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ABSTRACT

Bromate formation during ozone oxidation process is becoming a particular concern because
it is a carcinogenic compound. Reduction by zerovalent iron shows a potential technique for
the removal of bromate from water. A series of batch experiments were carried out using
nanoparticle zero iron. A tentative reaction mechanism and the kinetic model for bromate
reduction were discussed. It was found that the efficiency of bromate removal was affected
by the amount of iron, initial concentration of bromate, pH, and reaction temperature. Bro-
mate removal was based on pseudo-first-order reaction kinetics, assuming an irreversible
surface reaction to be the rate-controlling step. The apparent activation energy for bromate
reduction, in the temperature range of 283–303K, was found to be 23.2 kJ/mol.
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1. Introduction

With the increasing application of ozone oxidation
technology in drinking water treatment, the carcinoge-
nicity of its by-product, bromate, which is formed
during ozonation of bromide-containing waters, has
drawn increased research [1]. Therefore, several tech-
niques for the removal of bromate have been devel-
oped concurrently, including pH suppression [2],
ammonia addition [3], granular activated carbon
adsorption [4], ultraviolet irradiation [5], photocata-
lytic decomposition [6], ion exchange [7], biological
remediation [8], and chemical reduction with Fe2+ or
Fe0 [9–11]. Considering the aforementioned measures,

chemical reduction has been demonstrated as an effec-
tive method for bromate removal. In addition, it has
been found that nanoparticle zero iron (NZI) has been
used as a reductant for removing azo dye, nitrate, and
perchlorate [12–14]. Furthermore, after its modifica-
tion, NZI can be employed in water treatment or
water remediation systems and effectively transported
by water flow, because its particle size is smaller than
the bulk zerovalent iron [15]. Therefore, chemical
reduction by NZI seems to be a promising technology
for bromate removal.

However, few studies have been systematically
conducted in this aspect, especially in the dynamic
model of bromate reduction by NZI. Therefore, the
objective of the present work is to explain the
mechanism and develop a dynamic model for bro-*Corresponding author.
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mate removal over NZI, so as to provide guidance for
its further application.

2. Materials and methods

All chemical stock solutions were prepared from
reagent-grade chemicals using doubled deionized
water and stored at 4˚C unless otherwise specified.

2.1. NZI preparation and characterization

In this study, a series of NZIs were prepared by
the liquid phase reduction method. It should be noted
that when removing the NZI samples from the drying
oven, the air valve should be connected to nitrogen
gas to prevent NZI oxidation from atmospheric
oxygen. In addition, the dried NZI samples should be
transferred into an anaerobic chamber for future use.

Transmission electron microscope (TEM) was
utilized to observe the shape and size of NZI under
the conditions of an accelerating voltage of 100 kV.
Moreover, field emission scanning electron micros-
copy (FESEM) was conducted to observe the surface
morphology of the prepared NZI. The results can be
seen in Fig. 1. It shows that most of the prepared iron
particles were less than 100 nm in diameter. Further-
more, the aggregated nanoparticles could be also
observed in the formation of chain-like structures,
which might result from the magnetic property and
large specific surface area of NZI samples.

X-ray diffraction pattern of NZI was also recorded
by an X-ray diffractometer (X’Pert PRO, the Nether-
lands) with Cu Ka radiation in the 2h range of 10–80˚
(scan power: 40 kV� 300mA, step size: 0.0167˚ 2h,
step time: 10 s). It was found that the main reflection
characteristic peak was recorded in 44.75˚ 2h, which is
consistent with the characteristic peak of Fe0.

Furthermore, the Brunauer–Emmett–Teller (BET)
surface area of the prepared NZI was determined by
nitrogen adsorption with TriStarⅡ3020 surface area
and porosity analyzer. The results show that the BET
surface area was 20.98m2/g.

