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a b s t r a c t
Bromate is a toxic substance in water. This paper attempts to adsorb bromate by using ferric 
hydroxide pillared bentonite (a-FeOOH bentonite). The research compares the adsorbability among 
Na-bentonite, Fe pillared bentonite, and a-FeOOH bentonite, while the results indicated that the 
a-FeOOH bentonite presented higher efficiency in adsorption of bromate. The effects of different 
supporting ratios of a-FeOOH on bentonite were also conducted and the results indicated that 
8% is the best supporting ratio. Based on this supporting ratio, the theoretic maximum adsorp-
tion capacity of the a-FeOOH bentonite reached 19.56 mg/g. The results kinetics study revealed 
that the adsorption process can well be described by the pseudo-second-order kinetics. The bro-
mate in solution was rapidly removed/adsorbed during the first 10 min, and then the adsorption 
slowed down and tended to attain an equilibrium within later 50 min. The solution’s pH deter-
mined the adsorptive performances, and the acidic pH condition was much more favored. Impacts 
of different competing anions and natural organic matters were conducted and they all presented 
some negative effects on the adsorption process. The results of our study indicated that the 
a-FeOOH bentonite presents great potential impacts on adsorption of bromate from water.
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1. Introduction

In recent years, bromate is receiving more concerns due 
to the increased worries about disinfection by-products in 
potable water. Bromate is formed in the ozone disinfection 
of bromide (Br−) contained water [1,2], and it has been clas-
sified as a carcinogenic substance to humans by the United 
States Environmental Protection Agency (USEPA). It is 
reported that bromate can cause the symptom of vomiting, 
nausea, and abdominal pain [3,4]. Because of the toxicities 

of bromate, a maximum limit of the concentration of 10 μg/L 
has been set by the World Health Organization (WHO), 
the European Commission, and USEPA [5]. Therefore, it is 
urgent to pursuit effective methods to remove it from water.

Servals methods, including electrocatalytic reduction 
[6], zero-valent iron reduction [7,8], ion exchange [9,10], 
and membrane filtration [11], have been introduced during 
the past decades. However, there are still some limitations 
to them in practical application due to their complicated 
procedure and their high operational costs. Comparatively, 
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adsorption derived processes, which are quite simple in 
design and without harmful by-products formation during 
treatment, seem to be more attractive. In the field of water 
treatment, activated carbon is used widely, but it is com-
monly applied in adsorption of organic substances in solu-
tion or gas [12,13]. Owing to the high cost or low adsorption 
performance of adsorbent materials in literature, researches 
have been continued to explore inexpensive alternative 
adsorbents that high reasonably adsorption efficiencies 
[14]. Hence, there has been growing interest in seeking 
alternatives. According to previous studies, mineral-based 
cheap adsorbent, such as bentonite, zeolite, kaolin, etc., are 
now attracting more attention in water treatment [15–17].

Bentonite is a typical clay mineral, which has been 
widely used in the industrial field [18]. The unit layer 
structure of bentonite consists of one A13+ octahedral sheet 
placed between two Si4+ tetrahedral sheets. Under the effect 
of isomorphous substitution of Al3+ for Si4+ in the tetra-
hedral layer and Mg2+ for Al3+ in the octahedral layer, the 
bentonite is commonly negatively charged. The permanent 
charge on bentonite can be offset by different kinds of cat-
ions such as Na+, Ca2+, as well as some inorganic hydroxyl- 
metal polycations. The irreversible fixation of these kinds 
of polycations into bentonite’s layers resulted in modified 
bentonite, named as pillared bentonite [19–21]. Bentonite 
is of great importance in industrial applications due to 
its good adsorptive, rheological, and catalytic properties 
[22]. In the period of the past decades, several hydroxyl- 
metal polycations including Al, Fe, Ti, Zn, etc., have been 
introduced and tested [23–26]. Hydroxy-aluminum and 
hydroxy-ferric polycations are most frequently introduced 
and tested. These pillared bentonites have been applied 
to adsorb metals, dyes, and other pollutants [27,28]. It is 
acknowledged [29] that iron and aluminum oxides play an 
important role in the removal of anions from aqueous solu-
tions. Granular ferric hydroxide (GFH) has been developed 
and applied successfully for adsorbing arsenic, fluoride, 
as well as natural organic matters (NOMs) to remove 
them from solution, and it shows good performance in  
adsorption.

