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ABSTRACT

This study deals with bromate adsorption by using modified activated carbons (ACs),
attempting to reveal the effect of different modification methods on bromate adsorption by
performing kinetic and isotherm tests. Four carbon modification methods including thermal
modification, HNO3 modification, H2O2 modification, and NaOH modification are applied.
These modification methods change the porous structures and redistribute the surface func-
tional groups of AC. The kinetic data have been analyzed using pseudo-second-order and
intra-particle diffusion models, and the intra-particle diffusion model is found to be the best
applicable model to describe the adsorption process. The isothermal test shows that the ther-
mal and alkaline modified ACs, with lower acidic functional groups, present higher adsorp-
tion capacities, and there is a remarkable linear relationship between the maximum
adsorption capacity and the proportion of the acidic groups. The presence of natural organic
matters (NOM) lowers the capacities of these ACs in bromate adsorption, but the HNO3

modified AC was not as sensitive as other modified samples. The presence of other anions
(NO�

3 , SO
2�
4 , Cl�) can reduce the bromate uptake and the selectivity order for the AC is

NO�
3 > SO2�

4 >Cl�.

Keywords: Bromate; Activated carbon; Adsorption; Modification

1. Introduction

Bromide (Br�) is commonly found in source water.
In disinfection processes of water production, it can
be oxidized to bromate (BrO3

�) during its interactions
with molecular ozone (O3) and hydroxyl radical (HO·)
[1,2]. Recently, bromate in drinking water has received

great concern due to its toxicity. It has been classified
by USEPA as a carcinogenic substance to humans by
oral route of exposure. A maximum contaminant level
of 10lg/l has been set by WHO, European Commis-
sion and USEPA [3]. Consequently, it is of great
importance to pursue methods to remove bromate
from water.

A large number of chemical and physical methods
have been suggested to remove bromate from water.*Corresponding author.
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These methods include reduction (zero-valent iron
(Fe0) or Fe2+ reduction) [4–7], Reverse osmosis
filtration [8–10], ionic exchange [11,12], UV irradiation
[13–15] etc. Previous studies have proved that these
methods are efficient in bromate removal. However,
due to their high operational costs and complicated
procedure in treatment, the commercial-scale applica-
bility of these methods is limited. Comparatively, the
processes based on adsorption seem to be more attrac-
tive due to their simplicity in design and operation.

Activated carbon (AC, granular or powder), as an
outstanding adsorbent, has been widely applied in
removing pollutants from water [16,11,17]. It is also
applied in bromate removal due to the fact that the
AC surface possesses ion-exchange property and can
form chemical bonds with ions. Previous studies show
that some adsorbents such as Nano-Al2O3, corncobs
[18,19], and AC are suitable in the removal of bromate
from water. The capacity of the ACs is carbon-specific
and depends on the source water [3,20,21]. Mecha-
nism of bromate removal in AC adsorption has also
been postulated. The process is regarded to be
adsorbed, reduced to hypobromite (BrO�) and finally
reduced to bromide (Br�) on AC surface. Following
reactions show that the reduction processes occur
during bromate adsorption [3,13,22].

� Cþ BrO�
3 ! BrO�þ � CO2 ð1Þ

� Cþ 2BrO� ! 2Br�þ � CO2 ð2Þ

It is commonly acknowledged that the adsorption
capacity of the AC depends on its porous structures
and the functional groups on the surface. So, according
to the postulated reduction mechanism, it can be spec-
ulated that the capacity of AC on bromate adsorption
strongly depends on the surface conditions and the
properties of the AC. During past decades, efforts have
been done to test the effect of surface porosity and
functional properties on bromate adsorption. Previous
studies have revealed that the acidic oxygen groups
created in AC oxidation can block the adsorption or
reduction sites [19,23]. Increase of the amount of oxy-
gen groups on the AC surface can bring an increase in
the acidity of AC and makes the surface negatively
charged. Under the unfavorable electrostatic interac-
tions between the bromate anions and the acidic
groups, the adsorption of bromate tends to be reduced.
It is also reported that the ACs with less surface oxy-
gen present better anion exchange capacity due to its
positive charge on the surface [3,19]. Several reduction
modification methods such as thermal and basic modi-
fication could reduce the amount of oxygen on the AC

surface [24,25], and further increase the capacity in
bromate removal. However, though the methods of
AC modification have been widely studied, compre-
hensive studies about the effect of these modification
methods on the bromate adsorption capacity of the
AC, as well as the relationship between surface func-
tional groups and the adsorption capacities are rarely
found. Furthermore, works about some important
indexes such as adsorption kinetics, isotherm and
maximum adsorption capacity for optimization selec-
tion of AC to remove bromate are still limited.