2.2. Batch experiments

The batch experiments were carried out in a
1,000ml reactor under constant temperature and atmo-
spheric pressure conditions. The solution temperature
was controlled using an electric-heated thermostatic
water bath. Prior to the experiments, a certain concen-
tration of bromate solution was filled in the reactor
and nitrogen gas was then introduced from the bottom
of the reactor through a diffuser, in order to strip out

dissolved and adsorbed oxygen. In addition, the pH
value was determined by adding 0.1mol/L NaOH or
0.1mol/L HCl solution, and without buffer addition
during the experimental period. Then a predetermined
quantity of NZI was added to the reactor and sus-
pended in the solution through stirring.

Unless otherwise specified, the experiments were
carried out under the amount of NZI, pH, dissolved
oxygen, reaction temperature, mixing rate, and initial
bromate concentration of 1mg/L, 7.0, 0.04mg/L,
293K, 400 rpm, and 100 lg/L, respectively.

Samples were periodically taken from the suspen-
sion and analyzed for bromate, bromide, iron, and
pH. Bromate and bromide were measured using a
Dionex ICS-2000 ion chromatograph; the concentration
of iron was determined using an ICE3500 atomic
adsorption spectrophotometer, and the solution pH
value was periodically monitored with an Orion 3 pH
analyzer.

3. Results and discussion

3.1. Reaction mechanism

Fig. 2 shows the concentration profiles of bromate
(measured as bromine), bromide, and total bromine

Fig. 1. TEM and FESEM images of prepared NZI.
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(total bromine represents the sum of the current con-
centrations of bromate (measured as bromine and bro-
mide) during the batch experimental period. It clearly
illustrates that the concentration of bromate was
quickly reduced within 20min, while the concentra-
tion of bromide increased accordingly. Moreover, the
concentration of the total bromine remained a con-
stant value. The results demonstrate that NZI can
effectively reduce bromate to bromide, and no inter-
mediate product is found during the reaction period.
The reduction reaction occurs on the surface of NZI
and little or no bromate and bromide ions adsorbed
on the NZI surface was found under the experimental
conditions.

The equations of bromate reduced to bromide by
NZI can be illustrated by the following:

BrO�
3 þ 3Feþ 6Hþ ! Br� þ 3H2Oþ 3Fe2þ ð1Þ

BrO�
3 þ 3Feþ 3H2O ! Br� þ 6OH� þ 3Fe2þ ð2Þ

While the experiments were carried out under
acidic conditions, Fe2+ can be further oxidized to Fe3+,
as shown below:

BrO�
3 þ 6Fe2þ þ 6Hþ ! Br� þ 3H2Oþ 6Fe3þ ð3Þ

3.2. Dynamic model

A series of experiments on the effect of the initial
concentration of BrO�

3 on the bromate removal were
carried out. The results can be seen in Fig. 3. It dem-
onstrates that ln(c0/c) (c0 and c represent the initial

and the current concentrations of bromate, respec-
tively) has a clear linear relationship with the reac-
tion time, that is to say, the reaction rate is
independent of the current concentration of bromate.
Furthermore, the reaction order is found to be
approximately 1 under the experimental conditions.
Such a linear relation between the bromate removal
rate and the concentration of bromate follows a typi-
cal Langmuir–Hinshelwood function.

Bromate reduction reaction can be described by
pseudo-first-order reaction kinetics, as shown below:

dc

dt
¼ �kobsc ð4Þ

lnðc0=cÞ ¼ kobst ð5Þ

where c0 and c are the same as above, and kobs is the
apparent rate constant, min�1.

Fig. 4 illustrates the relationships between ln(c0/c)
and reaction time under different amounts of NZI. It
shows that kobs increased with the increasing amount
of NZI. When the amount of NZI increased from 0.25
to 2mg/L, kobs improved from 0.019 to 0.32min�1.
Moreover, Fig. 5 shows a strong linear relationship
between kobs and the amount of NZI. This can be
explained that the rate-controlling step of bromate
reduction by NZI is surface reaction. And NZI surface
area increased with the increasing amount of NZI,
thereby resulting in more contacting chance between
bromate and NZI, thus the bromate reduction rate
increased.

