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bstract

Bromo-DBPs (disinfection by-products) are generated by bromide and disinfectant in drinking water disinfection, which have adverse effects
n human health. In this study, effects of coexisting anions on removal of bromide by aluminium coagulation were investigated. It was observed
hat bromide was removed of 62.1–87.0% in raw water, while the removal efficiency of bromide was achieved 82.8–99.2% in deionized water
hrough the combination of Br− with Al(III) in various pathways. The coexisting anions in raw water significantly affected the removal of bromide.

emoval efficiency decreased by 11.5, 21.2, 14.6, 8.0 and 40.8% with the addition of HCO3

−, SO4
2−, Cl−, NO3

− and H2PO4
−, respectively, for

heir affinities with Al(III) or accelerating the formation of Al(OH)3(am). These results demonstrated that bromo-DBPs in drinking water could be
ontrolled though removing bromide by enhanced coagulation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Disinfectors have been used extensively to kill pathogen in
rinking water treatment. However, an obvious drawback of dis-
nfection is the formation of disinfection by-products (DBPs).
ince the pioneer work of Rook [1] in 1974, more than 600 DBPs
ave been reported and new DBPs are identified with sensitive
nalyse [2,3].

Bromo-DBPs, which are generated by bromide and disin-
ectors, have been focus on due to their carcinogenic to public
ealth [4]. Bromate, a typical bromo-DBPs produced in ozone
isinfection, is permitted with the maximum concentration of
5 �g/L in drinking water according to the standard of WHO
5,6]; Bromo-, or bromochloro-trihalomethanes (THMs) and
aloacetic acids (HAAs), which are produced in chlorine and
hloramine disinfection, are limited with the maximal concen-

ration of 80 �g/L (THMs) and 60 �g/L (HAAs) by US EPA
n disinfectant/disinfection by-products rule (D/DBP)I, respec-
ively [7–9]. Bromo-, or bromochloro-THMs and HAAs are
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enerally considered more carcinogenic than their chlorinated
nalogues [8–10].

As the precursor for the formation of bromo-DBPs, bromide
s naturally present in raw water, especially in groundwater and
urface water in coastal region. For rapid growth of industrial
ctivities, brine runoff from oil field and use of methyl bromide
or pest control, more bromide is discharged to environment
11,12]. The mean occurrence level of bromide was reported to
e 62 �g/L with an overall observed range of <5–429 �g/L in
SA and the highest concentration of bromide was estimated

o be 2 mg/L in drinking water source [13,14]. Accordingly,
n order to control bromo-DBPs, bromide should be removed
efore disinfection in drinking water.

In water treatment, nanofiltration, hyperfiltration and reverse
smosis were used to reduce bromide and/or bromate by
dsorption, size exclusion and high pressure [15], meanwhile,
iological activated carbon were reported to have the capacity
o reduce bromate to bromide after ozonation [16]. Some new

ethods, e.g., Ag-doped activated carbon aerogels were inves-

igated to remove bromide and how the activation of Ag-doped
erogels affects their behavior [17], electrochemical method was
resented to lower bromide by oxidation of bromine to bromine
nd the volatilization of bromine with carbon dioxide [5]. These
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dx.doi.org/10.1016/j.jhazmat.2007.06.041
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ethods were proved to be effective though the cost would be
igh in actual usage.

Coagulation is a key and basic unit process in water purifi-
ation. Enhanced coagulation is recommended by US EPA as
n optimal way to control DBPs at the first stage in performing
/DBP rule for its high efficiency in removing nature organic
atter (NOM) [18]. The removal efficiency and mechanism of
OM in coagulation had been extensively investigated [19–21].
urthermore, some inorganic compounds, such as phosphate,
uoride, soluble silica, were found that could bind with Al(III)
r Fe(III) salt in coagulation process [22–24]. Planky et al. [22]
nvestigated the kinetic of aluminium fluoride complexation in
cid water and reported different formation pathways of AlF2+.
heng et al. [23] studied the effects of phosphate on removal of
umic substances by aluminium sulphate and found that most
f phosphate was removed in the presence of humic acid. These
esults implied that bromide would also be reduced through sim-
lar mechanism in conventional coagulation. However, in actual
nvironment, except humic acid, large amount of anions, e.g.,
CO3

