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Simultaneous adsorption/reduction of bromate in water
using nano zero-valent iron supported on ordered
mesoporous silica
Xiaodong Xin, Shaohua Sun, Mingquan Wang, Qinghua Zhao, Wei Li
and Ruibao Jia

ABSTRACT
Bromate is mainly produced by ozone oxidation, and it is a kind of highly toxic substance in drinking
water and a serious threat to people’s health. It is difﬁcult to remove it using traditional processes.
The reduction of nano zero-valent iron (nZVI) has proved to be an effective method to remove
bromate in water. In this study, we designed and prepared a new kind of nanocomposite by loading
nZVI into ordered mesoporous silica materials (nZVI/MCM-41), which avoided nZVI oxide and
increased adsorption at the same time. The removal efﬁciencies of bromate by MCM-41, nZVI, and
nZVI/MCM-41 were evaluated respectively. The result indicated that nZVI/MCM-41 showed the
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highest removal efﬁciency for bromate at pH 6.5, with an appropriate dose of 25 mg when initial
bromate concentration was 0.2 mg/L. In the removal process, adsorption and reduction exist at the
same time and reduction was the leading role. Kinetic studies showed that the removal of bromate
by nZVI/MCM-41 followed pseudo-ﬁrst-order kinetics. Finally, bromine mass balance demonstrated
that bromide was the only product for bromate reduction, suggesting that bromate was ﬁrst
adsorbed onto nZVI/MCM-41 and reduced to innocuous bromide by nZVI subsequently.
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INTRODUCTION
Nowadays, with the improvement of people’s living standards,

cancer for animals (Gunten ; Weinberg et al. ). Bro-

more attention has been paid to the safety of drinking water.

mate has been classiﬁed as a group 2B or possible human

Drinking water disinfection was one of the most effective

carcinogen by the International Agency for Research on

measures for the maintenance of public health in the 20th cen-

Cancer (Moore & Chen ). The maximum contaminant

tury, and it is also an effective means for the prevention of

level for bromate in drinking water established by the World

epidemics spreading through water. But water disinfectants

Health Organization is only 10 μg/L (Weinberg et al. ).

can react with materials in the water such as organic matter,

However, it has been found that bromate concentration is

bromine and iodine, which could produce a series of disinfec-

150 μg/L following ozonation of drinking water (Krasner

tion by-products threatening to human health (Hwang &

et al. ). Thus, the removal of bromate in water has

Jaakkola ; Nieuwenhuijsen ; Hrudey ). There

become a matter of interest.

are about 600 kinds of disinfection by-products that have

At present, different approaches have been taken to

been reported at present (Richardson ; Krasner et al.

remove bromate in water, including adsorption, reduction,

). Bromate (BrO
3 ) is mainly produced by ozone oxi-

advanced oxidation, biological degradation, and so on

dation, and is a highly toxic substance that could cause

(Ginkel et al. ; Meunier et al. ; Wiśniewski &
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Kabsch-Korbutowicz ; Chitrakar et al. ). Due to the

regard to the operating variables on the reduction–

hydrophilia and oxidability of bromate, the chemical

adsorption process. The prepared nZVI/MCM-41 showed

reduction process has proved to be an efﬁcient and cost-

excellent reductive performance for bromate.

effective method. Nano zero-valent iron (nZVI) is widely
applied in various organic and inorganic contaminant
reduction due to its good reducibility and large speciﬁc sur-

EXPERIMENT

face area (Cho et al. ; Ling et al. ; Liu et al. ;
Nakatsuji et al. ; Segura et al. ). There has been

Materials and chemicals

little research on bromate removal by zero-valent iron with
higher concentration of bromate (Xie & Shang ; Lin

All chemicals, obtained from Sinopharm Chemical Reagent

& Lin ).

Beijing Co. Ltd, China, are of analytical reagent grade

Like many other nanomaterials, nZVI particles easily
agglomerate into large particles, resulting in a decrease of

or better quality. Ultrapure water was used throughout the
experiment (18.2 MΩcm).

surface area and reactivity performance, which has limited
its application in water treatment (Phenrat et al. ).

