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ABSTRACT

Nanoscale zero-valent iron (nZVI) immobilized on activated carbon (AC) was synthesized
via liquid phase reduction route. The samples were characterized by X-ray diffraction,
transmission electron microscopy, and Brunauer–Emmett–Teller surface area measurement.
The effects of bromate (BrO�

3 ) removal in water with nZVI/AC samples were evaluated.
The results show that nZVI/AC presented superior bromate removal efficiency, which is
contributed to its reduction and synergistic adsorption/sedimentation of BrO�

3 . Iron species
in nZVI/AC acted as electron mediator and catalyst during bromate reduction, and bromide
was the final reductive product. The dosage of nZVI/AC, solution pH, initial bromate con-
centration, reaction time, and temperature affected the rates of bromate reduction/adsorp-
tion. The optimum pH range of bromate removal is wide enough from 4.0 to 9.0. Bromate
removal capacity of nZVI/AC was determined to be approximately 25mg/g. These findings
suggest that bromate removal by nZVI/AC can be an effective method for bromate control.
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1. Introduction

Bromate (BrO�
3 ) has attracted considerable atten-

tion since it is known to induce cancer. It has been
classified as a possible carcinogenic substance to
humans by both the United States Environmental
Protection Agency and the World Health Organization
(WHO) [1,2]. BrO�

3 can enter the human body by oral
route and the enforceable maximum contaminant level
is 10 μg/L [3]. According to the estimation of WHO,
3 μg/L BrO�

3 in drinking water corresponds to a
cancer risk of 10−5 (life-time exposure) [4]. There is no
bromate in natural waters, but ozonation can convert
bromide to bromate when dealing with water

containing bromide. The formation mechanisms of
bromate are very complex which involve in molecular
ozone (O3) and hydroxyl radical (OH•) reactions [5].
Different methods are applied in drinking water puri-
fication for bromate removal, such as adsorption by
activated carbon (AC) [6] and granular ferric hydrox-
ide [7], reduction using nanoscale zero-valent iron
(nZVI) [8–10], ionic exchange [11,12], and UV irradia-
tion [13,14].

In the above-mentioned methods, reduction seems
to be the most widely used method for bromate
removal. Synthesis and applications of reactive metal
particles in remediation of the groundwater and
drinking water contaminated by brominated com-
pounds have shown significant environmental
implications. ZVI/nZVI has recently been considered*Corresponding author.
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as an effective material for bromate uptake. ZVI is an
effective reductant due to its low-redox potential (E0

= −0.44 V). In some circumstances (E0 < −0.44 V), its
primary corrosion product (Fe2+) may be a more
favorable reductive agent than ZVI because the elec-
trode potentials of the Fe3þðsÞ==Fe

2þ
ðsÞ ðE0 ¼ Fe3þðsÞ==Fe

2þ
ðsÞ Þ is

between −0.35 and −0.65 V, and is lower than that of
ZVI [15]. In recent years, there has been an increased
interest in applying nZVI in removing aqueous con-
taminants under anoxic condition. nZVI is effective for
the removal of organics (e.g. pentachlorophenol, nitro-
benzene, 4-chlorobiphenyl, chlorinated ethane, trichlo-
roethylene, percholoroethylene, and 2,4-dinitrotoluene
[16–21]) as well as inorganics (e.g. bromate, arsenate,
hexavalent chromium, nitrate, carbon disulfide, and
selenate [8,10,22–28]) from groundwater and wastewa-
ter. Xie and Shang [10] investigated bromate reduction
under different conditions and the mechanism of bro-
mate removal by ZVI with the pseudo-first-order
kinetics model. But Wang et al. [18] obtained the bro-
mate reduction using nZVI by fitting it in a second-
order kinetic model.

