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abstract
The treatment of water polluted with bromate ions using GAC (granular activated carbon) was 
studied. As bromate ion is not a natural component of water, but it may be formed during the disin-
fection processes of drinking water, the level of bromate concentration according to WHO regulation 
in drinking water must be below l0 µg/l, and in view of this very low permissible concentration 
and the practical limitation of bromate available treatment processes, the adsorption of bromate 
in a GAC bed reactor and the effect of different parameters on the rate of bromate removal such 
as initial bromate concentration, solution flow rate, column contact time and temperature were 
investigated. It was found that the rate of bromate removal is increased by increasing the column 
contact time and temperature but decreased by increasing initial bromate concentration and solu-
tion flow rate. The removal of bromate from water using a granular activated carbon bed reactor 
was found to be an efficient technique for the removal of bromate ions, as high removal rate up to 
95% was achieved. The present data suggest the use of flow rates in operating continuous reactors 
in order to obtain a high degree of bromate removal.
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1. Introduction

Throughout the world consumers demand is expand-
ing for a higher level of water quality and quantity. The 
source of water greatly varies from country to country and 
in some areas desalination of seawater is the dominant 
process for potable water. Desalination is a process that 
removes dissolved minerals (including but not limited to 
salt) from seawater, brackish water, or treated wastewater. 
The potential for the increased use of desalination in the 
Middle East is significant. The opportunities are great for 
providing water supply from seawater and brackish water 
desalination as well as recovering wastewater. 

Recently a great concern has been raised about bro-
mate ions (BrO3

–), as the bromate ions were found in 
potable water produced from salty sources [1]. Bromate 

is formed in drinking water during the disinfection of 
water containing bromide. Disinfection is carried out by:

 • Ozonation, during the chemical oxidation of natural 
waters that contains Br– by O3 and OH•, BrO3

– is 
formed at concentrations from 1 to 50 µg/l in full-scale 
drinking water plants [2–9].

 • Sodium hypochlorite solutions, especially when 
produced by electrolyzing seawater or during chlo-
rination of sea water using Cl2, BrO3

– is formed at a 
concentration 65 mg/l [10,11].

BrO3
– has been shown to cause kidney and renal cell 

tumors in laboratory animals fed with aqueous bromate 
[12,13]. BrO3

– does this directly or indirectly by causing ox-
idation of the lipids in cell membranes to produce active 
oxygen species, which in turn produce damage in mac-
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romolecules such as DNA. This anion is also genotoxic 
in vitro and in vivo, although this has been confirmed to 
cause primarily physical damage in chromosomes [14]. 
Bromate has been classified into group 2B as a possibly 
genotoxic human carcinogen [15,16]. 

The United States Environmental Protection Agency 
(US EPA) performed a risk assessment for a 70-kg adult 
drinking 2 L of water per day with a bromate concentra-
tion of 5 µg/l. The lifetime risk was calculated to be 10–4, 
meaning that one person per every 10,000 people would 
develop cancer via bromate ingestion [17].

The removal of bromide has particular significance 
with respect to obtaining control over formation of bro-
minated disinfection by-products. For example, observa-
tions in a number of regions indicate that a reduction in 
natural organic matter (NOM) prior to chlorination does 
not result in a corresponding reduction in brominated 
disinfection by-products if the bromide levels are not 
reduced as well [18]. This can produce conditions that 
limit the extent to which reductions in total trihalometh-
ane formation can be achieved. Therefore, the ability to 
remove bromide would be an additional asset in meet-
ing regulatory requirements. It has also been found that 
chloride and bromide ions deeply inhibit the rate of 
degradation of chloroform and tetrachloromethane [19].