Purpose of this study is to reveal the effects of dif-
ferent modification processes on the bromate adsorp-
tion of the AC. Four types of modification processes
including thermal modification, HNO3 modification,
H2O2 modification, and NaOH modification are
applied. These modified ACs are characterized and
the adsorption isotherm, as well as the kinetics of
these ACs are evaluated and compared. In addition,
the relationship between surface functional groups
and adsorption capacities is revealed and the mecha-
nism of bromate adsorption is developed.

2. Materials and methods

2.1. Chemicals and materials

AC was purchased in YiXin industrial Co., China.
These AC were crushed and screened and those with
particle size of 1–2mm were selected. Prior to modifi-
cation, they were washed and dried. Bromate working
solution was prepared using bromate stock solution
(1.0 g/l), which is prepared by dissolving KBrO3

(Sinopharm Chemical Reagent Co. Ltd, China) into
deionized water.

2.2. Preparation of modified ACs

The ACs were oxidized with different concentrated
solutions such as HNO3 (20 g AC in 200ml 5% HNO3)
and H2O2 (20 g AC in 200ml 5% H2O2) at 60

oC for 2 h
and then were washed several times in deionized
water and dried at 105oC. These modified ACs are
named as AC-A and AC-O, respectively. The alkali
modified AC (AC-B) was prepared in NaOH solution
(20 g AC in 200ml 2% NaOH) at 25oC for 4 h. In addi-
tion, thermal-treated AC sample, named as AC-H,
treated in N2 atmosphere at 550oC was also applied to
make a comparison.

2.3. Adsorption experiments

Standard adsorption equilibrium experiments
(“bottle point”) were applied to evaluate the capacity
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of the ACs in bromate removal. Working solutions of
200ml (in flask) at different concentrations of the
bromate were prepared. After addition of certain
quantities (about 200mg) of the ACs, these flasks were
shaken at 25oC for 48 h. After the adsorption process
attained equilibrium, the solutions were taken for
analysis. The pH of the solution was maintained at a
defined value (6.0 ± 0.02) by buffer solutions. Before
analysis, the sample was filtrated through 0.45lm
pore-sized membrane.

Bromate adsorption kinetics was evaluated for all
the modified ACs. Before the start of each kinetic
experiment, approximately 0.2 g of the sample was
loaded in a 250ml conical flask. Then, 200mL of the
bromated solution (60mg/l) was added. The flask
was capped and immersed in a thermostatic shaker
bath at 25oC and 200 rpm. The pH of the solution was
maintained at 6.0 ± 0.02. Then, the reaction solution
was taken out at different time intervals from 0 to
24h of adsorption.

In equilibrium experimental section, a series of
suspensions in conical flask were prepared, each con-
taining 0.25 g of samples and 200ml bromate solution.
These solutions had different bromate concentrations
in the range of 0–200mg/l. Each flask was capped
and shaken for 48 h.

2.4. Analysis

The concentration of the bromate was analyzed by
ion chromatography (DIONEX, ICS-3000, USA). The
bromate was separated by mobile phase of 45mM
potassium hydroxide (KOH) delivered at the flow rate
of 1.2ml/min. A 50 ll sample was injected. The sepa-
ration column was DIONIX IonPacAS23
(4.0� 250mm). Suppressed conductivity detector was
maintained at 35 ± 0.1oC. The bromate concentrations
were measured twice and the mean values were
applied.

