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Abstract

Bromide can form disinfection by-products (DBPs) in drinking water disinfection process, which have adverse effects on human health. Using
aluminium chloride as a model coagulant, removal of bromide by coagulation was investigated in the absence or presence of humic acid (HA)
in synthetic water and then was conducted in raw water. Results demonstrated that in synthetic water, 93.3-99.2% removal efficiency of bromide
was achieved in the absence of HA with 3—-15 mg/L coagulant, while 78.4-98.4% removal efficiency of bromide was obtained in the presence of
HA with the same coagulant dosage and 86.8-98.8% HA was removed simultaneously. Bromide in raw water was removed 87.0% with 15 mg/L
coagulant. HA apparently reduced the removal of bromide with low coagulant dosage or at high pH, while minor influence on removal of bromide
was observed with high coagulant dosage or at low pH. Thus, bromide could be reduced effectively by enhanced coagulation in drinking water

treatment.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bromide is naturally present in raw water, especially in
groundwater and surface water in coastal region. With rapid
growth of industrial activities, brine runoff from oil field and use
of methyl bromide for pest control, more bromide is discharged
to environment [1,2]. The mean occurrence level of bromide
was reported to be 62 pg/L with an overall observed range of
<5429 ng/L in USA and the highest concentration of bromide
was estimated to be 2 mg/L in drinking water source [3,4].

It is well known that disinfectors have been used to kill
pathogen in drinking water treatment. However, an obvi-
ous drawback of disinfection is the formation of disinfection
by-products (DBPs) [5,6]. Although bromide is generally con-
sidered non-toxic at concentrations found in most drinking
water sources, it reacts with a variety of commonly used dis-
infectants, most notably ozone, chlorine and chloramine, to
produce bromo-DBPs. For examples, bromide can be oxidized
by ozone and generate bromate, which are highly toxic for
human health. According to the standard of WHO, 25 p.g/L
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is the maximum concentration of bromide permitted in drink-
ing water [7]. Chlorine or chloramine can rapidly oxidize
bromide to hypobromous acid and thus yield mixed bromo-
or bromochloro-trihalomethanes (THMs) and haloacetic acids
(HAASs) by reacting with natural organic matter (NOM) [8—10].
US EPA limited the maximal concentration lever of THMs and
HAAs in disinfectant/disinfection by-products rule (D/DBP) 1
with the value of 80 and 60 wg/L, respectively [11]. Bromo- or
bromochloro-THMs and HAAs are generally considered more
carcinogenic than their chlorinated analogues [4,8,9]. Accord-
ingly, bromide, as a crucial precursor forming bromo-DBPs,
should be removed before disinfection during drinking water
treatment.

Large quantities of investigations focused on using biolog-
ically active carbon filtration and granular activated carbon
adsorption to control bromate after ozone disinfection [12,13].
Meanwhile, nanofiltration, hyperfiltration and reverse osmosis
were tested on removing bromide or bromate [14,15]. Recently,
some new methods were studied to reduce bromide directly.
Ag-doped activated carbon aerogels was examined for bromide
and iodide removal in drinking water and was tested how the
activation of Ag-doped aerogels affected their behaviors [16].
Electrochemical removal was presented as a promising new
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water treatment process that lowered the concentration of bro-
mide, for bromide could be oxidized by electrolysis to bromine
and then the bromine apparently volatilized with carbon diox-
ide [7,17]. These methods are demonstrated to be effective in
reducing bromide.