Several researchers have studied the adsorption by ac-
tivated carbon (granular or powder) [20–22]. They found 
that a number of factors affect the efficiency of bromate 
reduction by GAC including carbon surface chemistry, 
solution pH, and the presence of natural organic matter 
(NOM) and other anions. The mechanism of BrO3

− removal 
by activated carbon has been postulated to be adsorbed, 
reduced to hypobromite (BrO−) and finally reduced to 
bromide (Br−) on the activated carbon surface. The mecha-
nism by which BrO3

− is removed by activated carbon 
has also been analyzed by other researchers [13,20,22], 
especially with reference to the surface conditions and 
properties of many forms of activated carbon including 
granular activated carbon (GAC) and powdered activated 
carbon (PAC). 

The aim of this work is to investigate the effect of dif-
ferent parameters, such as bromate ion concentration, 
solution flow rate, contact time and temperature on the 
rate of removal of bromate ions using an activated carbon 
bed reactor in a batch recycle reactor. Previous studies 
were conducted in a simple batch reactor. Therefore the 
present work throws some light on the role of fluid mo-
tion in the rate of bromate removal. 

2. Experimental technique

The apparatus (Fig. 1) consists of a plexiglass column 
of 10 cm diameter and 50 cm height, the bed height of 
the activated carbon is 30 cm, two perforated plates are 
used: one at the bottom, as a support for the activated 
carbon bed, and the other at the column outlet to prevent 

any migration of the activated carbon granules. A 0.2 hp 
plastic centrifugal pump was used to circulate the bro-
mate solution between 10 L plexiglass storage tank and 
the column. The experimental set up was equipped with 
a temperature controller system to enable studying the 
effect of temperature on the reaction kinetics.

Before each run, the solution flow rate was measured 
using a roatameter and adjusted at the required values by 
means of a bypass and ball valve, respectively. 

The rate of bromate removal was followed by measur-
ing the change in concentration of the bromate solution 
with time using UV spectrophotometer. Before each run, 
10 L of fresh bromate solution were placed in the storage 
tank. The source of bromate ions is potassium bromate. 
Bromate ion standards were prepared by dilution from 
a bromate ion stock solution. The 1.00 g/L bromate ion 
stock solution was prepared by dissolving 0.131 g of po-
tassium bromate (purity 99.88%) in 100.0 mL of distilled 
water (DW). The second stock solution was prepared by 
diluting a 1.00 mL of 1.00 g/L bromate ion stock solution in 
100.0 mL of DW to a final concentration of 1.00 × 10–2 g/L. 
The bromate ion stock solutions were stored at 4°C for a 
maximum of 21 days. 

The flow rate was measured with a roatameter and 
adjusted at the required value by means of a bypass and 
ball valve, respectively. After that the solution was sub-
jected to circulation at the required flow rate. Samples 
of the solution (5 ml) were withdrawn at regular time 
intervals of 5 min at different solution flow rates. Samples 
were analyzed using UV spectrophotometer and the rate 
of bromate removal was followed through following the 
change in the bromate concentration. Experiments were 
carried out at temperature 20±1°C and pH 6.5.  

Fig. 1. Apparatus (1) GAC bed; (2) Glass beads; (3) GAC bed 
supports; (4) Plexiglas column; (5,6) Ball valves ; (7) Plastic 
centrifugal pump; (8) Plexiglass storage tank.
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The ranges of the studied variables are:
1. Solution flow rate: 333, 285, 250, 200, 167, 78, 14 cm³/s.
2. Initial bromate concentration: 1, 2, 3, 5, 7, 10 ppm.
3. Contact time from 0.2, 0.23, 0.26, 0.33, 0.39, 0.84, 4.67 

min. 
4. Temperature 25, 30, 40, 60°C.

The activated carbon used was Norit Nederland B.V 
– NRS Carbon GA (0.5–2.5), iodine number 850, total sur-
face area 975 m2/g, apparent density 500 kg/m3, particle 
size 0.5–2.5 mm.