Besides the strong reduction ability, nZVI is also
considered as a promising adsorption material due to
its high-specific surface area [29]. However, the occur-
rence of nZVI in fine particles and the aggregation of
nZVI inhibited its practical application. Hence, loading
nZVI onto supporting materials could be an effective
method for convenient applications [29–31]. The sup-
porting material may prevent agglomeration of nZVI
and provides higher specific surface area and activity
[32], while the bound nZVI performs the reduction.
Zhu et al. [29] and Gu et al. [33] reported the sup-
ported nZVI on AC for arsenic removal from drinking
water. The results showed that the composite material
was effective for arsenic removal with relatively fast
kinetics reaction rate [29]. Hoch et al. [30] synthesized
carbon-supported nZVI particles for the remediation
of Cr(VI), and the results demonstrated that the reac-
tive nano iron can be made in a scalable process from
inexpensive starting materials. Shi et al. [31] used ben-
tonite as the support material to synthesize B-nZVI
composite, and kinetics studies showed that reduction
of Cr(VI) to Cr(III) could be expressed by pseudo-first-
order reaction kinetics.

However, there were few reports about the appli-
cation of nZVI/AC in bromate removal and the influ-
ence of different loads of nZVI on AC to the bromate
removal. In this study, nZVI/AC was prepared by
borohydride reduction of an aqueous iron salt when
AC was in the reaction system. And it was used for
bromate reduction; the different loads of nZVI on AC
were also introduced to explore the best load for
bromate removal. The impact factors during bromate

removal were also studied to obtain the optimum con-
dition.

2. Experimental section

2.1. Materials and chemicals

Ferrous sulfate (FeSO4·7H2O, 99.5%, GR, Tianjin
Kermel Chemical Reagent Co., China), PEG-4000 (CP,
Shantou Xilong Chemical Factory, China), potassium
borohydride (KBH4, 95%, CP, Sinopharm Chemical
Regent Co. Ltd, China), absolute ethanol (CH3CH2OH,
99.7%, CP, Tianjin Damao Chemical Regent Factory,
China), sodium hydroxide (NaOH, AR, Jinan Regent
Central Factory, China), hydrochloric acid (HCl, AR,
Tianjin Fuyu Chemical Co. Ltd, China), bromate
(NaBrO3, AR, Tianjin Kermel Chemical Reagent Co.
Ltd, China), the respective chemicals were obtained
from respective companies. The commercial powder
activated carbon (AC, AR) was obtained from Tianjin
Dengke Chemical Regent Co. Ltd, (China), which is
used as the supporting material for coating nZVI. Gen-
eral nitrogen (N2, purity 99.5%, Jinan Deyang Special
Gas Co. Ltd, China) was used as protective gas. The AC
should be pretreated with HCl before using.

2.2. Preparation of nZVI and nZVI/AC

The nZVI was prepared by reduction of an aque-
ous ferrous iron solution using NaBH4 based on a
slightly modified method [34,35]. In a typical synthesis
route: in a 500mL four-necked open flask, 1.1912 g
FeSO4·7H2O was dissolved in 60mL ethanol/deion-
ized water mixture (V/V 4/1). 0.2 g PEG-4000 was then
added into the above solution as dispersant. The solu-
tion pH was adjusted to 6.5 with 1M NaOH aqueous
solution. Subsequently, 33mL of 0.9255 g KBH4 aque-
ous solution was added dropwise (1 drop/s) while
stirring vigorously (220 rpm). Then, the solution was
stirred for another 30min at room temperature. The
resulting black solid was collected by magnetic separa-
tion and washed with deoxygenated water three times
and deoxygenated absolute ethanol twice, respectively.
Finally, the nZVI slurry was dried at 70˚C and stored
in a N2-purged chamber before use. The whole pro-
cess described above was conducted under a N2 atmo-
sphere to prevent nZVI oxidation from atmospheric
oxygen.

To prepare nZVI/AC, the AC was first put into 5
M HCl and was heated and boiled on the furnace for
20min, then washed with deionized water and dried
overnight at 120˚C. After that, 0.9598 g AC was
immersed in 60mL ethanol/deionized water mixture
(V/V 4:1) which has dissolved 1.1912 g FeSO4·7H2O,
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and then the suspension liquid was stirred for at least
30min. The following steps are the same with those
described above. The theoretical mass fraction of Fe0

in the obtained nZVI/AC composites prepared is
above 25% (by weight). To synthesize 20 and 30%
loading of nZVI onto AC, we can simply adjust the
amount of AC to 1.1912 and 0.7998 g, respectively,
without changing other conditions. The nZVI/AC
with different iron loadings of 20, 25, and 30% (mass
fraction) were marked nZVI/AC-1, nZVI/AC-2, and
nZVI/AC-3, respectively.