Except methods mentioned above, in practical drinking water
treatment, coagulation is an important unit process. Enhanced
coagulation is recommended by US EPA as an optimal way
to control DBPs at the first stage in performing D/DBP rule
for its high efficiency in removing NOM [18]. Researchers
have extensively investigated removal efficiency and mechanism
of NOM in coagulation [19-21]. Furthermore, some inorganic
compounds, such as phosphate, fluoride, soluble silica, were
found that could associate with A1(IIT) or Fe(III) salt in coagula-
tion process [22-24]. Planky et al. [22] investigated the kinetic
of aluminium fluoride complexation in acid water and reported
different formation pathways of AIF**. Cheng et al. [23] stud-
ied the effects of phosphate on removal of humic substances
by aluminium sulfate and estimated that by charge neutraliza-
tion in low pH or by adsorption on the surface of AI(OH)3 in
high pH, more than 90% of phosphate was removed in the pres-
ence of HA. Based on these results, it is presumed that bromide
would also be reduced through similar mechanism in conven-
tional coagulation. In raw water, humic acid (HA), a typical
NOM, is present to various degrees with the concentration range
of 1-12 mg/L, constituting the major component of TOC con-
centration in most waters [25,26]. Hence, the effects of HA on
coagulation of bromide should not be ignored. Though some
methods were studied to control bromide, the removal of bro-
mide by coagulation and the effects of HA on this process were
limited and not investigated in detail.

This paper selected aluminium chloride as a model coagulant
and studied the behaviour of bromide in coagulation. The objec-
tives of this paper were to (1) test bromide removal efficiency in
synthetic water and in raw water, (2) to investigate the effects of
HA on the removal of bromide, and (3) to present a coagulation
mechanism of bromide in the presence of HA consistent with
the experimental data.

2. Material and methods
2.1. Material

Bromide stock solution (1 g/L, Calculated as Br~) was pre-
pared with KBr (Shanghai Chemical Co., China, 99%) and
then diluted to the target concentration with deioned water. HA
stock solution was composed of 1.0g HA (Shanghai Chemi-
cal Co., China, biochemical reagent grade) and 1 L 0.025 mol/L
NaOH, which was stirred for 4 h and filtered with 0.45 wm PTFE
film to removed residual nondissolved HA powder. Aluminium
stock solution (1 g/L, Calculated as AlCl3-6H;0O) was prepared
with aluminium chloride hexahydrate (Shanghai Chemical Co.,
China, reagent grade) and then diluted to the target concentra-
tion with deioned water. Meanwhile, 0.24 mg/L of Phenol red,
2 g/L of Chloramine-T and 2.5 g/ of sodium hyposulfite were
prepared for measuring the bromide in solution. The buffer solu-
tion was prepared by 68 g sodium acetate trihydrate and 30 mL

of acetic acid, then pH was adjusted to 4.60 & 0.02. Deioned
water was obtained from Milli-Q pure water (Mill-Q SP VOC,
Millipore Co., Bedford, MA).

2.2. Coagulation procedures

To synthetic water, the coagulation experiments were con-
ducted by adding 0-2.0mg/L bromide and 6 mg/L HA in
deioned water. The pH of solution was adjusted to 4-9 by
0.1 mol/L NaOH or 0.1 mol/L H>SO4 before coagulation, which
was measured by Thermo 520 pH meter (Thermo Electron Co.).
To raw water (Taken from Xiangjiang River, main water source
of Hunan Province, China), 0.2 mg/L bromide was added and
pH was adjusted to 6-8 before coagulation, respectively. Then
3, 7, 15mg/L Al coagulant was added in solution. The coag-
ulation procedure involved rapid mixing at 120 rpm for 2 min,
followed by slow stirring at 30 rpm for 30 min, and a quiescent
settling period 2 h followed the slow stirring. The final pH of the
solution in each experiment was also recorded. Samples were
taken from the surface of water and filtered with 0.45 wm PTFE
film before analysis. The concentration of HA and bromide were
detected after filtration.

2.3. Analysis methods

Bromide was determined by standard Phenol red spec-
trophotometric method with Chloramine-T reaction with a
722-Spectrophotometer analyzer (Shanghai, China) at a wave-
length of 590 nm. Buffer solution was added to solution to fix
up pH at 4.60 & 0.02 before determination.