In the pillaring process, ferric hydroxide or alumi-
num hydroxide can easily be inserted into the inner layers 
of bentonite structure and the interlayer distance of the 
bentonite can obviously be increased. The introduction of 
these preferably inorganic pillars not only provided spe-
cific functional groups but also increases micro-porosity of 
the materials, which would induce a greater surface area 
and result in an improvement in material’s resistance and 
stability. Hence, the ferric hydroxide pillared bentonite 
is expected to have higher adsorption capacities towards 
bromate. However, up to now, the research about bromate 
removal by ferric hydroxide pillared bentonite adsorption 
is still limited.

Accordingly, this paper tries to remove bromate through 
the method of adsorption by using ferric hydroxide pil-
lared bentonite. The ferric hydroxide pillared bentonite was 
prepared and characterized. The equilibrium and kinetic 
studies were performed, aiming to have a better descrip-
tion of the adsorption process. The impacts of different 
adsorption parameters such as initial bromate concentra-
tion, contact time, pH, as well as the competing anions are 

examined. Different adsorption isotherms and kinetic mod-
els are discussed.

2. Materials and methods

2.1. Chemicals and materials

Natural bentonite, which is composed primarily of 
Ca2+-montmorillonite, was obtained from Lin’an, Zhejiang 
Province, China. Its cation exchange capacity is about 
90.4 mmol/100 g. Bromate stock solution (1 g/L) was firstly 
prepared by dissolving KBrO3 (Sinopharm Chemical 
Reagent Co., Ltd., China) into deionized water. The dilu-
tions with different concentrations (2–250 mg/L) were 
then prepared according to this stock solution. All selected 
chemicals in this study were analytical reagent grade. 
Solution pH was adjusted by adding HCl and NaOH with 
their concentration of 0.1 M.

2.2. Preparation of pillared bentonite (Fe-B)

The α-FeOOH-pillared bentonite was prepared through 
the hydrolyzing process of hydroxyl-Fe-pillared benton-
ite in alkaline solution’ whose preparing procedure can 
be found in the literature [30]. Through adding NaOH, 
the pH of the solution containing specific amounts of 
hydroxyl- Fe-pillared bentonite was adjusted to 12.0. Then 
the slurry was aged at 75°C with violent stirring for 1 week. 
Then, the bentonite in solution was filtered and washed. 
Finally, the product was dried at 55°C and ground and 
sieved through a 200-mesh screen. The procedure of the 
preparation is shown in Fig. 1.

2.3. Adsorption experiments

2.3.1. Bromate adsorption kinetics

Bromate adsorption kinetics was evaluated for a-FeOOH 
bentonite. Before the start of the kinetic experiment, approxi-
mately 0.2 g of the sample was loaded in a 500 mL conical 
flask. Then, 500 mL of solution with different bromate 
concentrations (2.0, 5.0, 10.0, 20.0, 30.0, 50.0, and 100.0 mg/L) 
was added. The pH of the solution was maintained at 
7.0 ± 0.1 by adding either 0.1 N HCl or 0.1 N NaOH stock 
solutions. The flask was capped and immediately immersed 
in a thermostatic shaker bath at 25°C with the shaking 
speed of 200 rpm. Then samples were taken out from the 
flask at different time intervals from 0 to 4 h of adsorption 
and filtered through a 0.45 μm membrane before analysis.

2.3.2. Isotherm studies

The equilibrium batch experiments were carried out to 
investigate the adsorption capacity of the bentonite with 
different loading ratios of a-FeOOH. In this experimental 
section, a series of conical flasks containing 500 mL solution 
with the bromate concentrations in the range of 0–200 mg /L  
were prepared. Approximately 0.2 g of the samples with 
different loading ratios of a-FeOOH (2%, 5%, 8%, and 15%) 
were added into the flasks. The pH of the solution was 
maintained at 7.0 ± 0.1. Each flask was capped and shaked 
for 48 h to ensure attaining approximate equilibrium. 
Then the supernatants were taken for analysis.
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2.3.3. Effects of various experimental parameters

The effect of pH, NOM, and competing anions on the 
adsorption was carried out. In this section, 0.2 g of the 
sample was added into the conical flask containing 500 mL 
solution with the bromate concentration of 30 mg/L. pH 
was adjusted to 3.0, 5.0, 7.0, 9.0, 10.0, and 11.0 to under-
stand its effects. The effect of NOM was carried out by 
adding different amounts of NOM (simulated by humic 
acid, 0.5, 1.0, 2.0, 4.0, 8.0, and 15.0 mg/L) into the solu-
tion. Different kinds of anions including chloride, sulfate, 
nitrate, and bromide with the concentrations of 0.25, 0.50, 
0.75, 1.0, 1.25, and 1.50 mmol/L in the solution were pre-
pared to understand the effect of the anions on adsorp-
tion. The adsorption process finished in 4 h and then the 
supernatants suppressed conductivity detector was main-
tained at 35°C ± 0.1°C. The bromate concentrations were 
measured two times, and the mean values were applied.