2.3. Physical characterization

X-ray diffraction (XRD) analyses were conducted
in an ambient air with Cu-Kα using a Rigaku
RINT2000 wide-angle goniometer with continuous
scans from 10˚ to 70˚. The scanning rate was set at
8.0˚/min. Transmission electron microscope (TEM)
images were obtained using a TEM (JEM-100CX II,
Japan). Large-scale morphology was also analyzed
by a scanning electron microscope (SEM) (JSM-6510
LV, Japan). The specific surface area of the synthe-
sized adsorbent was measured by the BET method-
ology using a specific surface area and pore size
analyzer (ST-08B, Beijing YFRP Technology Co. Ltd,
China).

2.4. Batch experiments for bromate removal

Bromate stock solutions were prepared from
reagent grade chemicals using deionized water and
stored at 4˚C, and a concentration bromate solution
(10mg/L) was obtained by diluting the stock solution
before use. All batch experiments were carried out
with 100mL of bromate solution and nZVI/AC of
known initial concentrations in 250-mL capped conical
flasks with agitation in an ordinary thermostatic rotary
shaker (SHZ-82, Jintan Medical Instrument Factory,
Jiangsu, China) and a digital freeze water bath ther-
mostatic rotary shaker (SHA-2(A), Jintan Jinnan
Instrument Manufacturing Co. Ltd, China) for con-
ducting some experiments at low temperatures. Sam-
ples were collected at regular intervals and detected
by certain instruments to know bromate, bromide, and
total iron levels after filtration using 0.22 μm dispos-
able membrane filters. The concentration of bromate
and bromide was analyzed by single-column ion chro-
matography (IC1010, Shanghai Tianmei Science Instru-
ment Co. Ltd, China), and the total iron levels were
measured using an atomic absorption spectrophotome-
ter (TAS-990, Beijing Purkinje General Instrument Co.
Ltd, China).

To investigate the effect of the content of nZVI in
the composite material on bromate removal, the three
aforementioned types of synthesized nZVI/AC were
added to a prepared bromate solution (the initial bro-
mate concentration is 10mg/L) at 298 K. The capped
conical flasks were shook at 200 rpm immediately after
adding nZVI/AC into 100mL bromate solutions. Sam-
ples were collected at regular intervals, and subjected
to instruments to detect the concentrations of BrO�

3 ,
Br−, and total iron.

And batch experiments about the effect of different
parameters (such as pH, reaction time, initial bromate
concentration and temperature) were also conducted
to investigate the bromate efficiency by nZVI. The
influence of the solution was investigated by adjusting
solution pH from 3.0 to 10.0 using 0.1M HCl or 0.1M
NaOH under an initial bromate concentration of 10
mg/L, adsorbent dosage of 0.4 g/L, and reaction time
20min at 298 K. The pH was measured before and
after the experiments. The effect of nZVI/AC dosage
on bromate removal was studied by varying the
amount of nZVI/AC from 0.2 to 0.5 g/L, while keep-
ing other parameters such as pH (7.0), initial bromate
concentration (10mg/L), temperature (298 K), and
contact time (20min) constant. After reaction, the con-
centrations of bromate and bromide were also mea-
sured. The effect of initial concentration and different
temperature was conducted with changing initial bro-
mate concentrations (1, 5, and 10mg/L) or tempera-
tures (288, 298, and 308 K) with contact time ranging
from 3 to 20min, and analysis for bromate and bro-
mide samples were taken at regular intervals. All the
experiments were conducted in duplicate and the data
in the figures were average of the two sets of data.

3. Results and discussion

3.1. Characterization of nZVI and nZVI/AC

3.1.1. XRD and TEM

The synthesized nZVI and nZVI/AC materials
were characterized using XRD and TEM. TEM was
used to investigate the morphology of pristine nZVI
and nZVI/AC, while XRD was used to investigate the
material structure of nano iron particles.