The AC samples were characterized by using
nitrogen adsorption–desorption method by using
BELSORP-mini surface area analyzer. BET surface
area, average pore radius (Rp), and total pore volume

(VP) were obtained from the adsorption–desorption
isotherms. The total pore volume was evaluated
directly from the nitrogen isotherm when the volume
of N2 (as liquid) was held at P/P0 = 0.99. The t-plot
method was applied to determine the micropore
volume (Vmicro).

pHPZC (point of zero charge) was determined by
mass titration, which was previously described by
Noh and Schwarz [26]. A 100ml volume solution of
different initial pH and various amounts of carbon
samples (0.1, 0.5, 1.0, 5, 10, 15, and 20%) were added
to 250ml Erlenmeyer flasks. The equilibrium pH value
which the mixture approached asymptotically with
increasing AC concentration was taken as the pHPZC.

Surface functional group was analyzed by using
the method established by Boehm [27]. The AC sam-
ple was added into different solutions (0.05N
NaHCO3, Na2CO3, NaOH or HCl), respectively. These
samples were mixed continuously at 25oC for 24 h. A
certain volume of supernatant was taken from the
above mixtures and back titrated with HCl (or NaOH)
(0.05N) solution. The compositions of surface
functional groups were determined by the residual
basicity (or acidity) through back titration.

3. Results and discussion

3.1. Characterization of the ACs

3.1.1. Texture properties

Nitrogen adsorption–desorption process is con-
ducted for all of these AC samples. All of the adsorp-
tion isotherms can be categorized as type I of the
IUPAC classification (typical microporous adsorbent).
Textual properties such as average pore radius (Rp),
pore volume (Vp), mesoporous volume (Vmeso), and
microporous volume (Vmicro) calculated from the N2

isotherms of the AC samples are summarized in
Table 1.

The BET surface area (SBET) of the virgin AC is
about 654m2/g with the area of micropore (Smicro) of
591m2/g. The thermal modification process hardly
changes the porous structure of the AC and the SBET

Table 1
Textural property of modified AC samples

SBET (m2/g) Rp (nm) Vmeso (cm3/g) Vmicro (cm3/g) Vp (cm3/g) Smicro (m2/g) Smicro/SBET

Virgin AC 654 2.33 0.09 0.31 0.40 591 0.90

AC-H 643 2.33 0.09 0.28 0.37 596 0.93

AC-A 489 2.47 0.11 0.19 0.30 408 0.83

AC-B 554 2.35 0.09 0.24 0.33 480 0.87

AC-O 548 2.38 0.10 0.23 0.33 465 0.85
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of the AC-H is close to that of the virgin AC. These
results are quite different from the previous reports
that the thermal treatment can significantly increase
the specific surface area (the increase mainly occurs in
microporous size) and the total pore volume [25].
In addition, from the figure, Smicro of the AC-H
is slightly higher than that of the virgin AC. Ratio of
Smicro/SBET is considered as an important index
revealing the porous structure, and it is found that the
ratios of the virgin AC and AC-H are about 0.90 and
0.93, respectively. The process of HNO3 oxidation
changed the porous structures of the AC dramatically.
From the table, the SBET and Smicro of the AC-A
decreases to about 489 and 408m2/g, while the ratio
of Smicro/SBET decreases to 0.83. The reductions of
these indexes are commonly regarded to have a nega-
tive effect on the capacity of the AC in adsorption of
some organic pollutants. The H2O2 and NaOH modifi-
cation process also decrease the SBET, Vp, and Smicro of
the ACs. The SBET of AC-B and AC-O are about 554
and 548m2/g, while the Smicro/SBET ratios of the two
ACs are about 0.87 and 0.85, respectively.

3.1.2. Surface chemical properties

According to Boehm [27], NaHCO3 neutralizes car-
boxylic acids; Na2CO3 neutralizes carboxylic and lac-
tone groups; and NaOH neutralizes carboxylic,
lactone, and phenol groups. In addition, the basic
groups can be neutralized by HCl. The Boehm results
are applied in this study to reveal the changes of sur-
face chemical groups by these modification processes.
Table 2 shows the contents of acidic and basic surface
functional groups of different AC samples.