Synthesis of nZVI/MCM-41

Therefore, researchers have paid attention to the modiﬁcation of nano zero-valent iron (Chun et al. ; Wang

MCM-41 was synthesized as by Dimos et al. (). An

et al. ; Jia et al. ; Zhang et al. ; Xu et al. ).

amount of 50 g tetraethylorthosilicate was added in a poly-

Immobilization of nZVI in a mesoporous material is a prom-

ethylene bottle containing 417.5 g H2O, 268.5 g NH3 (25%

ising approach to solve the problem above (Li et al. ; Lv

wt) and 10.5 g cetyltrimethylammonium bromide, and stir-

et al. ; Zhou et al. ). Mesoporous materials with

red for 30 min. After heat treatment at 80  C for 96 h, the

large speciﬁc surface area, uniform aperture adjusted,

product was retrieved. It was ﬁltered, rinsed with cold etha-

morphology and active surface groups came onto people’s

nol and ﬁnally placed on a plate for air-drying.

horizons. They are widely used in macromolecule adsorp-

The nZVI/MCM-41 was prepared by the liquid phase

chemical

reduction method as according to Petala et al. (). Typi-

catalysis, chemical sensors, and the synthesis of nanomater-

cally, FeSO4•7H2O (8.93 g) was dissolved in ethanol/water

ials (Wakayama et al. ; Chytil et al. ; Fan et al. ;

(4/6) solution (100 mL), followed by the addition of poly-

Kong et al. ). Mesoporous silica has attracted intense

ethylene glycol-4000 (0.125 g/g). MCM-41 (20 g) was

interest due to its adsorption capacity, high surface area,

added into the above solution and stirred well. Then,

porous structure, and relatively low cost. Mesoporous

NaBH4 solution (0.45 mol/L) was added into the above

silica MCM-41 has been proven to be generally quite

mixed solution drop by drop. All of the reactions were con-

effective for iron loading (Pan et al. ; Liu et al. ).

ducted under an anaerobic environment. After reaction, the

The combination of MCM-41 and nZVI would take

products were washed three times with ethanol, acetone, and

advantage of the two materials. It is interesting to evaluate

anaerobic water respectively. The resulted precipitates (nZVI/

the efﬁciency of bromate adsorption/reduction by nZVI

MCM-41) were ready for use.

tion

and

separation,

biological

medicine,

supported on MCM-41.
In this study, we designed and prepared a new kind

Characterization

of nanocomposite by loading nano zero-valent iron into
ordered mesoporous silica materials (nZVI/MCM-41),

The morphological structure and dispersion of nZVI/MCM-41

which avoided zero-valent iron oxide and increased adsorp-

were observed by scanning electron microscopy (SEM)

tion at the same time. The materials were used to remove

(ZEISS, Germany). All SEM specimens were sputter-coated

bromate in water. The characterization of the synthesized

with a thin layer of gold palladium under vacuum in an argon

nZVI/MCM-41 was performed, and the applicability of

atmosphere prior to examination. X-ray diffraction (XRD) pat-

nZVI/MCM-41 in bromate removal was evaluated with

terns of the prepared samples were acquired with a Rigaku
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RESULTS AND DISCUSSION

radiation (40 kV, 300 mA) of wavelength 0.154 nm to conﬁrm
the structure of the materials. Surface area measurements were

Characterization of nZVI/MCM-41

performed on a Micromeritics ASAP 2020 surface area and
porosity analyzer (Quantachrome, USA). Bromate was

The surface morphology of nZVI/MCM-41 can be seen

detected by an ion chromatograph (ICS-3000, USA). Fe was

from Figure 1(b). Compared with Figure 1(a), after loading

detected by inductively coupled plasma mass spectrometry

nano zero-valent iron, a layer of spherical particles

(ICP-MS) (NexIon 300x, Perkin Elmer, USA).

adheres on the surface of the MCM-41 and is evenly
distributed.

