. Almost all points in Fig. 5 are well aligned along the
zero-error line, indicating that predicted concentrations are close
to the experimental results.

Kinetic constants for the two considered samples are not very
different, indicating that NOM characteristics are likely to be sim-
ilar in these two cases. This is not very surprising given that these
parameters are probably affected by chlorine dose, which was the
same during the whole study, and by bromide concentration, which
was almost the same for the two samples. Further experiments are
therefore required to verify the performance of the model in a wider
range of experimental conditions.

5. Conclusions

The paper presented an experimental study aimed at investi-
gating and modelling yields and speciation of DBP formed during
chlorination of seawater that can be considered a representative
example of waters with high bromide levels. The data show that

brominated compounds were predominant due to the high bro-
mide concentration in the tested waters while THMs were more
abundant than total HAAs.

The experimental data were used to examine the performance
of a kinetic model that was based on a multi-step reaction path-
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ay. The model was calibrated to obtain the values of all kinetic
arameters present in the explicit expressions for chlorinated and
rominated THMs and HAAs. Although the model is able to fit very
ell the experimental data, further investigation is necessary to

onfirm its applicability for different NOM sources.
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