3. Results and discussion

Figs. 2 and 3 show the effect of different bromate con-
centrations on the rate of bromate removal on activated 
carbon. The data show that as the the bromate concen-
tration increased from 1 to 10 ppm, the rate of bromate 
removal decreased from 95 to 63%. To explain this result 
the mechanism of bromate removal [22] should be re-
called first, bromate removal takes place via:
(i) Physical adsorption of bromate ions on the active 

adsorption sites of activated carbon. 
(ii) Removal of bromate ions through the limited ion 

exchange capacity available on the pores of activated 
carbon granules.

(iii) Surface reduction of BrO3
– to Br– occurred with 

bromine (HOBr/OBr–) as intermediate, through a 
transient chemi-sorption step. These reactions are 
interfacial reactions involving the interaction of sur-

face bound carbon groups with dissolved bromide 
species.

The decrease in the rate of bromate removal with in-
creasing the bromate concentration may be explained as 
follows. Adsorption involves liquid phase diffusion of the 
adsorbate (external diffusion) followed by internal diffu-
sion (intraparticle diffusion); although bromate concen-
tration is extremely low in the solution bulk, conditions 
differ in the narrow capillary pores of carbon particles, 
the limited volume of the capillary pores increases the 
apparent concentration of bromate inside the capillary. 
The increase in bromate concentration inside the capil-
laries leads to a pronounced interionic attraction which 
decreases the activity and diffusivity of bromate [23] 
with a consequent decrease in the rate of adsorption, 
i.e. the rate of bromate adsorption becomes controlled 
by intraparticle diffusion. This retarding effect increases 
in magnitude with increasing the initial bulk bromate 
concentration. 

Figs. 4–9 show that, contrary to expectations, as the 
bromate solution circulation rate increased the rate of 
bromate removal decreased. For the initial bromate con-
centrations 2, 5, 10 ppm the rate of removal decreased 
from 95.5 to 55, 94 to 54 and 76 to 41% respectively, as the 
flow rate increased from 14 to 333 cm³/s. It was expected 
that the rate of bromate removal would increase by 
increasing the solution flow rate in view of the increase 
in the rate of mass transfer of bromate ions to the solid 
carbon particles. The decrease in the % bromate removal 

Fig. 2. Bromate concentration time data for different initial bromate concentrations.

Fig. 3. Effect of different initial bromate concentrations on % removal of bromate.
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Fig. 7. Effect of different solution flow rates on % bromate removal at Co 5 ppm.

Fig. 4. Concentration time data for different solution flow rates at bromate Co 2 ppm.

Fig. 5. Effect of different solution flow rates on % bromate removal at Co 2 ppm.

Fig. 6. Concentration time data for different bromate solution flow rates at Co 5 ppm.

with increasing the flow rate may be explained in terms 
of the fact that physical adsorption of bromate on carbon 
plays a major role in bromate removal. It seems that the 
high shear stress associated with high flow rates leads to 
adsorption of the weakly bonded bromate ions from the 

graphite particles. The effect of the solution flow rate on 
the rate of bromate removal can be expressed in terms 
of the residence time of the solution in the column — the 
lower the flow rate, the higher the residence time and the 
higher the degree of bromate removal and vice versa. 
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Fig. 8. Concentration time data for different solution flow rates at Co 10 ppm.

Fig. 10 shows that the % removed bromate increased 
from 40 to 95% by increasing the column contact time 
from 0.19 to 4.67 min. This result is in consistent with the 
previous studies [20].

Fig. 11 shows that as the temperature increased from 
25 to 60°C, the % of removed bromate increased by about 
20%. The present finding is in consistent with the previ-
ous studies [24] and will be more lighted in view of the 
kinetic study for the bromate removal with increasing 
temperature, as illustrated in Figs. 12 and 13.

The above modest increase in the rate of bromate 
removal with increasing temperature is the outcome of 
the following opposing effects:

Fig. 9. Effect of different solution flow rates on % bromate removal at Co 10 ppm.

Fig. 10. Effect of column contact time on the % removal of bromate.