Batch experiment for

BrO
3

The XRD patterns of MCM-41 and nZVI/MCM-41

adsorption/reduction

are presented in Figure 1(c). Figure 1(c) compares the
In a typical batch experiment, 25 mg of the as-prepared

X-ray diffraction pattern of before and after nZVI is

nZVI/MCM-41 was added into 500 mL of mixed solution

loaded in the MCM-41. There is an obvious zero-valent

containing 0.2 mg/L of bromate, the mixture was adjusted

iron characteristic peak at 2θ ¼ 43 –45 (α-Fe0), which is

to pH 6 with HCl and NaOH and stirred for 60 min, and

accordance with the report of Cho et al. (). It indi-

then nZVI/MCM-41 were separated from ﬁlter separation.

cated that nZVI has been successfully loaded on the

In order to obtain the removal isotherms, bromate solutions

MCM-41.

with varying initial concentration of individual bromate

According

to

the

Brunauer-Emmett-Teller

(BET)

were treated with the same procedure as above at room

analysis, after loading nZVI, the Barrett-Joyner-Halenda

temperature.

(BJH) desorption cumulative volume of pores of nZVI/

The removal efﬁciency and the amount of bromate

MCM-41 is 0.1776 cm3/g, which is smaller than MCM-41
(0.5973 cm3/g), and the BET surface area is 303 m2/g,

removed q (mg/g) were given according to the formula:

which is smaller than MCM-41 (745 m2/g).
Removal efficiency ð%Þ ¼
qt ¼

c0  ct
× 100%
c0

ðc0  ct Þ × V
m

(1)
Effect of operating variables on the removal of bromate
(2)

where ct (mg/L) is the concentration of bromate at time t (min),

onto nZVI/MCM-41
Comparison of different materials on removal

V (L) is the volume of the bromate solution, m(g) is the mass
of nZVI/MCM-41; qe (mg/g) is the removal amount at

Three kinds of materials, nZVI, MCM-41, and nZVI/MCM-

equilibrium, qt (mg/g) is the adsorbed amount at time t (min).

41 were used to remove 500 mL 0.2 mg/L bromate. From

Figure 1

|

Scanning electron microscopy of (a) MCM-41, (b) nZIV/MCM-41 and XRD diffraction patterns of (c) MCM-41 and nZIV/MCM-41.
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Figure 2(a), it is clear that the removal capacity of nZVI/

MCM-41. It can be illustrated that too much acidity or alka-

MCM-41 is better than that of nZVI and MCM-41. There-

linity could reduce the bromate removal rate of nZVI/

fore, nZVI/MCM-41 was used to remove the bromate.

MCM-41. Under pH 6.5, the removal effect of bromate on
nZVI/MCM-41 was better.

Effect of nZVI/MCM-41 concentration
The reaction time
To determine the effect of nZVI/MCM-41 dose, the 2 h
uptake experiments were carried out at 25◦C with

An amount of 25 mg nZVI/MCM-41 was added into

the nZVI/MCM-41 dosage ranging from 10 to 45 mg in

0.2 mg/L of bromate solution and the remaining amounts

500 mL 0.2 mg/L bromate solution. As shown in Figure

of bromate at 1, 5, 10, 20, 30, 40, 60, 90, 120, 150, 180,

2(b), the removal of bromate increased with the increase

240 min respectively were detected. In Figure 2(d), the

of nZVI/MCM-41 dose, and reached a plateau at the appro-

removal efﬁciency of nZVI was low in the ﬁrst 90 min (lag

priate dose of 25 mg; 25 mg of nZVI/MCM-41 was chosen

period), increased after 90 min and got to equilibrium after

for the test.

240 min (reaction period), which also showed that the
removal rate of nZVI/MCM-41 was faster than that of

Effect of initial pH

nZVI. Reaction kinetics needed to be used to conﬁrm it.

The pH value of the solution was an important controlling

tion times were also detected, which is shown in Figure 2(e).

parameter in the removal process. The removal of bromate

With the increased reaction time, the concentration of Fe

onto nZVI/MCM-41, nZVI and MCM-41 increased signiﬁ-

increased and reached equilibration after 90 min, which

cantly with increasing pH from 4 to 6.5, and decreased

was in accord with the removal time by nZVI/MCM-41. It

from 6.5 to 9 (Figure 2(c)). At different pH, the removal efﬁ-

can be concluded that the bromate removal by nZVI/

ciency of nZVI/MCM-41 was larger than that of nZVI and

MCM-41 was related to nZVI.