Specific surface area, total pore volume, and aver-
age pore size of different samples were determined from 
the N2 adsorption data at 77 K. The equilibrium nitrogen 
adsorption at 77 K was measured using by Micromeritics, 
ASAP2020M+C, USA. All the samples were firstly degassed 
at 623 K for 2 h and then proceed to test. The specific sur-
face areas of the samples were determined by applying 
the Brunauer–Emmett–Teller (BET) equation to the mea-
sured data. The total pore volume was determined using 
the Brunauer MP method [31]. The average pore size can 
be calculated by dividing the pore volume by the specific 
surface area.

Fourier transform infrared (FTIR) experiments were 
carried out on a spectrometer (Nicolet, IS10, USA). The ben-
tonite powders were mixed with KBr solid, respectively. 
The mixed powders were pressed to tablets with 1 cm in 
diameter. Then the tablets were inserted into the apparatus 
and the spectra were recorded from 4,000 to 400 cm–1.

X-ray powder diffraction (XRD) measurements of the 
a-FeOOH-bentonite were carried out using Siemens 
(Germany) X-ray diffractometer D5005 (Cu Kα radiation, 
2θ = 5°–60°).

3. Result and discussion

3.1. Surficial properties of different materials

3.1.1. Porous structure parameters for different bentonites

Nitrogen adsorption–desorption process is conducted 
for different bentonites to reveal their porous struc-
tures. Na-bentonite, before pillaring, as well as Fe pillared 
bentonite, which is frequently applied in adsorption anions, 

were adopted to provide a comparison with a-FeOOH benton-
ite. N2 adsorption/desorption isotherms for different samples 
are presented in Fig. 2. It can be seen from Fig. 2, that for 
the tested samples, almost all of the N2 adsorption isotherms 
can be categorized as type IV of the IUPAC classification 
(typical macroporous adsorbent). Main porous properties 
including BET specific surface area, average pore radius 
(Rp), and pore volume (Vp), which can be obtained from 
the N2 isotherms results, are also presented in Table 1.

From Table 1, the specific BET surface area (SBET) of the 
Na-bentonite is about 21.3 m2/g with the pore volume (Vp) 
of 0.039 cm3/g. The pillaring process changes the porous 
structures, and the SBET of the Fe pillared bentonite with 
the Fe/OH ratio of 1/1 increases to 77.6 m2/g, which is about 
3.3 times that of the Na-bentonite. The pore volume is also 
increased from 0.05 to 0.21 cm3/g in the pillaring process. 
The a-FeOOH-bentonite presents a richer pore structure, 
and its BET surface is about 113.2 m2/g, which is about 45.9% 
higher than that of the Fe pillared bentonite. The pore size 
distribution of a-FeOOH-bentonite according to Barrett–
Joyner–Halenda [31] presented a maximum for the distri-
bution at a pore radius of 4.82 nm. The increase of the spe-
cific BET surface area and pore volume indicates that the 
pillaring process presents a positive effect on the porous 
structure of the bentonite, and the form of a-FeOOH crystal 
in the interspaces can further increase the porous structure. 
The insertion of pillars and promotion in porous structures 
are expected to cause some increases on the adsorption 
ability toward anions. However, the specific surface area 
in this study is much lower than that of commercial GFH, 
whose BET surface is about 206 m2/g with a pore volume 
of 0.76 cm3/g. The GFH has been adopted in As(V) and bro-
mate adsorption, the performance of the GFH is applied 
to give a comparison with the a-FeOOH-bentonite [29,32].