(i) The increase of temperature increases bromate dif-
fusivity according to the Stokes–Einestein equation, 
with a consequent increase in the rate of diffusion of 
bromate to carbon particles and consequently the rate 
of adsorption increases.

(ii) The increase of temperature in the case of physical 
adsorption, as in the present case, leads to desorption 
of bromates from the carbon particles. 

It seems that under the present set of conditions, the 
enhanced diffusion (effect i) outweighs desorption (ef-
fect ii). The present finding is consistent with previous 
studies [22]. 
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Fig. 11. Effect of temperature on the % removal of bromate.

To substantiate the above argument that diffusion 
and physical adsorption are involved in the process, the 
activation of bromate removal was calculated from Ar-
rhenius equation:

( )/
0

E RTKA A e −=  (1)

Figs. 12 and 13 show that the volumetric mass transfer 
coefficient increases with temperature increasing with an 
activation energy of 4.23 Kcal/mol. The relatively small 
value of the activation energy confirms the fact that the 
process of bromate ion removal by adsorption using 

Fig. 12. ln(Co/C) vs. time for different temperatures

Fig. 13. Determination of activation energy from Arrhenius equation.

activated carbon is a physically controlled process [24] 
where diffusion and physical adsorption are involved.

4. Conclusion

The removal of bromate ions by activated carbon ad-
sorption was found to be an efficient technique in view 
of the fact that bromate removal up to 95% was obtained. 
The study of the effect of different parameters such as 
initial bromate concentration, solution flow rate, contact 
time and temperature revealed that:
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(i) Increasing initial bromate concentration from 1 to 10 
ppm decreases the % removal of bromate by 22%.

(ii) Increasing the solution flow rate from 14 to 333 cm³/s 
leads to unexpected decrease in the rate of bromate 
removal by 44%.

(iii) Increasing the column contact time from 0.2 to 
4.67 min increases the removal of bromate by 45%.

(iv) The increase of temperature was found to increase 
the volumetric mass transfer coefficient with an 
activation energy 4.23 k.cal/mol. The % removal of 
bromate was found to increase by about 20% as the 
temperature increased from 25 to 60°C. 

(v) The low value of the activation energy and the ef-
fect of the solution flow rate on bromate removal 
lend support to the fact that bromate removal by 
adsorption on carbon takes place through physical 
adsorption.

(vi) An important implication of the present results is 
that continuous reactors should be operated using 
extremely low flow rates in order to obtain a high 
degree of bromate removal per pass. 

Symbols

A — Bed active area, cm²
Ao — Arrhenius constant (frequency factor)
C — Concentration at any time, ppm
Co — Initial concentration, ppm
D — Diffusivity, cm2/s
E — Activation energy, K.cal/mol
KA — Volumetric mass transfer coefficient, cm/s
R — Gas constant
T — Temperature, °K
t — Time, min
δ — Diffusion layer thickness, cm
µ — Solution viscosity, g/cm.s

References
[1]  M. Belluati, E. Danesi, G. Petrucci and M. Rosellini, Chlorine 

dioxide disinfection technology to avoid bromate formation in 
desalinated seawater in potable waterworks, Desalination, 203 
(2007) 312–318.

[2]  R. Minear and G. Amy, Disinfection By-products in Water Treat-
ment — The Chemistry of Their Formation and Control, Lewis 
Publishers, 1996. 

[3]  J.P. Croué, B.K. Koudjonou and B. Legube, Parameters affecting 
the formation of bromate ion during zzonation. Ozone Sci. Eng., 
18 (1996) 1–18. 

[4]  W.H. Glaze, H.S. Weinberg and J.E. Cavanagh, Evaluating the 

formation of brominated DBPs during ozonation, J. AWWA, 85 
(1993) 96–103. 

[5]  S.W. Krasner, W.H. Glaze, H. Weinberg, P. Daniel and I. Najm, 
Formation and control of BrO3

− during ozonation of waters 
containing bromide, J. AWWA, 85 (1993) 73–80. 