Fig. 1 presents XRD of nZVI and nZVI/AC (20%
loading). nZVI was characterized by an obvious peak
of α-Fe0 (110) at 44.722 (2-theta degree) as shown in
Fig. 1(a). There were no other miscellaneous peaks,
which indicated that the nZVI material was not oxi-
dized or that the level of oxidation was extremely
low. And the peak of α-Fe0 (110) illustrates the fine-
ness and good crystallization of materials prepared in
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this method. Compared with the sharp peak of α-Fe0

nZVI material, the peak of nZVI coated on AC was
relatively low as shown in Fig. 1(b). Seen from the
Fig. 1(b), the peaks displayed some kind of broaden-
ing effect, which indicates morphological characteris-
tics of microcrystal on the composite material. Fig. 1(c)
shows the XRD image of nZVI/AC that was crystal-
lized at 420˚C, and 2θ = 26.562, 2θ = 42.942, 2θ = 44.661,
and 2θ = 64.982 were corresponding C(002), C(100), α-
Fe(110), and α-Fe(200) crystal surface in turn. Peaks of
C(002) and α-Fe(110) of crystallized nZVI/AC material
sharpened in comparison with peaks of nZVI/AC
without being crystallized at high temperature. The
changes demonstrated above indicated that the
temperature can promote the crystallization level of
graphite and α-Fe after drying. As a result, the
temperature of crystallization is also an important
parameter to control the size of nano iron particles.

Fig. 2 shows the TEM images of pristine nZVI/AC
samples. The observed iron particles increased signifi-
cantly when increasing the loading amount. nZVI
formed a chain-like aggregated structure because of its
natural tendency to remain in a more thermodynami-
cally stable state [36] in Fig. 2(c).

3.1.2. BET surface area

The BET surface areas of different types of nZVI/
AC were analyzed in this study for comparisons
(Table 1). As Table 1 shows, the surface area of nZVI
increased after coating onto AC due to the augmenta-
tion of AC. And nZVI/AC-2 has the biggest surface
area among the three types. Hence, nZVI/AC-2 maybe
has a better removal efficiency of bromate than the
other types.

3.2. Removal of bromate

3.2.1. Effect of Fe on the synthesis of nZVI/AC

The effect of nZVI loading on AC for the removal
of bromate was studied using 10mg/L bromate solu-
tion and the mass ratio of nZVI over AC from 20 to
30%, which was marked as nZVI/AC-1, nZVI/AC-2,
and nZVI/AC-3. The effects of different nZVI/AC
ratio on bromate removal and the total iron concentra-
tion were presented in Fig. 3, and the bromide concen-
trations reduced by different nZVI were presented in
Fig. 4. Fig. 3(a) showed that when the ratio of nZVI/
AC increased from 20 to 30%, the bromate removal
rate was enhanced accordingly; the sharp decreases of
BrO�

3 concentrations in the first 15min were probably
due to the increased amount of nZVI on AC reduced
bromate into bromide. And the bromate removal effi-
ciency remained stable after 20min. This implies the
bromate could be effectively removed using nZVI/AC
within 20min. The removal efficiency of bromate was
increased as we increased the loading of nZVI on AC.
This may be attributed to the abundant active sites on
the nZVI/AC. Similar articles verified this phenome-
non using other nZVI composites [35–38].

Fig. 3(a) also indicates that the bromate removal
rates varied with the different nZVI loading on AC.
Within 20min, bromate could be effectively reduced
from 10.0mg/L to about 0.49, 0.23, and 0.02mg/L by
nZVI/AC-1, nZVI/AC-2, and nZVI/AC-3, respec-
tively. Hence, nZVI/AC-2 and nZVI/AC-3 had higher
removal efficiency. Because of the reduction of nZVI
to bromate, Fe0 will be oxidized to Fe2+, Fe3+, and all
the forms of iron in the solution will appear as total
iron in Fig. 3(b). The dissolved iron after reaction was
low Fig. 3(b), indicating that most of the iron atoms
were combined with AC to form Fe(III) precipitate.
Furthermore, as the load of iron increases from 25 to
30%, the aggregation of iron particles on the surface of
AC occurs Fig. 2(c). This is adverse to iron participat-
ing in the reactions, and the total iron concentration in
the solution with nZVI/AC-3 was higher than those
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with nZVI-1 and nZVI-2. Therefore, nZVI/AC-2 may
be a better choice to remove the bromate. The blank
experiment was conducted to investigate the corrosion

of nZVI by deionized water at the same condition
with nZVI/AC-2. The result reveals that nZVI
particles can be oxidized by the oxygen dissolved in

Fig. 2. TEM images of different nZVI/AC samples: (a) nZVI/AC-1; (b) nZVI/AC-2; (c) nZVI/AC-3.