3.1.2. FTIR spectra

FTIR spectra of the Na-bentonite, Fe pillared benton-
ite, and a-FeOOH pillared bentonite are given in Fig. 3. 
The bending peaks are mainly concentrated in the ranges 
of 4,000–3,000 cm–1 and 2,000–400 cm–1. The peaks between 
the regions of 3,550 and 4,000 cm–1 commonly represented 
to the structural hydroxyl groups, sometimes these peaks 
may also be aroused by the water molecules in the inter-
layer. The intensity of these peaks increased slightly under 
the effect of the pillaring process. The peaks centered 
at about 1,050 cm–1 in the spectra represented the Si–O–
Si stretch, and it can also be noticed that there is a rare 
change in the intensity of this peak. The peaks at 523 and 
796 cm–1 are considered as Al–O–Si deformation and Si–O 

Fig. 1. Preparing procedure of a-FeOOH bentonite.
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stretching [30,31]. It can be found in the Fig. 3 that there was a 
decline in the peak intensity related to Al–O–Si deforma-
tion, which is brought by the pillaring process. However, 
there is no change in Si–O stretching. The Fe–O–Fe and 
Fe–O asymmetric stretching can hardly be clearly iden-
tified due to the frequently characteristic stretching of the 
virgin bentonite [12]. Overall, the modification process not 
only enlarges the surface area of the bentonite, but also 
brings plenty of surface functional groups on bentonite 
structure that is helpful in adsorption of anions.

3.1.3. X-ray diffraction

The crystalline structure of a-FeOOH-bentonite was 
identified by XRD measurements to ensure the successful 
preparation of the material. The XRD patterns obtained is 
shown in Fig. 4. The main diffraction peaks (2θ) centered 
at about 20.92°, 31.05°, 36.63°, 39.84°, 50.29°, and 59.88° can 
be attributed to the crystalline phase of a-FeOOH (goethite) 
[30]. The results indicated that the a-FeOOH-bentonite 
has been successfully prepared with good crystal structures.

3.2. Adsorbability of different materials

Comparison among different materials including Na- 
bentonite, Fe pillared bentonite, and a-FeOOH benton-
ite was conducted to understand the positive effect of the 
pillaring process of ferric hydroxide into the inner layer 

structures of the bentonite, and the results can be found 
in Fig. 5. Besides, the adsorption ability of commercial 
GFH reported in the literature is also referred here to pro-
vide a comparison. As can be seen from Fig. 5. The bro-
mate uptake increases gradually with the increase of the 
equilibrium concentration, while the increase rate of the 
bromate uptake (qm) slows down when the equilibrium 
concentration is higher than 100 mg/L. The Na-bentonite 
presents limited adsorption capacity for bromate uptake, 
while the pillaring process increases the adsorption capac-
ities significantly. At the equilibrium concentration of about 
200 mg/L, the adsorption capacity of the Fe pillared ben-
tonite is about 8 mg/g while that for a-FeOOH bentonite is 
about 12 mg/g. The adsorption capacity of GFH reported 
in literature is about 15 mg/g under the same equilibrium 
concentration [29]. Though the adsorption capacity of Fe or 
a-FeOOH pillared bentonites is not as high as the commer-
cial GFH, and the a-FeOOH pillared bentonite consumed 
less ferric element in their preparing (mass ratio for Fe to 

Table 1
Textural property of bentonite sample

Samples BET specific 
surface area 
(m2/g)

Total pore 
volume 
(cm3/g)

Average 
pore size 
(nm)

Na-bentonite 21.3 0.039 3.68
Fe-bentonite 77.6 0.21 4.99
a-FeOOH bentonite 113.2 0.23 5.23
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bentonite was controlled at about 8%). These increase of 
the adsorption capacity brought by the pillaring process 
can be ascribed to the facts presented as follows: (1) com-
pared to the virgin or Na-bentonite, the pillared bentonites 
including Fe and a-FeOOH pillared bentonites pose much 
higher specific surface area, resulting in the promotion of 
the contact opportunities between bromate anions and 
bentonite surface, (2) the pillared bentonites are reported 
to be less negatively charged than the Na-bentonite, and 
so there is a reduced repulsion force between the bentonite 
particles and the dissolved anions, and (3) according to pre-
vious studies, there is strong adsorption of dissolved sub-
stances onto the Al or Fe sites of the bentonite while limited 
adsorption occurs on the Si sites of bentonite. Therefore, the 
intercalation of Fe hydroxides into the structure of bentonite 
significantly promotes the adsorption capacity. Compared 
to the Fe pillared bentonite, the a-FeOOH bentonite pres-
ents much superiority in removing bromate, and so 
it is applied for subsequent kinetic and isothermal studies.