HA was analyzed by a UV analyzer (Hitachi model U-2010,
Japan) at wavelength of 254nm. A preliminary experiment
showed that no significant difference was detected at pH above
7.5, accordingly, the solution was adjusted to pH 7.5-8.0 before
each measurement. The standard sample of HA (1-10 mg/L) was
analyzed and then a standard curve was illustrated. Raw water
was filtrated 0.45 wm PTFE film before analyzed, and then the
concentration of HA in raw water could be calculated from the
standard curve.

TOC was analyzed by TOC-V cpy (Shimdzu, Japan) and raw
water was filtrated with 0.45 wm PTFE film before TOC anal-
ysis. The carbonate (mg/L, calculated as CaCO3) of raw water
was analyzed by acid and alkali titration.

3. Results and discussion
3.1. Removal of bromide in the absence of HA

To test behaviour of bromide in coagulation process, first,
experiments were performed with synthetic water in the absence
of HA with three different coagulant dosages at pH 4-9.

From Fig. la—c, it was observed that bromide removal
was affected by coagulant dosage. Bromide removal efficiency
improved with enhancing dosage, while this increase became
minor when dosage was enhanced to a high value. For exam-
ple, at pH 6.0, when the initial concentration of bromide was
2.0 mg/L, the removal efficiency changed from 22.3% to 30.4%,
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Fig. 1. Removal efficiency of bromide in the absence of HA (0.2-2.0 mg/L Br,
(a) 15mg/L Al; (b) 7mg/L Al; (c) 3 mg/L Al).

increasing 8.1% due to enhancing dosage from 3 to 7mg/L,
while just increasing to 30.9% with dosage 15 mg/L.
Meanwhile, bromide removal efficiency was high related
with its initial concentration. Under a given dosage, the removal
efficiency of bromide increased gradually with decreasing bro-
mide initial concentration. In Fig. 1, as decreasing the initial
concentration of bromide from 2.0 to 0.2 mg/L at pH 6, the effi-

ciency increased from 30.9% to 99.2% at dosage 15 mg/L, from
30.4% to 98.8% at dosage 7mg/L, from 22.3% to 93.3% at
dosage 3 mg/L, respectively. This implied that in coagulation
process, low concentration bromide was easier to be removed.

Fig. 1 also showed that bromide removal efficiency was
affected by pH. The removal efficiency reduced when pH is too
high or too low. The peak value occurred at pH 6 with three dif-
ferent dosages. Whereas, the effects of pH on removal efficiency
were minor when initial concentration of bromide improved to
1.0-2.0 mg/L.

3.2. Removal of bromide in the presence of HA

Then, 6 mg/LL HA was added in synthetic water and other
experimental conditions were in accord with those in 3.1. It was
found that HA significantly reduced bromide removal efficiency
when coagulant dosage was low or pH was high, while minor
effects on bromide removal efficiency was observed with high
coagulant dosage or at low pH.

As shownin Fig. 2a, when dosage was 15 mg/L, with bromide
initial concentration 0.2 mg/L and pH 6, the removal efficiency
of bromide was 98.4% with HA, in contrast to 99.2% without
HA in Fig. 1a, declined just 0.8% in the presence of HA. How-
ever, when decreasing coagulant dosage to 3 mg/L, the removal
efficiency of bromide was 73.2% with HA in Fig. 2c, but was as
high as 93.3% in the absence of HA in Fig. Ic, reducing 20.1%
due to the presence of HA.

Meanwhile, with enhancing pH, bromide removal efficiency
declined in the presence of HA in contrast to that in the absence
of HA, and the effects of improving pH on removal efficiency
were more significant with low coagulant dosage than with
high coagulant dosage. When bromide initial concentration was
0.2 mg/L, the removal efficiency had minor change at pH 4-8 in
Fig. 2b contrasting to the corresponding data in Fig. 1b, how-
ever, the removal efficiency decreased to 44.2% in Fig. 2b and
the corresponding value was 68.3% in Fig. 1b at pH 9; While
in Fig. 2¢, when dosage decreasing to 3 mg/L, improving pH to
6-9, the removal efficiency declined sharply to 73.2-29.5% in
contrast to the corresponding results 93.3-62.2% in Fig. lc.