The effect of initial pH on the bromate reduction
was also studied. It can be found that bromate reduc-
tion efficiency obviously declined as the pH value

Fig. 2. Concentration profiles of bromate (measured as
bromine), bromide and total bromine (NZI = 1mg/L,
pH=7.0, initial BrO�

3 = 100 lg/L, temperature = 293K, mix-
ing rate = 400 rpm).

Fig. 3. Bromate reduction under various initial bromate
concentrations (NZI = 1mg/L, pH=7.0, temperature =
293K, mixing rate = 400 rpm).
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increased from 7.0 to 10.5. It can be explained that
increasing the pH value means increasing the concen-
tration of OH�, and then iron hydroxide precipitation
could be formed on NZI surface, which hindered bro-
mate reduction.

Moreover, it can be found from Figs. 6 and 7 that
bromate removal rate slightly improved when the pH
value decreased from 7 to 5, and while the pH value
continued to decrease to 3.5, the bromate removal rate
did not increase, however, it showed a slight decrease.
It can be explained that pH value had dual effect on
bromate reduction under acidic conditions. First, when

pH value decreased, the concentration of H+ increased,
which could accelerate the bromate removal according
the reaction mechanism, as shown in Eqs. (1)–(3). On
the other hand, when the pH value further decreased,
the reaction between irons and H+ enhanced, which
would consume a certain amount of NZI. The effect on
hindering bromate removal played a more important
role than that on promoting when the pH value contin-
uously decreased to 3.5, thereby bromate removal rate
showed a slightly downward trend. Further analysis
indicated that no significant effect of pH was observed
on bromate reduction when the pH value was in the
range of 3.5–7.0 under the experimental conditions,
because of the combined effect of hindering and pro-
moting on bromate removal.

The influence of reaction temperature on bromate
reduction over NZI was investigated between 283 and
303K. The results were displayed in Fig. 8 and
Table 1.

It can be found from Fig. 8 that the apparent rate
constant (kobs) increased as temperature rose. The kobs
improved from 0.10 to 0.19min�1 with the tempera-
ture rose from 283 to 303K. Using Arrhenius equation
[16], the apparent activation energy for bromate
reduction can be calculated from the change of tem-
perature and apparent rate constant:

ln kobs ¼ � E

RT
þ const ð6Þ

(where kobs is the apparent rate constant, min�1; E is
the apparent activation energy, kJ/mol; T is the reac-
tion temperature, K; and R is the universal gas con-
stant, R= 8.314 J/(mol.K)).

Under the experimental conditions, E value was
equal to 23.2 kJ/mol. The low value of apparent acti-
vation energy obtained in this work further confirmed

Fig. 4. Bromate reduction under the different amounts of
NZI (pH=7.0, initial BrO�

3 = 100 lg/L, temperature = 293K,
mixing rate = 400 rpm).

Fig. 5. The linear regression between kobs and the amount of
NZI (pH=7.0, initial BrO�

3 = 100 lg/L, temperature = 293K,
mixing rate = 400 rpm).

Fig. 6. Bromate reduction under the different initial pH value
(NZI=1mg/L, initial BrO�

3 = 100lg/L, temperature = 293K,
mixing rate = 400 rpm).
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that the bromate reduction by NZI showed an
effective technique and followed a surface-controlled
reaction [17].

4. Conclusions

In this paper, reaction mechanism and the
dynamic model for bromate reduction by NZI were
discussed. It was found that the bromate reaction
could be described by pseudo-first-order reaction
kinetics and followed surface-controlled reaction. Bro-
mate removal rate increased with the increasing
amount of nanoparticles iron and reaction tempera-
ture. The pH value had dual effect on bromate reduc-
tion, and acidic conditions were beneficial in
improving the bromate removal efficiency. The low
value of apparent activation energy obtained in this
work confirmed that the bromate reduction by NZI
showed a promising technique for bromate removal
from water.
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