The concentrations of Fe in solution with different reac-

Figure 2

|

(a) Effect of materials, (b) nZVI/MCM-41 dose, (c) initial pH, (d) performing time, (e) Fe concentration with reaction time, (f) and inorganic anions.
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ﬁrst-order kinetic model with a correlation coefﬁcient (R 2)

Effect of inorganic anions

of 0.997 and 0.998. The rate constant (kobs) of nZVI/
When other inorganic ions exist in solution, it may affect

MCM-41 and nZVI was 0.0712 min1 and 0.0169 min1,

bromate removal. Several kinds of common anions in

respectively. The results showed that the reduction process

water were chosen, such as

PO3
4 ,

NO
3,

NO
2,

SO2
4 ,

of nZVI/MCM-41 is much faster than that of nZVI.

ClO
3 . The sample was pure water with only 0.2 mg/L


2
bromate. The concentrations of PO3
4 , NO3 , NO2 , SO4 ,

ClO
3 added into the sample were 1 mg/L, 10 mg/L,
1 mg/L,

200 mg/L,

and

1 mg/L,

respectively.

From

Figure 2(f), it can be found that these ions have different
effects on the removal of the bromate. The effect of PO3
4
was larger than that of the others, reducing bromate removal
efﬁciency by 24%, the others by no more than 15%. The
reason may be that these ions could react with zero-valent
iron, competing with bromate, which reduced bromate
removal efﬁciency. We also detected the concentrations of
ﬁve common anions before and after the removal. The concentrations of the ﬁve common anions after the removal
decreased about 15–22%, except PO3
4 , which decreased
about 32%. Previous studies (Khalil et al. ; Sleiman
et al. ) indicated that zero-valent iron could remove
PO3
4 , which was in accordance with our result. That
proves our reasoning: these ions could react with zerovalent iron, competing with bromate.

Reaction thermodynamics
The inﬂuence of temperature on bromate removal onto
nZVI/MCM-41 was carried out at temperatures ranging
from 293 to 313 K. Under different temperatures, the
adsorption capacities of the as-obtained nZVI/MCM-41 for
bromate were measured individually at pH 6.5 with 25 mg
of nZVI/MCM-41 and bromate concentration 0.1–0.8 mg/L.
The thermodynamic equilibrium constants (Kd) of the
adsorption–reduction process, i.e. the constants for bromate
distribution between the solid and liquid phases at equilibrium, were computed using the method of Lyubchik
(Lyubchik et al. ) by plotting ln(qe/ce) versus qe and
extrapolating qe to zero under different temperatures,
which is shown in Figure 4 with the correlation coefﬁcient
of 0.99. The thermodynamic parameters are listed in
Table 1. The negative values of Gibbs free energies (ΔG)
and positive values of ΔH indicate that the removal of bromate onto nZVI/MCM-41 is spontaneous and endothermic.

Reaction kinetics
In order to investigate the mechanism of reduction and
potential rate-limiting steps such as mass transport and
chemical reduction reaction processes, the reaction time

ΔG ¼ RT ln Kd

(5)

ΔS ΔH

R RT

(6)

ln Kd ¼

data of bromate onto nZVI/MCM-41 and nZVI were analyzed with kinetic models, such as the pseudo-ﬁrst-order
Mechanism of bromate removal by nZVI/MCM-41

kinetic model and pseudo-second-order kinetic model.
Pseudo-ﬁrst-order model:

In order to reveal the removal process, it is necessary to anadqt
¼ kobs (qe  qt )
dt

(3)

lyze the product. After adsorption/reduction of nZVI/MCM41, bromide ions can be detected. Figure 5 illustrates that bromide was the only product for bromate reduction, and the

Pseudo-second-order model:

bromate balance was in the range of 83–102% during the
dqt
¼ k2 (qe  qt )2
dt

(4)

experimental course, indicating that the removal of bromate
by nZVI/MCM-41 was dominantly due to the reduction of
nZVI instead of adsorption by nZVI/MCM-41.