3.3. Effect of bromide on removal of HA

The removal efficiency of HA was investigated simultane-
ously under the same conditions with Section 3.2 and the results
were depicted in Fig. 3.

From Fig. 3a—c, it was illustrated that bromide slightly
reduced the removal of HA at high pH or with low dosage.
For example, in Fig. 3a, the removal efficiency of HA varied
little at pH 4—7 when adding bromide to the solution. Whereas,
the removal efficiency of HA declined from 88.6% to 75.1% at
pH 8 and declined from 43.1% to 30.8% at pH 9 with dosage
15mg/L. In Fig. 3c, when the dosage decreased to 3 mg/L, the
removal efficiency changed from 90.1% to 80.6% at pH 4 and
from 87.6% to 78.7% at pH 5 due to the presence of bromide.

However, coagulant dosage and pH significantly affected the
removal efficiency of HA. When there is 0.2 mg/L bromide in the
solution, the removal efficiency kept at 76.7-86.8% at pH 4-6
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Fig. 2. Removal efficiency of bromide in the presence of HA (0.2-2.0 mg/L Br,
6 mg/L HA, (a) 15 mg/L Al; (b) 7mg/L Al; (c) 3 mg/L Al).

and notably decreased to 8.7% at pH 7 when dosage was 3 mg/L.
Improving coagulant dosage to 7 mg/L, the removal efficiency
kept 80.3-98.2% in the pH range 4-8 and decreased to 18.6%
at pH 9. Therefore, the effective pH range of HA removal could
be enlarged with enhancing aluminium chloride dosage, which
was in according with results by Cheng et al. [27] in studying
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Fig. 3. Effect of bromide on HA removal efficiency (6 mg/L HA, 0-2.0 mg/L
Br, (a) 15 mg/L Al; (b) 7mg/L Al; (¢) 3mg/L Al).

the coagulation mechanism of polyferric sulfate reacting with
humic acid.

3.4. Removal of bromide in raw water

Further experiments were conducted with raw water to exam-
ine bromide removal in practical water treatment. The chemical
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Table 1 Table 3
Chemical properties of raw water Hydrolysis reaction of Al(III) in coagulation

Raw water Reaction equation log K
pH 6.64 AP* +H,0 = AI(OH)** + H* —4.97
Br~ (mg/L) 0.02 AP +2H,0 = AI(OH),* +2H* —9.30
Carbonate (mg/L) 201.12 APP* +3H,0 = Al(OH); (aq)® + 3H* —15.0
Humic acid (mg/L) 5.93 AP* +3H,0 = Al(OH)3 (am)" +3H* -33.0
TOC (mg/L) 3.46 AP* +4H,0 = AI(OH),~ +4H* -23.0

properties of raw water tested in the experiment were illustrated
in Table 1. Since bromide concentration was very low, 0.2 mg/L
bromide were added and the coagulation results were shown in
Table 2. It was observed that the removal efficiency of bromide
was higher related to coagulant dosage and pH in raw water than
in synthetic water. Enhancing dosage or reducing pH improved
removal efficiency significantly. 87.0% bromide was rejected
with 15 mg/L coagulant at pH 6. This value was lower than the
corresponding results in Fig. la (99.2%) and Fig. 2a (98.4%)
when treating synthetic water under the same conditions. It sug-
gested that bromide in raw water could be reduced effectively
by enhanced coagulation. Meanwhile, in nature water, except
the influence of HA, other factors, e.g., coexisted anions, would
also affect the coagulation efficiency of bromide.