3.3. Adsorption isotherm for bentonites supported 
by different amounts of ferric

To reveal the effect of supporting the ratio of ferric 
to bentonite, an adsorption isotherm study was carried 
out and the results can be seen in Fig. 6. The experimen-
tal isotherm data shown in Fig. 6 can be characterized by 
the typical L-curve isotherm, in which the initial slope 
remains relatively stable with the increase of the solute 
concentration. According to Fig. 6, the bromate uptake 
increases significantly with the increase of the equilib-
rium concentration from 0 to 30 mg/L. With the further 
increase of the equilibrium concentration, the increase of 
the bromate uptake slows down. Two types of isotherms 
including Langmuir and Freundlich [22,31], as described 
in Eqs. (1) and (2), are referred to fit the experimental 
data to descript the adsorption process.

Langmuir model:

q
q bC
bCe

m e

e

=
+1

 (1)

Freundlich model:

q K Ce f e
n=

1
 (2)

where Ce and qe are the concentration (mg/L) in solution 
and the adsorbed amount (mg/g) of bromate when the 
adsorption equilibrium attains. qm (mg/g) is the maximum 
monolayer adsorption capacity and b (L/mg) is a constant 
in Langmuir isothermal model related to the free energy 
of adsorption. Kf (mg(1–n) Ln/g) in the Freundlich model is 
the Freundlich constant related to the adsorption capacity, 
n is the energy or intensity of adsorption. These constants 
can also be determined by the regression of the isotherm data.

The calculated parameters for these models with the 
correlation coefficient (R2) are shown in Table 2. It can be 
seen from the table that these adsorption data can be well- 
described by these models. In terms of the correlation 
coefficient R2, the Langmuir isotherm model gives much 

better fitting results than that of the Freundlich model, 
indicating that the bromate was absorbed by monolayer 
adsorption with uniform energies and no transmigra-
tion of bromate occurred in the plane of the surface. The 
calculated parameters for these models give us a direct 
comparison of the adsorption capacity among different 
bentonites. The parameter qm in the Langmuir equation 
commonly represents the theoretical maximum adsorption 
capacity of the tested adsorbent in adsorbing target pol-
lutants. It can be seen from the table that the thermotical 
maximum adsorption capacity relies heavily on the load-
ing amount of ferric on bentonite. With the increase in the 
loading amount from 2% to 8%, the maximum adsorption 
capacity was increased from 10.03 to 19.56 mg/g. Further 
increase in the loading amount to 15% brought a signifi-
cant decline in maximum adsorption capacity to about 
14.92 mg/g. The optimal ferric loading on bentonite should 
be 8%, and this kind of a-FeOOH was applied in a sub-
sequent study. Similar isotherm results were reported for 
the adsorption isotherms of different pollutants by various 
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adsorbents [33,34]. These results indicate that the ferric 
hydroxide is the main active adsorption site on benton-
ite structure, and the more ferric hydroxide means larger 
amounts of the adsorption sites are available in adsorp-
tion. Also, it can be seen from Table S1 that there is a sig-
nificant increase of the porous structure (specific surface 
area increased from 57.2 to 113.2 m2/g) with the increase 
of the loading ratio from 2% to 8%. So, the increased 
porous structures of the bentonite may also be helpful 
for the adsorbability. Further increase of the supporting 
ratio brought blockage of the porous structure of bentonite 
(the specific surface area was decreased to 68.3 m2/g, shown 
in Table S1), that hinders the entering of the bromate anion 
to the micro or mesopore in bentonite’s structure, resulting in 
a significant declining of the maximum adsorption capacity.

3.4. Adsorption kinetics

3.4.1. Effect of contact time and initial bromate concentration

Effect of both contact time and initial bromate concen-
trations on bromate adsorption were investigated, and the 
results are shown in Fig. 7. It can be seen from the Fig. 7 
that the bromate uptake increased rapidly during the first 
15–25 min, and then the increase of the uptake slows down. 
From 50 to 250 min, there is little change in the bromate 
uptake. The results indicate that there is a fast adsorption of 
bromate at the early stage of the adsorption process, which 
is much faster than other adsorbents, such as powdered and 
granular activated carbons. They are reported to consume 
0.5–1 h to reach equilibrium [33,34].

In addition, the adsorption process under different 
initial bromate concentrations was investigated, and the 
results are also shown in Fig. 7. It can be found in Fig. 7 
that the bromate uptake relies heavily on the initial bro-
mate concentrations, and higher uptake can be obtained 
when higher initial bromate concentration is adopted. The 
adsorbed amount at the end of the adsorption increased 
from 1.1 to 15.3 mg/g with the initial bromate concentration 
increased from 2 to 100 mg/L. This is quite normal in batch 
reactors due to the increased driving force of the concentra-
tion gradient at higher initial bromate concentrations [12].