Figure 3 shows that the measured kinetic data of

At the ﬁrst 5 minutes, few bromine ions were found in

bromate adsorbed by nZVI/MCM-41 ﬁtted the pseudo-

the solution and bromate concentration in the solution
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(a, b) First-order kinetics and (c, d) second-order kinetics ﬁt of bromate adsorption on nZIV/MCM-41 and nZIV.

decreased, which explained that at this stage adsorption is
dominant. After that, the bromine ions could be detected
in the solution, and the concentration increased with the
increase of time. The concentration of bromine ions is less

Table 1

Figure 4

|

Reaction thermodynamics of bromate removal on nZVI/MCM-41.
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Thermodynamic data for the removal of bromate

T (K)

Kd

ΔG (KJ/moL)

ΔS (J/(moL·K))

ΔH (KJ/moL)

283

7.28

4.67

25.94

2.67

293

7.62

4.95

298

7.76

5.08

303

7.88

5.20

313

8.12

5.45
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Constants and correlation coefﬁcients of adsorption isotherms for the
adsorption

Figure 5

|

Model

Parameter

Bromate

Temkin equation

bT
AT
R2

3.61
0.47
0.951

Dubinin–Radushkevich equation

Β (g2/kJ2)
qm (mg/g)
R2

7.20
5.52
0.918

Henry equation

Kh
R2

2.86
0.66

Freundlich equation

Kf
N
R2

5.52
5.61
0.918

Langmuir equation

qm (m/g)
KL
R2

4.98
32.45
0.998

Analyzed curves of bromate adsorption and reduction.

than that of bromate. It showed that in 30 minutes, adsorption is still the dominant effect. After 30 min, bromine ions

Henry equation:

continued to rise and bromate decreased, and achieved balqt ¼ kc

ance after the 60 min.

(9)

From the whole process we could infer that the bromate
removal process was one of adsorption and reduction synergies. Firstly, bromate was adsorbed onto the surface of
nZVI/MCM-41, and then reduced by nZVI/MCM-41.

Freundlich equation:
qe ¼ KF ce1=n

(10)

Langmuir equation:
Adsorption isotherms

qe ¼

In the ﬁrst adsorption process (0–30 min), the adsorption
capacities of the as-obtained nZVI/MCM-41 for bromate
were measured individually at pH 6.5 with 25 mg of
nZVI/MCM-41 and varied bromate concentration (0.1–
0.8 mg/L). The Henry, Langmuir, Freundlich, and Temkin
equations were used for modeling these adsorption isotherm
data. The ﬁtted constants along with regression coefﬁcients

KL qmax ce
1 þ KL ce

(11)

The data of the bromate adsorbed at equilibrium (qe, mg/g)
were ﬁtted to the Langmuir adsorption model from Figure 6.
Therefore, the adsorptions of bromate onto nZVI/MCM-41
are monolayer uniform adsorptions. The calculated maximum adsorption capacity (qm) of 4.98 mg/g for bromate is
close to the actual measured value of 5.8 mg/g.

(R 2) are summarized in Table 2.
Temkin equation:

qe ¼

RT
ln (AT ce )
bT

CONCLUSIONS
(7)

In the study, nZVI/MCM-41 was prepared, and batch equilibrium removal of bromate onto nZVI/MCM-41 was carried
out. Removal of the bromate onto nZVI/MCM-41 reaches

Dubinin–Radushkevich equation:

equilibrium within 60 min at pH 6.5, and agrees well with
ﬁrst-order kinetic models and the Langmuir adsorption

ln qe ¼ ln qm  βε2
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(a) Temkin, (b) Dubinin–Radushkevich, (c) Henry, (d) Freundlich and (e) Langmuir ﬁt of bromate adsorption on nZIV/MCM-41.

removal, adsorption and reduction exist at the same time, and
30 min was the cut-off point for the amount of removed quantity. Furthermore, the reduction reaction occurred after the
adsorption reaction, which showed that the bromate removal
process was one of adsorption and reduction synergies.
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