3.5. Removal mechanism of bromide with Al(IIl) coagulant
in the presence of HA

When aluminium chloride was added in aqueous solution,
hydrolysis reactions occurred and formed various hydrolysis
products. The hydrolysis reaction of AI(III) can be depicted as

Eq. (1):
XAPT 4+ yH,0 = Al (OH),**™F 4 yH*t 1)

To clearly illustrate the mechanism suitable with experimen-
tal data, the possible hydrolysis reaction of AI(III) in drinking
water coagulation and the corresponding reaction constants were
listed in Table 3. Though the hydrolysis process was com-
plex, it was generally considered that A13* existed when pH <4,
Al(OH)>* and AI(OH),* existed when pH < 6. The main hydrol-
ysis products were AI(OH)3(am) gel-precipitation in pH 6-8 and
Al(OH)4~ when pH> 8 [28].

The removal mechanism of bromide was considered to be
charge neutralization at low pH in coagulation. Plankey et al.
[22] reported that halogen ion associated with AI(II) mainly
by electrostatic affinity. Thus, this process would occur in three

Table 2
Removal efficiency of bromide in raw water
Coagulant pH Type of water Removal
dosage (mg/L) efficiency (%)
15 6 0.2 mg/L Br+raw water 87.0

7 0.2 mg/L Br+raw water 74.5

8 0.2 mg/L Br+raw water 62.1
7 6 0.2 mg/L Br+raw water 62.3

7 0.2 mg/L Br+raw water 55.9

8 0.2 mg/L Br+raw water 43.5

2 aq, aqueous.
b am, amorphous.

pathways described as Egs. (2)—(4):
(Hy0)¢APPT + Br~ = (H,0)sAl(H,0), Br2*

2
(H>0)sAl(H,0), Br’t = (H,0)sAIBr** @
(H,0)sAIOH>* + Br~ = (H,0)sAIOH, Brt &
(H>0)sAIOH, Brt = (H,0),AIOHBr ™"

(H,0),A1(OH); + Br~ = (H,0)4AlI(OH),, Br @

(H,0),Al(OH),, Br = (H,0);Al(OH),Br

And then, when enhancing pH gradually, bromide would be
adsorbed on the fresh surface of AI(OH)3(am) precipitates, which
was similar with previous investigation that phosphate associ-
ated with aluminium species [23]. Since HBr is strong acid, the
possible configuration of HBr in solution is Br™ in the pH range
4-9, consequently, the effect of pH on the removal efficiency
of bromide in coagulation was minor in contrast to the removal
efficiency of phosphate, which was significantly affected by pH
in the similar process.

On the other hand, HA is an organic matter with high molec-
ular weight and complex configuration. For there are a number
of aromatic nuclei with functional groups in HA, e.g., —OH and
—COOH, HA was easy to bind with AI(III) by complexation,
and the complexes could be illustrated by Eq. (5) [21]:

1,0 o
HZO\| /1120 |(|‘—OH I TO H,0
/Al\ . R/ . R/C—O\N/
H0 | Lo Ne——o N | o
H,0 (”) l|) H,0

&)

In the complexation process, pH is a crucial factor affecting the
reaction. In acid condition, more HA was removed by Al(III) for
the complexation process was accelerated. With increasing pH,
the functional groups of HA, carboxylic and phenolic acids, were
deprotonated, meanwhile, more AI(OH)3(am) and AI(OH)4 ™ was
formed. HA™ was hard to be combined with negative-charged
Al(OH)4 ™, thus, the removal efficiency declined sharply in alka-
line condition [23].

Adding HA to solution, the removal efficiency of bromide
reduced significantly when coagulant dosage was low or pH
was high in coagulation process. These phenomena suggested
that bromide and HA would compete for combination with alu-
minium species. In the pH range of 4-6, Br— and HA combined
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Al(III) by charge neutralization and complexation. For the neg-
atively nature of Br™ and the difficulty of proton dissociating
from HA in acidic media, the effect of HA was not obviously in
combination with positively charged aluminium species. With
improving pH to 6-8, more Al(OH)3(am) formed. HA is an large
organic matter, which is easy to be adsorbed on the surface of
AI(OH)3(am). Since the adsorption of HA was stronger than that
of Br—, HA might reduce the opportunity for bromide to contact
with AI(OH)3@am). These results was analogical with previous
study, which reported that HA and phosphate ions are compet-
itively adsorbed onto the flocs of AI(OH)3(am) at high pH [23].
When pH enhanced to 9, AI(OH)4 ™~ and negatively charge HA™
repelled each other, Br~ was hard to be removed by precipitation
and filtration.