It can be seen from the table that the concentra-
tions of the total acidic and basic groups are 0.83 and
0.70mmol/g, and the pHPZC of the virgin AC is about
6.7. These modification processes redistribute the sur-
face functional groups. In the thermal modification
process, the amounts of the carboxylic groups are
decreased, corresponding with the slight increase in
the amount of the lactone groups. The amount of the
basic groups of AC-H is about 0.75mmol/g, which is

slightly higher than that of the virgin AC. The thermal
modification process increases the pHpzc slightly from
6.7 to 6.8. These changes found in thermal modifica-
tion can be ascribed to the decomposition of carbox-
ylic groups under higher temperature.

In HNO3 modification process, HNO3 oxidized the
unsaturated bonds on AC surface and formed acidic
oxygen groups. Thus, higher amount of the carboxylic
and lactone groups on the surface of AC-A are found
[25,28]. Eqs. (3)–(5) show the possible reaction path-
ways in HNO3 modification.

The acidic groups are formed rapidly during the
interactions between HNO3 and AC particles, and
thus, the pHPZC of the AC is decreased significantly to
about 3.2. The lowered pHPZC of the sample means
that the AC surface is negatively charged at normal
pH conditions. Due to the electrostatic repulsion
between the bromate anions and the negatively
charged surface, the capacity of the AC-A in adsorp-
tion of bromate is likely to be reduced.

In H2O2 modification, due to the fact that the H2O2

has a property of electrophilic attacking, the oxidant
attacks the unsaturated bonds of C=C by electrophilic
addition and introduces the phenolic groups onto
the surface. With the reaction proceeding, the
phenolic groups could be further oxidized to bands
C=O and –COOH, and finally results in the decrease
of the amount of the lactone and phenolic groups. In

Table 2
Surface chemical property of different AC samples

Samples pHPZC Surface chemical groups (mmol/g, averaged concentration)

Phenolic groups Lactone groups Carboxylic groups Basic groups Total acidic groups

AC 6.7 0.26 0.12 0.45 0.70 0.83

AC-H 6.8 0.26 0.19 0.33 0.75 0.78

AC-A 3.2 0.27 0.16 0.97 0.22 1.40

AC-B 7.3 0.47 0.07 0.23 0.86 0.77

AC-O 5.9 0.36 0.17 0.57 0.82 1.10
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addition, free radicals (such as HOs) are commonly
formed and released in H2O2 decomposition. These
radicals, which are very active in oxidation reactions
in aqueous phase, can also oxidize the unsaturated
bonds on AC surface, and finally redistribute the sur-
face functional groups [25]. Eqs. (6)–(8) show the reac-
tion pathways in H2O2 modification.

NaOH treatment increases the pHPZC of the AC to
about 7.3. As shown in Table 2, the phenolic group
increases from 0.26 to 0.47mmol/g, the lactone group
decreases from 0.12 to 0.07mmol/g, and the carboxylic
group decreases from 0.45 to 0.23mmol/g. The major
change takes place in the phenolic and the carboxylic
groups. Tryk proposed the following conceptual
scheme of the reaction between NaOH and AC [24]:

3.2. Adsorption kinetics

Kinetic study of adsorption processes provides use-
ful data regarding the efficiency of adsorption and fea-
sibility of scale-up operations. Adsorption kinetic data
for different AC samples are shown in Fig. 1. It can be
seen from the diagram that the rate of the bromate
adsorption by AC is slow. Most amounts of the bro-
mate are captured during the first 12 h of the adsorp-
tion, and the equilibrium tends to be established after
approximately 18 h of shaking. Also, it can be seen that
the sample AC-H presents the highest capacity, while
the samples AC-O and AC-A present lower capacities
in bromate adsorption at this condition.

For an insight into the reaction process of bromate
adsorption by these ACs, two kinetic models are
applied. One is pseudo-second-order model; the other
is intra-particle diffusion model. Equation of the
pseudo-second-order model [29] is shown as following:

dqt
dt

¼ kðqe � qtÞ2 ð10Þ

In the equation shown above, k (g/(h ·mg)) is the
rate constant while qt and qe are the amount of bro-
mate adsorbed at time t and the adsorption equilib-
rium, respectively. At initiation of the adsorption,
qt= 0. So the equations can be integrated to yield:

t

qt
¼ 1

kq2e
þ t

qe
ð11Þ

The parameters including k and qe of the equation
can be obtained from the intercept and slope of the
plot of (t/qt) vs. t (shown in Fig. 2(a)). Results of the
model fitting are also shown in Table 3. The high val-
ues of the coefficient shown in the table indicate that
the process of bromate adsorption by these ACs can
well be described by the pseudo-second-order model.
The rate constants k for virgin AC, AC-H, AC-O, AC-
B, and AC-A are 0.007, 0.006, 0.009, 0.006, and
0.010 g/(h·mg), respectively.