Table 1
The BET surface area of nZVI and different nZVI/AC types

Sample nZVI nZVI/AC-1 nZVI/AC-2 nZVI/AC-3

Mass ratio – 20% 25% 30%
Surface area m2/g 34.7 50.222 97.468 45.156
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the water, and Fe2+/Fe3+ were released into the solu-
tion. Thus, the total iron concentration in the blank
test was high.

Fig. 4 shows the concentration of bromide under
different nZVI loading at different reaction time. The
results from Figs. 3 and 4 show that there was no
mass balance of bromine in the solution, which sug-
gested that the adsorption/co-precipitation of bromate
and bromide onto nZVI/AC may appear due to the
association of iron oxides [9].

3.2.2. Effect of contact time and dosage

The effect of nZVI/AC-2 dosage on the removal of
bromate has been studied at 298 K by varying the
nZVI/AC-2 doses from 0.3 to 0.5 g/L (the initial bro-
mate concentration 10mg/L, pH 7.0 ± 0.1, 200 rpm).
Fig. 5 presents the results. As the amount of nZVI/

AC-2 increased, the bromate concentration decreased
along with the increase in bromide concentration.
With the increase of dosage, more nZVI are available
for bromate reduction and more AC for adsorption.
However, it was noticed that there was no significant
increase in the bromate removal at 0.4–0.5 g/L. And
the extension of reaction time to 20min had a little
variation to the effluent concentration of bromate and
bromide at the same dose. So, an nZVI/AC-2 dose of
0.4 g/L was selected for the further experiments.
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3.2.3. Effect of pH

pH is an important controlling parameter in the
process of bromate removal. In order to determine the
optimum pH range using nZVI/AC-2 as the removal
material, the BrO�

3 removal was studied as a function
of initial pH. The total iron concentration and the bro-
mide concentration in solution were also detected to
find better pH range for BrO�

3 removal.
Fig. 6 shows the adsorption/reduction results of an

initial BrO�
3 concentration of 10mg/L. As observed, at

pH of 3.0–9.0, a stable pH zone appeared where the
high bromate removal efficiency was obtained. When
the initial pH was above 9, a noticeable fall in bromate
removal efficiency was found. From pH 3.0–9.0, the
remaining bromate concentration was maintained at
low concentrations (0.21–0.38mg/L) and increased
sharply to 1.10 mg/L at pH 10.0. In the pH 3.0–5.0,
there was a lower bromate concentration compared
with pH 6.0–9.0. There maybe two reasons which accel-
erated the bromate reduction by nZVI at lower pH.
First, the iron oxide layers covering the nZVI core dis-
solves more at lower pH, which in turn renders the
nZVI core to rapidly react with bromate. Another rea-
son may be attributed to the ionization of both nZVI/
AC and bromate, which caused a repulsion between
them when pH of the solution is high [9]. Generally, the
net positive charge decreases with increasing pH value
and leads to decrease in the repulsion between the
adsorbent surface and adsorbate [39]. Wang et al. [40]
and Kanel et al. [39] obtained the similar trends using
nZVI for bromate and As(III) removal.

The following equations have been suggested as
the bromate reduction pathway with ZVI [9]:

Fe0 $ Fe2þ þ 2ex0 ¼ �0:447V (1)

Fe0 $ Fe3þ þ 3ex0 ¼ �0:037V (2)

BrO�
3 þ 3Fe0 þ 3H2O ! Br� þ 3Fe2þ þ 6OH� (3)

BrO�
3 þ 2Fe0 þ 3H2O ! Br� þ 2Fe3þ þ 6OH� (4)

6Fe2þ þ BrO�
3 þ 3H2O ! 6Fe3þ þ Br� þ 6OH� (5)

Due to the redox potential (Eqs. (1) and (2)), nZVI
is easily oxidized to Fe2+. However, an extensive eval-
uation of bromate reduction using nanoscale zero-
valent iron (nZVI) has not been established.