4. Conclusions

Bromide in source water forms adverse bromo-DBPs in water
disinfection. Using aluminium chloride as model coagulant, it
was found that bromide could be reduced by coagulation and
HA had influence on this process. 93.3-99.2% removal effi-
ciency of bromide was achieved in the absence of HA with
3—-15mg/L coagulant, and 78.4-98.4% removal efficiency of
bromide was obtained in the presence of HA. Meanwhile, bro-
mide in raw water was removed 87.0% with 15 mg/L coagulant.
HA apparently reduced the removal of bromide with low coag-
ulant dosage or at high pH, while minor effects on removal of
bromide was observed with high coagulant dosage or at low pH.
Thus, through enhanced coagulation, bromide in drinking water
could be reduced effectively.

Acknowledgements

This study was financially supported by Project of Natu-
ral Science Foundation of Hunan Province, China (04jj40014).
Appreciation was also expressed for the support by Natural Sci-
ence Foundation of China (20477034). The authors are thankful
for Xiaodi Chen and Hairong Dong for their assistance in anal-
ysis work.

References

[1] G. Hua, D.A. Reckhow, J. Kim, Effect of bromide and iodide ions on the
formation and speciation of disinfection byproducts during chlorination,
Environ. Sci. Technol. 40 (2006) 3050-3056.

[2] N.M. Fayad, Seasonal variations of THMs in Saudi Arabian drinking water,
J. Am. Water Works Assoc. 85 (1993) 46-50.

[3] G. Cowman, P.C. Singer, Effect of bromide ion on haloacetic acid spe-
ciation: resulting from chlorination and chloramination of aquatic humic
substances, Environ. Sci. Technol. 30 (1996) 16-24.

[4] S.D. Richardson, A.D. Thruston Jr., C. Ravacha, L. Groisman, I.
Popilevsky, O. Juraev, V. Glezer, E.D. Wagner, Tribromopyrrole, bromi-
nated acids, and other disinfecttion byproducts produced by disinfection
of drinking water rich in bromide, Environ. Sci. Technol. 37 (2003)
3782-3793.

[5] J. Sohn, G. Amy, J.W. Cho, Y.H. Lee, Y.M. Yoon, Disinfectant decay and
disinfection by-products formation model development: chlorination and
ozonation by-products, Water Res. 38 (2004) 2461-2478.

[6] F. Ge, L. Zhu, H. Chen, Effects of pH on the chlorination process of phenols
in drinking water, J. Hazard. Mater. B133 (2006) 99-105.

[7] D.E. Kimbrough, I.H. Suffet, Electrochemical process for the removal of
bromide from California state project water, J. Water Supply: Res. Technol.-
AQUA 55 (2006) 161-167.

[8] R.D.Morris, A.M. Audet, L.F. Angelillo, T.C. Chalmers, Chlorination, chlo-
rination by-products, and cancer: a mata-analysis, Am. J. Public Health 82
(1992) 955-963.

[9] D.A. Reckhow, P.C. Singer, R.L. Malcolm, Chlorination of humic mate-
rials: by-product formation and chemical interpretations, Environ. Sci.
Technol. 24 (1990) 1655-1664.

[10] Y. Xie, I. Rashid, H. Zhou, Acidicmethanol methylation for HAA analysis:
imitations and possible solutions, J. Am. Water Works Assoc. 94 (2002)
115-123.

[11] National Interim Primary Drinking Water Regulations. Fed. Reg. 59 (1994)
38668-38829.