However, it is widely acknowledged that the
pseudo-second-order model can hardly identify the
diffusion process of the adsorption. Hence, the intra-
particle diffusion model is applied [29]. The model is
shown as following:

qt ¼ kpt
1=2 þ C ð12Þ

In this equation, qt is the amount of bromate
adsorbed at time t (mg/g), kp is the intra-particle
diffusion rate constant (mg/(h1/2·g)), and C is the
intercept.Fig. 1. Experimental kinetic data for bromate adsorption.
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Fig. 2(b) shows the fitting process of the intra-par-
ticle diffusion model with the experimental data. The
high values of the coefficient (R2 > 0.98) indicate that
the process of bromate adsorption by the ACs are bet-
ter fitted by the intra-particle diffusion model than the

pseudo-second-order model. The intra-particle diffu-
sion rate constants of the AC, AC-H, AC-O, AC-B,
and AC-A are 1.69, 2.23, 1.45, 1.82, and 1.32mg/h1/
2·g, respectively.

Previous studies have reported that the process of
the adsorption can generally be broken down into two
or more steps [29]. Commonly, the first sharper por-
tion shown in the figure is classified as the external
surface adsorption or instantaneous adsorption stage.
The second step is regarded as the gradual adsorption
process. In this stage, the intra-particle diffusion is
rate limited. The third step is the final equilibrium
step. In the final equilibrium step, under the effect of
the lowered concentration of sorbate in the solution,
the intra-particle diffusion slows down. The fitting
results shown in the figure indicate that the two-stage
adsorption process occurs in bromate adsorption. The
first linear portion of the plot is the stage of surface
adsorption. This stage is generally ascribed to the
boundary layer effect. The second linear portion,
which is aroused by the intraparticle/pore diffusion
within the pores of the ACs, is the intra-particle diffu-
sion stage. In addition, the results shown in the figure
reveal that for all of the ACs, the intra-particle diffu-
sion commonly applies during the initial 16 h of the
adsorption. These results reveal that the intra-particle
diffusion controls the limiting rate of the bromate
adsorption on the ACs.

3.3. Adsorption isotherms

Adsorption isotherm experiments were conducted
to reveal the maximum bromate adsorption capacities
of the AC samples. The data obtained at 298K are
shown in Fig. 3. From the diagram, it is seen that the
bromate uptake increases gradually with the equilib-
rium concentration increasing. Two isotherms equa-
tions including Freundlich and Langmuir [29,30],
described in Eqs. (13) and (14), are applied to fit the
experimental data.

Table 3
Rate constant and correlation coefficients for the kinetic models

Pseudo-second-order parameters Intra-particle diffusion
parameters

k (g/(h·mg)) qe (mg/g) R2 kp, (mg/h1/2·g) R2

AC 0.007 9.73 0.951 1.69 0.984

AC-H 0.006 12.7 0.982 2.23 0.994

AC-O 0.009 8.29 0.982 1.45 0.995

AC-B 0.006 10.8 0.961 1.82 0.991

AC-A 0.010 7.47 0.983 1.32 0.997

(a)

(b)

Fig. 2. Application of the pseudo-second-order and intra-
particle diffusion model to the experimental kinetic data
for bromate adsorption ((a) pseudo-second-order model;
(b) intra-particle diffusion model).

L. Gu et al. / Desalination and Water Treatment 51 (2013) 2592–2601 2597



Langmuir equation: ðqe ¼ qmbCe

1þ bCe

Þ ð13Þ

Freundlich equation: ðqe ¼ KC1=n
e Þ ð14Þ

In these equations, Ce and qe are the solution con-
centration (mg/l) and the adsorbed amount (mg/g) of
bromate at equilibrium. The other parameters are the
constants of the isotherm models. These constants can
be acquired by regression of the isotherm data.