The bromide concentration reduced obviously at
pH 10.0. The amount of iron released decreased to 0
mg/L with the pH increasing from 4.0 to 7.0, and then
increased slightly when pH > 7.0. Because BrO�

3

reduction accompanies with Br formation, the amount
of Br generated in the effluent can be used to calculate
the amount of BrO�

3 reduced by nZVI/AC-2. Then,
the reduction contribution to the BrO�

3 removal by
nZVI/AC-2 was evaluated (Fig. 7). After 20min, BrO�

3

reacted with nZVI/AC-2 from pH 3 to 9, above 95%
bromate removal efficiency was obtained by BrO�

3

reduction, and other BrO�
3 was probably removed by

adsorption or co-precipitation. The electrophoretic
mobility of pristine nZVI/AC at different initial pH
(3.0–9.0) solutions was measured to determine the
point of zero charge (PZC). PZC of nZVI/AC was
found to be at pH 3.5 (Figure S, Supplemental
information).

3.2.4. Effect of bromate initial concentration

Reactions of the different concentrations of bro-
mate with the nZVI/AC-2 were shown in Fig. 8. It
showed that bromate was removed rapidly and
achieved the equilibrium within 1min when the initial
bromate concentration was 1 and 5mg/L. When the
initial bromate concentration was 10mg/L, the equi-
librium time was 3min. So, the bromate removal rate
was quite high and rapid initially. About 86% of the
bromate was removed during the first minute of the
reaction when the initial bromate concentration was 1
and 5mg/L, while a very small part of the additional
removal occurred during the following contact. At the
initial bromate concentration 10mg/L, 82% was
removed during the first minute.

Fig. 8 also showed the reduction/adsorption was
strongly dependent on the initial bromate concentra-
tion. For initial bromate concentration of 1, 5, and 10
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mg/L, the bromate amount removed at 3min were
50.37mg/g, 217.42mg/g, and 433.90mg/g, respec-
tively. The driving force of the concentration gradient
increased with the increase of the BrO�

3 initial concen-
tration to over the mass transfer resistance in the
liquid-solid phase system [39]. Therefore, higher initial
bromate concentration may increase the removal
capacity. Compared with the equilibrium time for bro-
mate removal using nZVI [8,10], the equilibrium time
using composite material is much shorter.

3.2.5. Effect of temperature

The effects of temperature were studied for bro-
mate removal using nZVI/AC as removal material at
different temperature and different contact time
(Fig. 9). Fig. 9 shows the bromate removal efficiency
was 98.3, 97.1, and 95.6%, respectively under 308, 298,
and 288 K within 10min, so the equilibrium was
achieved within a short time. But at 288 K, 15min was
required to achieve the maximum removal efficiency
(94.4%). Since high temperature favors the bromate
removal, the adsorption process is endothermic. The
bromate removal occurred quickly and the time
required to achieve equilibrium is relevant with reac-
tion temperature.

4. Conclusions

In general, AC can be a carrier for nZVI to syn-
thesize a novel nanocomposite material, which effec-
tively prevented the agglomeration of nano metal
such as the non-supported nZVI. Batch experiments
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were performed under different physico-chemical
conditions (adsorbent dosage, pH, initial bromate
concentration, temperature and contact time) using
prepared adsorbents. Results indicated that nZVI/
AC can effectively remove bromate from water, pos-
sessing higher removal efficiency than AC. BrO�

3

was reduced immediately by Fe0 to Br− and
adsorbed on the surface of AC and Fe0 simulta-
neously. Bromate removal is favored under acidic
pH values, but the studied materials are effective
over wide range of pH. Bromate removal is favored
when the initial concentration of bromate or temper-
ature of solution increased. nZVI/AC could be a
promising material for water purification containing
persistent toxic pollutants due to its significant
reduction reactivity and adsorption capacity.
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