−, SO4
2−, Cl−, NO3

−, H2PO4
− and F− coexist with bro-

ide in raw water. Some of these anions were reported that had
nfluence or could be removed in coagulation process [25,26].
ence, the effects of coexisting ions on coagulation removal
f bromide should be considered. Though some methods were
tudied to reduce bromide in drinking water, few investigations
ere conducted in the removal of bromide by coagulation and

he corresponding factors influencing removal efficiency.
The objectives of this study were to: (1) test and compare

he removal efficiency of bromide by aluminium coagulation in
ifferent water samples, (2) investigate the effects of coexisting
nions on the removal efficiency of bromide. Results from this
nvestigation can provide valuable information in removal of
romide effectively and thus to control bromo-DBPs in drinking
ater.

. Material and methods

.1. Material

Bromide stock solution (1 g/L, Calculated as Br−) was pre-
ared with KBr (Shanghai Chemical Co., China, 99%) and
hen diluted to the target concentration with deionized water.
umic acid (HA) stock solution was composed of 1.0 g HA

Shanghai Chemical Co., China, biochemical reagent grade)
nd 1 L 0.025 mol/L NaOH, which was stirred for 4 h and fil-
ered with 0.45 �m PTFE film to removed residual nondissolved
A powder. Aluminium stock solution (1 g/L, calculated as
lCl3•6H2O) was prepared with aluminium chloride hexahy-
rate (Shanghai Chemical Co., China, analytical reagent grade)
nd then diluted to the target concentration with deionized water.
eanwhile, 0.24 mg/L of Phenol red, 2 g/L of Chloramine-T

nd 2.5 g/L of sodium hyposulfite were prepared for measuring
he bromide in solution. The buffer solution was prepared by

8 g sodium acetate trihydrate and 30 mL of acetic acid, then
H was adjusted to 4.60 ± 0.02. Sodium bicarbonate, sodium
uoride, potassium nitrate, sodium sulphate, sodium chloride
nd potassium dihydrogen phosphate were all analytical reagent

i
t
9
1
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rade (Shanghai Chemical Co., China). Deionized water was
btained from Milli-Q pure water (Mill-Q SP VOC, Millipore
o., Bedford, MA).

.2. Coagulation procedures

To deionized water sample, the coagulation experiments were
onducted by adding 0–2.0 mg/L bromide and/or 6 mg/L HA in
eionized water. The pH of solution was adjusted to 4, 5, 6, 7,
and 9 by 0.1 mol/L NaOH or 0.1 mol/L H2SO4 before coagu-

ation, which was measured by Thermo 520 pH meter (Thermo
lectron Corporation). To raw water sample (taken from the
ater source of an drinking water plant), 0.2 mg/L bromide was

dded and pH was adjusted to 6, 7, 8 before coagulation, respec-
ively. Then 3, 7, 15 mg/L Al coagulant was added in solution.
he coagulation procedure involved rapid mixing at 120 rpm for
min, followed by slow stirring at 30 rpm for 30 min, and a qui-
scent settling period 2 h followed the slow stirring. The final
H of the solution in the each experiment was also recorded.
amples were taken from the surface of water and filtered with
.45 �m PTFE film before analysis. The concentration of bro-
ide was detected after filtration.

.3. Analysis methods

Bromide was determined by standard phenol red spec-
rophotometric method with Chloramine-T reaction with a
22-Spectrophotometer analyzer (Shanghai, China) at a wave-
ength of 590 nm. Buffer solution was added to solution to fix
p pH at 4.60 ± 0.02 before determination.

HA was analyzed by a UV analyzer (Hitachi model U-2010,
apan) at wave-length of 254 nm. A preliminary experiment
howed that no significant difference was detected at pH above
.5, accordingly, the solution was adjusted to pH 7.5–8.0 before
ach measurement. The standard sample of HA (1–10 mg/L) was
nalysed and then a standard curve was illustrated. Raw water
as filtrated 0.45 �m PTFE film before analyzed, and then the

oncentration of HA in raw water could be calculated from the
tandard curve. The anions is raw water, carbonate (mg/L, Calcu-
ated as CO3

2−) was analysed by acid and alkali titration, sulfate
mg/L, calculated as SO4

2−), chlorite (mg/L, calculated as Cl−)
nd nitrate (mg/L, calculated as NO3

−) was analyzed by ion
hromatogram, phosphate (mg/L, calculated as P) was analyzed
y molybdenum–antimony anti-spectrophotometric method.