The estimated model parameters are shown in
Table 4. It can be seen from the table that the date are
well fitted by these two models. In term of R2, the
Freundlich equation isotherm model provides a better
fitting than the Langmuir equation.

The estimated model parameters, which are shown
in Table 4, provide comprehensive comparison of the
capacities of these ACs in bromate adsorption. Spe-
cially, the values of the parameter qm in Langmuir
equation represents the maximum capacity of the AC
sample in bromate removal. From the Table, it can be
seen that the maximum adsorption capacity of the vir-
gin AC in bromate uptake is about 18.5mg/g.

The thermal modification process is found to have
great benefit for the adsorption capacity and the qm of
the AC-H is about 22.5mg/g, which is a 22% increase.
The HNO3 modification process brings a dramatic
decrease of the adsorption capacity and the qm of the
AC-A is 11.9mg/g. It is also found that the alkaline
modification process increases the adsorption capacity
and the qm of the AC-B is about 20.3mg/g, about 1.1
times of that of the virgin AC. The H2O2 modification
process decreases the maximum adsorption capacity
slightly and the qm of the AC-O is about 17.3mg/g.

For an insight into the mechanism of bromate
adsorption, efforts were done to reveal the relation-
ship between the surface properties and the maximum
adsorption capacity. Fig. 4 shows the correlation
between the maximum adsorption capacities and the
percentage of the acidic groups in total groups. It can
be seen that the maximum adsorption capacity yields
a correlation of 86.3% with the ratio, indicating that
the adsorption capacity for bromate adsorption is
strongly dependent on the content of the acidic
groups on AC surface. In brief, the more the acidic
groups found on the AC surface, the lower the
adsorption capacity of the AC.

It is reported that in aqueous solutions, increase of
the amount of acidic groups on the surface promotes

Table 4
Experimental equilibrium adsorption data of the samples

Freundlich equation qe ¼ KC1=n
e

K n R2

AC 0.37 1.45 0.965

AC-H 0.47 1.45 0.979

AC-O 0.29 1.48 0.962

AC-B 0.42 1.45 0.983

AC-A 0.25 1.37 0.985

Langmuir equation qe ¼ qmbCe

1þbCe

qm b R2

AC 18.5 0.009 0.961

AC-H 22.5 0.009 0.979

AC-O 17.3 0.011 0.973

AC-B 20.3 0.009 0.978

AC-A 11.9 0.012 0.972

Fig. 3. Isotherms of bromate adsorption for different ACs
at 298K.
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the formation of water clusters and the removal of p
electrons from the basal planes [31,32]. Under this
condition, the interactions between the AC surface
and the ionic substances are weakened. Besides, the
presence of the carboxylic groups would bring a
decrease of the pHPZC, which makes the surface of the
AC negatively charged. The ACs with lower acidic
groups is less negatively charged under the same pH
condition. So, the repulsion between the AC surface
and the dissolved BrO3

� anions is reduced, and
higher adsorption capacity can be obtained for the
AC-H and AC-B. In addition, it can be seen from the
results of AC texture characterization that the HNO3

modification and H2O2 modification processes not
only produced carboxylic groups on AC surface, but
also brought a significant decrease of the surface area.
The reduced specific surface area of the sample AC-O

and AC-A weakened the contact opportunities for
anions with AC surface. Therefore, based on the
above analysis, the amount of the bromate adsorbed
by AC-A (acidic groups in total groups= 86.42%) is
markedly lower than the amounts adsorbed by the
heat-treated and alkaline-treated ACs (acidic groups
in total groups = 51.0 and 47.2%, respectively).