[6]  M.S. Siddiqui andG.L. Amy, Factors affecting DBP formation 
during ozone bromate reactions, J. AWWA, 86 (1994) 63–72. 

[7]  U. Pinkemell and U. von Gunten, Bromate minimization during 
ozonation: Mechanistic considerations. Environ. Sci. Technol., 
35 (2001) 2525–2531.

[8]  M. Buffie, S. Galli and U. von Gunten, Enhanced bromate control 
during ozonation: The chlorineammonia process. Environ. Sci. 
Technol., 38 (2004) 5187–5195. 

[9]  U. von Gunten, Ozonation of drinking water: Part II. Disinfec-
tion and by product formation in presence of bromide, iodide 
or chlorine. Water Res., 37 (2003) 1469–1487. 

[10]  H.S. Weinberg, C.A. Delcomyn and V. Unnam, Bromate in 
chlorinated drinking waters: occurrence and implications for 
future regulation. Environ. Sci. Tech., 37(14) (2003) 3104–3110. 

[11]  X. Huang, N. Gao and Y. Deng, Bromate ion formation in dark 
chlorination and ultraviolet/chlorination processes for bromide-
containing water, J. Environ. Sci., 20 (2008) 246–251. 

[12]  Y. Kurokawa, S. Takayama, Y. Konishi, Y. Hiasa, S. Asahina, M. 
Takahashi, A. Maekawa and Y. Hayashi, Long-term in vivo car-
cinogencity tests of potassium bromate, sodium hybochlorite and 
sodium chlorite conducted in Japan, Environ. Health Perspect., 
69 (1986) 221–235..

[13]  M.J. Kirisits, V.L. Snoeyink and J.C. Kruithof, The reduction of 
bromate by granular activated carbon, Wat. Res., 34(17) (2000) 
4250–4260.

[14]  R.L. Melnick, An alternative hypothesis on the role of chemically 
induced protein droplet (α2u-globulin) nephropathy in renal 
carcinogenesis, Regul. Toxicol. Pharmacol., 16 (1992) 111–125. 

[15]  K. Tyrovola and E. Diamadopoulos, Bromate formation during 
ozonation of groundwater in coastal areas in Greece, Desalina-
tion, 176 (2005) 201–209.

[16]  Guidelines for Drinking Water Quality, 3rd ed., WHO, Geneva, 
2004.

[17]  USEPA, Health risk assessment/characterization of the drinking 
water disinfection by-product bromate. Office of Science and 
Technology, Office of Water, 3 March 1998. Quoted in the Federal 
Register 63 (61), 15,673±15,692. FR document 98-8215. 

[18]  J.G. Jacangelo, J. Demarco, D.M. Owen, S.J. Randtke, Selected 
processes for removing NOM: an overview, J. AWWA, 87 (1995) 
64–77. 

[19]  P. Calza and E. Pelizzetti, Pure Appl. Chem., 73 (2001) 1839–1848.
[20]  M. Asami, T. Aizawa, T. Morioka, W. Nishijima, A. Tabata and Y. 

Magara, Bromate removal during transition from new granular 
activated carbon (GAC) to biological activated carbon (BAC). 
Water Res., 33(12) (1999) 2797–2804.

[21]  M. L. Bao, O. Gri, D. Santianni, K. Barbieri, D. Burrini and F. 
Pantani, Removal of bromate ion from water using granular 
activated carbon, Water Res., 33(13) (1999) 2959–2970.

[22]  M. Siddiqui, W. Zhai, G. Amy and C. Mysore, Bromate ion re-
moval by activated carbon, Water. Res., 30(7) (1996) 1651–1660. 

[23]  D.G. Glasser, D.R. Arnold, A.W. Bryson and A.M.S. Vieler, Miner-
als Sci. Eng., 8 (1976) 23.

[24]  E.L. Cussler, Mass Transfer in Fluid Systems, Cambridge Uni-
versity Press, Cambridge, UK, 1984.