. Results and discussion

.1. Removal of bromide in deionized water

First, experiments were conducted in deionized water for
xamining the behaviour of bromide in coagulation process.

In Fig. 1a, it was observed that the removal efficiency of bro-
ide was closely related with its initial concentration. When the
nitial concentration of bromide decreased from 2.0 to 0.2 mg/L,
he efficiency increased from 30.9 to 99.2% at pH 6, from 27.8 to
4.5% at pH 7, from 25.6 to 82.8% at pH 8 with coagulant dosage
5 mg/L, respectively. These results suggested that bromide in
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Table 1
Hydrolysis reaction of Al(III) in coagulation

Reaction equation log K

Al3+ + H2O�Al(OH)2+ + H+ −4.97
Al3+ + 2H2O�Al(OH)2

+ + 2H+ −9.30
Al3+ + 3H2O�Al(OH)3 (aq)a + 3H+ −15.0
Al3+ + 3H2O�Al(OH)3 (am)b + 3H+ −33.0
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removal efficiency in different water samples. The physico-
chemial properties of raw water tested in the experiment were
illustrated in Table 2. From Table 2, it was known that the con-
centration of humic acid was 5.93 mg/L and large amount of

Table 2
Physico-chemial properties of raw water

No. Item Value

1 pH 6.64
2 Bromide (mg/L) 0.02
3 Humic acid (mg/L) 5.93
4 Carbonate (mg/L) 120.06
5 Sulfate (mg/L) 38.03
ig. 1. Removal efficiency of bromide in deionized water (Br−: 0.2–2.0 mg/L,
l: 3–15 mg/L, pH: 4–9).

ow concentration was easier to be removed in coagulation pro-
ess. Meanwhile, the removal efficiency was also affected by
H. In Fig. 1a, it was found that the peak value occurred at pH 6
nd the removal efficiency declined when pH is too high or too
ow.

Then, the effect of coagulant dosage on removal efficiency
f bromide was performed with the initial concentration of
.2 mg/L bromide. It was observed little change occurred when
oagulant dosage diminished from 15 to 7 mg/L. However, the
emoval efficiency declined about 6.0–28.5% at pH 4–9 with
oagulant dosage 3 mg/L in contrasting to the corresponding
alue with coagulant dosage 15 mg/L.

When aluminium chloride was added in aqueous solution,
ydrolysis reactions occurred and formed various hydrolysis
roducts. Clark et al. [27] have summarized Al(III) equilibria
eading to the alternatives of aqueous polymer and solid phases
s follows.
6
7
8
9

l3+ + 4H2O�Al(OH)4
− + 4H+ −23.0

aq: aqueous; bam: amorphous.

To clearly illustrated the mechanism suitable with experimen-
al data, the possible hydrolysis reaction of Al(III) in drinking
ater coagulation and the corresponding reaction constants were

isted in Table 1. It was generally considered that Al3+ existed
hen pH < 4, Al(OH)2+ and Al(OH)2

+ existed when pH < 6. The
ain hydrolysis products were Al(OH)3(am) gel-precipitation in

H 6–8 and Al(OH)4
− when pH > 8 [28].

Plankey et al. [22] reported that halogen ion associated
ith Al(III) mainly by electrostatic affinity. Hence, the removal
echanism of bromide was considered to be charge neutraliza-

ion at low pH in coagulation. This process would occur in three
athways described as equation (1)–(3).

H2O)6Al3+ + Br− � (H2O)5AlBr2+ (1)

H2O)5AlOH2+ + Br− � (H2O)4AlOHBr+ (2)

H2O)4Al(OH)2
+ + Br− � (H2O)3Al(OH)2Br (3)

Bromide could be adsorbed on the fresh surface of
l(OH)3(am) precipitates with enhancing pH gradually, which
as similar with previous investigation that phosphate asso-

iated with aluminium species [23]. Due to the possible
onfiguration of bromide in solution is Br− at pH 4–9, the effects
f pH on the removal efficiency of bromide in coagulation were
inor in contrast to the removal efficiency of phosphate, which
as significantly affected by pH in the similar process.