3.4. Effect of NOM and anions

Fig. 5 shows the bromate uptake for different ACs
in the presence of natural organic matters (NOM). In
this case, humic acid was dissolved in water to simu-
late the NOM substance in water. From the diagram,
it can be seen that the presence of NOM showed a
negative effect on the bromate uptake, which dovetails
nicely with previous studies. Previous studies showed
that the presence of NOM in water can block active
sites of ACs, and decrease the bromate adsorption
capability of a carbon. Mills et al. [33] conducted bro-
mate adsorption under two natural waters with differ-
ent DOC, Cl�, and SO4

2� concentrations, and found
that more bromate can be removed in the water with
lower DOC and anion concentrations. Bao et al. [3]
investigated the effects of NOM, bromide, nitrate, and
sulfate on bromate adsorption, and found that these
constituents hastened bromate breakthrough in GAC
filter. Though all of the tested ACs present a signifi-
cant decrease of adsorbility under the pressure of the
NOM, AC-H and AC-B lose more adsorbility under
the same NOM concentrations than the samples AC-O
and AC-A. For virgin AC, the bromate uptake under
the NOM concentrations of 1, 2.5, and 5mg/l NOM
are 4.5, 3.7, and 3.1mg/g, which are 76.3, 63.3, and
53.2% of the uptake without NOM. The uptake of AC-
H under NOM pressure are 58.9, 40.2, and 38.8%,
while the uptake of AC-A are 92.2, 71.5, and 62.2%,
showing that the AC-H are tend to be more affected
by the NOM in adsorption of bromate. This can be
ascribed to both the molecular form of the NOM and
the charge of the AC surface. The test was operated at
neutral pH condition (pH=6.0), the functional groups
such as –COOH and –COH of the NOM tended to be
dissociated to ionic species, and thus, the hydrophilic-
ity of the NOM was increased. Also, the surface of the
ACs with lower pHpzc (AC-O and AC-A) tends to be
negatively charged. Due to the electrostatic repulsions
between the NOM and the negatively charged AC
surface, NOM can hardly be adsorbed [29] and
reduced, so the AC-A and AC-O is not as sensitive as
AC-H and AC-B, when NOM is presented.

Fig. 6 shows the bromate uptake for AC-H in the
individual presence of nitrate, sulfate, and chloride.
The uptake data are presented as a function of the

Fig. 4. Correlation of qm with the percentage of acidic
groups in total groups.

Fig. 5. Effect of NOM concentrations on bromate uptake.
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starting concentration of the anions. In each case, the
presence of the anions could reduce the amount of the
bromate adsorbed on AC-H to some extent. It can be
seen from the figure that, with the increase of the
initial concentration of anions, the amount of the
bromate absorbed decreased. When the concentrations
of nitrate, sulfate, and chloride were increased from 0
to 2.0mmol/l, the bromate uptake decreased from 8.0
(with bromate only) to 4.8, 5.7, and 6.5mg/g,
respectively.

It is commonly regarded that the process of the
bromate removal by AC composed of the stages of
adsorbed onto surface, reduced to hypobromite
(BrO�) and finally reduced to bromide. The Cl�, SO2�

4

or (NO�
3 anions can also be removed by AC through

the effect of ion exchange. The Cl�, SO2�
4 or (NO�

3

anions presented in water may compete with bromate
for exchange sites on AC surface. When the concentra-
tions of nitrate, chloride, and sulfate increase, more
competitions for bromate reduction sites are found,
resulting in limited available active site and lowered
bromate uptake. The competitive effect was greatest
for nitrate, followed by sulfate and chloride at the
same concentration, indicating that the selectivity
order of bromate anion over other anions on the

AC-H was (NO�
3 > SO2�

4 >Cl�.

4. Conclusions

This study examined bromate adsorption by using
four types of modified ACs. The results show that the
thermal and alkaline modified ACs, with lower
amount of acidic functional groups on surface, present
higher capacities in bromate adsorption. Comparative
study of the adsorption capacities and the surface

functional groups indicate that there is a remarkable
linear relation between the adsorption capacity and
the content of the acidic groups in total groups. The
carbon with lower acidic surface groups and higher
pHPZC has higher bromate adsorption capacity, while
the carbon with higher acidic groups and lower
pHPZC groups has lower capacity. The presence of the
other anions ((NO�

3 , SO2�
4 , Cl�) could reduce the

amount of bromate adsorbed on the AC-H. However,
the AC-H exhibited a high bromate selectivity for
these competitive anions and the selectivity order was

((NO�
3 > SO2�

4 >Cl�. The presence of NOM showed a

negative effect, since it can block active sites of ACs.
However, the AC-A and AC-O are not as sensitive as
AC-H and AC-B, when NOM is presented.
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