[12] W. Schmidt, U. Bohme, H.J. Brauch, Organo bromide compounds and
their significance for drinking water treatment, Water Supply 13 (2005)
101-116.

[13] T. Myllykangas, T.K. Nissinen, A. Hirvonen, P. Rantakokko, T. Var-
tiainen, The evaluation of ozonation and chlorination on disinfection
by-product formation for a high bromide water, Ozone: Sci. Eng. 27 (2005)
19-26.

[14] T.F. Marhaba, S.J. Medlar, Treatment of drinking water containing bromate
and bromide ions, Natl. Conf. Environ. Eng. (1994) 476-483.

[15] S. Chellam, Effects of nanofiltration on trihalomethane and haloacetic acid
precursors removal and speciation in waters containing low concentrations
of bromide ion, Environ. Sci. Technol. 34 (2000) 1813-1820.

[16] M. Sanchez-Polo, J. Rivera-Utrilla, E. Salhi, U. Von Gunten, Removal of
bromide and iodide anions from drinking water by silver-activated carbon
aerogels, J. Colloid Interf. Sci. 300 (2006) 437-441.

[17] D.E. Kimbrougha, I.H. Suffet, Electrochemical removal of bromide and
reduction of THM formation potential in drinking water, Water Res. 36
(2002) 4902-4906.

[18] US EPA. Enhanced Coagulation and Enhanced Precipitative Softening
Guidance Manual [M]. EPA, Office of ground water and drinking water,
Washington DC, 1998.

[19] B.A. Dempsey, R.M. Ganho, C.R. O’Mella, The coagulation of humic
substance by means of aluminium salts, J. Am. Water Works Assoc. 76
(1984) 141-150.

[20] V. Uyak, 1. Toroz, Enhanced coagulation of disinfection by-products
precursors in Istanbul water supply, Environ. Technol. 26 (2005) 261-
266.

[21] C. Huang, H. Shiu, Interaction between alum and organics in coagulation,
Colloids Surf. A: Physicochem. Eng. Aspects 113 (1996) 155-163.

[22] B.J. Plankey, H.H. Patterson, C.S. Cronan, Kinetics of aluminum flu-
oride complexation in acidic water, Environ. Sci. Technol. 20 (1986)
160-165.

[23] W. Cheng, F. Chi, R. Yu, Effect of phosphate on removal of humic sub-
stances by aluminum sulfate coagulant, J. Colloid Interf. Sci. 272 (2004)
153-157.

[24] J.M. Duan, J. Gregory, Influence of soluble silica on coagulation by alu-
minium sulphate, Colloids Surf. A: Physicochem. Eng. Aspects 107 (1996)
309-319.

[25] X.Zhang, R.A. Minor, Characterization of high molecular weight disinfec-
tion by-products resulting from chlorination of aquatic humic substances,
Environ. Sci. Technol. 36 (2002) 4033-4038.

[26] X. Yang, C. Shang, Chlorination byproducts formation in the presence of
humic acid, model nitrogenous organic compounds, ammonia, and bro-
mide, Environ. Sci. Technol. 38 (2004) 4995-5001.

[27] W. Cheng, F. Chi, A study of coagulation mechanisms of polyferric sulfate
reacting with humic acid using a fluorescence-quenching method, Water
Res. 36 (2002) 4583-4591.

[28] H. Tang, Y. Qian, X. Wen, The characteristics and control principle of water
particles and refractory organic compounds, vol. 1, Chinese Environmental
Science Press, Beijing, 2000, p. 147.



	Removal of bromide by aluminium chloride coagulant in the presence of humic acid
	Introduction
	Material and methods
	Material
	Coagulation procedures
	Analysis methods

	Results and discussion
	Removal of bromide in the absence of HA
	Removal of bromide in the presence of HA
	Effect of bromide on removal of HA
	Removal of bromide in raw water
	Removal mechanism of bromide with Al(III) coagulant in the presence of HA

	Conclusions
	Acknowledgements
	References