.2. Removal of bromide in different water samples

Further experiments were performed to compare bromide
Chloride (mg/L) 18.12
Nitrate (mg/L) 9.52
Phosphate (mg/L) 0.01
Fluoride (mg/L) 0.73



F. Ge, L. Zhu / Journal of Hazardous Materials 151 (2008) 676–681 679

F
(
w

a
i
m
a
t
w
6
p
c
w
s
d
w
s
r
h
r
t
r
h
i
c
i
t
i
w
w
i
c
r
s

i
p
c
t

F
w
7

3

p
w
w
S
m
i
o
H
t
r

t
n
a
t
a
9
H
2
e
s
9
B
a

b
t
p
e

ig. 2. Removal efficiency of bromide in different water samples
raw water + 0.2 mg/L Br−, deionized water + 0.2 mg/L Br−, deionized
ater + 6 mg/L humic acid + 0.2 mg/L Br−, Al: 7–15 mg/L, pH: 6–8).

nions coexisted with bromide. 0.2 mg/L bromide was added
n the raw water due to the low concentration of bromide,

eanwhile, 0.2 mg/L bromide and/or 6 mg/L humic acid were
dded to deionized water under the same the coagulation condi-
ions to compare the removal efficiency of bromide in different
ater samples and the results were shown in Fig. 2. In Fig. 2,
2.1–87.0% bromide was removed with 7–15 mg/L coagulant at
H 6 in raw water. This demonstrated that bromide in raw water
ould be reduced effectively by enhanced coagulation. Mean-
hile, it was observed that coagulant dosage and pH have more

ignificant effects on bromide efficiency in raw water than in
eionized water. 43.5–87.0% bromide was removed in raw water
ith 7–15 mg/L coagulant at pH 6–8, in contrast to the corre-

ponding value of 80.8–99.2% in deionized water. The lower
emoval efficiency in raw water implied that some factors, e.g.,
umic acid, coexisting anions, would have effects on bromide
emoval. First, the effects of humic acid on bromide was inves-
igated with adding 6 mg/L humic acid in deionized water. The
emoval efficiency was 78.1–98.4% in the presence of 6 mg/L
umic acid in contrast to the corresponding value of 80.8–99.2%
n the absence of humic acid in deionized water with 7–15 mg/L
oagulant at pH 6–8. It suggested that humic acid had minor
nfluence on bromide removal with high coagulant dosage. Fur-
hermore, the removal of humic acid in deionized water and
n raw water under the same condition as removal of bromide
as also studied and the results were illustrated in Fig. 3. It
as noted that the removal efficiency of humic acid was 92.3%

n raw water and was 97.0% in deionized water with 15 mg/L
oagulant at pH 6 in the presence of 0.2 mg/L bromide. This
esult demonstrated that humic acid was reduced in great part
imultaneously in removing bromide.

Since the removal efficiency of bromide was obviously lower

n raw water than that in deionized water and humic acid was
roved to have minor influence with high coagulant dosage, thus,
oexisting anions in raw water would have major influence on
he removal of bromide.

a
a

ig. 3. Removal efficiency of humic acid in different water samples (raw
ater + 0.2 mg/L Br−, deionized water + 6 mg/L humic acid + 0.2 mg/L, Al:
–15 mg/L, pH: 6–8).

.3. Effects of anions on removal efficiency of bromide

It was reported that anions had influence on the coagulant
rocess [25,26]. For there are large amount of anions coexisting
ith Br−, hence, the effects of anions on removal of bromide
ere studied. The conventional anions in raw water, HCO3

−,
O4

2−, Cl−, NO3
−, H2PO4

− and F− were selected in experi-
ents. According to the possible concentration range of anions

n surface water, HCO3
−, SO4

2−, Cl− with the concentration
f 0–250 mg/L, NO3

− with the concentration of 0–10 mg/L,
2PO4

− with the concentration of 0–0.4 mg/L and F− with
he concentration of 0–1.5 mg/L were added in deionized water,
espectively.

First, the effects of anions with different concentration were
ested at pH 7.0 and the results were depicted on Fig. 4. It was
oted that the removal efficiency of bromide decreased with the
ddition of HCO3

−, SO4
2−, Cl− and NO3

− and the decreasing
rend became gently when concentration of these ions gradu-
lly increased. The removal efficiency of bromide declined from
4.5 to 83.8, 74.5, 80.7, 87.0% with the addition of 250 mg/L
CO3

−, SO4
2−, Cl− and 10 mg/L NO3

−, being reduced by 11.5,
1.2, 14.6, 8.0%, respectively. However, for H2PO4

−, the influ-
nce was more significant. The removal efficiency was reduced
harply to 55.9%, decreasing 40.8% in contrast to the value of
4.5% when 0.4 mg/L H2PO4

− was added in deionized water.
eing compared to the above anions, F− had minor influence
nd the efficiency kept at 94.5–96.5% with 0–1.5 mg/L F−.

It was reported that the tendency of an anion to alter the
ehavior of hydrolyzed metal coagulants was related to its elec-
ronegativity and its tendency to react with the metal ion or
ositively charged sites on the metal hydroxide precipitate. Hohl
t al. [29] had considered that there existed neutral Al2SO4

nd electronegative AlSO4

− when SO4
2− existed in solution

ccording to the following Eqs.:

AlOH + SO4
2− � AlSO4

− + OH− (4)



680 F. Ge, L. Zhu / Journal of Hazardous Materials 151 (2008) 676–681
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ig. 4. Effects of anions with different concentration on removal efficiency of b
: H2PO4−, f: F−).

{ AlOH} + SO4
2− � Al2SO4 + 2OH− (5)

Thus, the concentration of Al(OH)2+ and Al(OH)2
+ were

educed. Apparently, more aluminum was required for removal
f Br− when the adsorption of sulfate reduced the pos-
tive charge of the aluminum hydrolysis products. Other
nions, e.g., Cl−, NO3

−, had affinities with Al(III) and the
ffinities of these anions with Al(III) was reported to be
O4

2− > Cl− > NO3
− [26]. HCO3

− in solution would acceler-
te the formation of gel-precipitation Al(OH)3(am) and thus
he opportunity for Br− in combination with Al(OH)2

+ and
l(OH)2+ was minimized [30]. As for H2PO4

−, in the neu-
ral condition, it could bind with Al(III) and thus generated
lectronegative Al(OH)2HPO4

−, Al(OH)2
+HPO4

2− and neu-
ral Al(OH)2H2PO4 and Al(OH)HPO4 according to Eqs. (6)–(9)
31]:

l(OH)2
+ + H2PO4

− � Al(OH)2H2PO4 (6)

l(OH)2
+ + HPO4

2− � Al(OH)2HPO4
− (7)

l(OH)2
+ + HPO4

2− � Al(OH)2
+HPO4

2− (8)

l(OH)2
+ + HPO4

2− � Al(OH)HPO4 + OH− (9)

Due to the strong complexation with Al(III), H2PO4
− signifi-

antly reduced the bromide removal. F− would bind with Al(III)
ith the similar pathway as Br− did, according to the results in
he experiment, it would be known that the combination of Al–F
as weaker that of Al–Br.
Further more, the effects of anions at different pH on the

emoval efficiency were tested and results were illustrated on

4

o

ig. 5. Effects of anions at different pH on the removal efficiency of bromide
Br−: 0.2 mg/L, Al: 15 mg/L, HCO3

−, SO4
2−, Cl−: 250 mg/L, NO3

−: 10 mg/L,

2PO4−: 0.4 mg/L, pH: 4–9).

ig. 5. It was observed that the peak value occurred at pH 6
ith adding anions, which was similar to the results without

dding anions. The peak value of removal efficiency was 95.3,
5.8, 93.2, 97.1 and 63.3% with addition of HCO3

−, SO4
2−,

l−, NO3
− and H2PO4

−, respectively, in contrast to the cor-
esponding value of 99.2% in deionized water without these
nions.
. Conclusions

The results in this study showed that bromide was removed
f 62.1–87.0% in raw water through the combination of Br−
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