3.4.2. Kinetic modeling

It is reported that kinetic modeling is one of the key 
paths in evaluating adsorption efficiency. Three different 
kinetic models including pseudo-first-order, Weber and 
Morris intraparticle diffusion model and Bangham’s pore 

diffusion model have been applied here to further under-
stand the adsorption mechanism of bromate on a-FeOOH 
bentonite. The fitting results of these models are discussed 
below and the calculated modeling parameters are provided 
in Table 3.

• Pseudo-second-order model [31]:

t
q k q q

t
t e e

= +
1 1

1
2  (3)

where qe and qt are the amount adsorbed of bromate (mg/g) 
when equilibrium attains and the adsorption capacity at 
time t and k1 is the rate constant for the pseudo-second- 
order kinetic (g/(min mg)). The plots between t/qt vs. t were 
drawn in Fig. 7b. The results shown in this Fig. 7 indicates 
that there is a linear relationship between t and t/qt. In lit-
erature, similar kinetic results were reported in the adsorp-
tion kinetic studies of some water pollutants onto adsorbent 
materials [35]. The slope and the intercept of plot can be 
used to determine the rate constants (k1) and qe,cal and they 
are list in Table 3 along with the correlation coefficient (R2).

From the calculated correlation coefficients shown in 
Table 3, it is estimated that the data is well-fitted by the 
pseudo-second-order kinetic model. It can be seen from 
the table that the calculated adsorption rate constant k1 is 
about 0.206 g/(min mg) when the initial bromate concen-
tration is approximately 2 mg/L, indicating that there is a 
fast adsorption due the abundance of adsorbent in reaction 
compared to the target adsorbate. There is a steady decline 
of the rate constant with the increase of the initial concen-
tration. The rate constant decreases from 0.147 to 0.014 g/
(min mg) with the increase of the initial bromate concen-
tration from 5 to 100 mg/L. The high values of the correla-
tion coefficient (R2), as well as the fact that theoretical qe,cal fit 
well to the experimental data, indicates that the data can be 
defined favorably by the pseudo-second-order kinetic model.

• Bangham’s model:

The Bangham model [17,31] is shown as following:

q
q q
ktt

e e
z

=
−

( )exp
 (4)

In this Eq. (4), the parameter k (1/min) is the adsorption 
rate constant in Bangham’s model and z is a constant.

Table 2
Isotherm constants for bromate adsorption on a-FeOOH bentonite

Supporting ratios Langmuir equation Freundlich equation

qm (mg/g) b (L/mg) R2 KF (mg(1–n) Ln/g) n R2

2% 10.03 0.009 0.924 0.303 1.717 0.901
5% 11.92 0.0362 0.985 1.514 2.614 0.989
8% 19.56 0.0385 0.988 1.893 2.614 0.988
12% 14.92 0.0358 0.948 2.289 2.452 0.889
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Table 3 shows the fitting curves and values of all param-
eters obtained by the fitting process. It can be seen from 
the table that the regression coefficients (R2 values) of this 
model are excellent, and the theoretical qe values are quite 
close to the real experimental data. So, the Bangham kinetics 

model could also be considered to describe the process of the 
bromate adsorption onto the bentonite. The fitting results 
reveal that the adsorption of bromate involved both the  
processes of surface adsorption and pore diffusion. 
The initial adsorption rate was relatively rapid, while the 
adsorption rate slowed down due to the occupation of the 
adsorption sites. Subsequently, anions tend to diffuse into 
inner pores to get a better contact with the adsorption sites 
hidden in bentonite porous structure, and the intraparti-
cle diffusion may play a major role in subsequent adsorp-
tion. Thus, the rate of the adsorption process slowed 
down gradually until the equilibrium attained.

• Weber and Morris intraparticle diffusion model:

The transporting process of adsorbate in solution to 
adsorbent’s surface can be divided into several phases. 
According to previous study, there are four mass trans-
port mechanisms: diffusion at bulk space, film diffusion, 
intra-particle diffusion, and sorption into interior sites. 
It is commonly regarded that the film and intra-particle 
diffusion are the key steps that control the whole rate of 
adsorption due to the fact that the first and fourth steps are 
quite fast that they cannot limit the whole adsorption rate. 
Hence, the Weber and Morris intra-particle diffusion is 
commonly utilized to further understand on the diffusion 
mechanism during adsorption [12].

q k t Ct = +id
1 2/  (5)

where kid is the intra-particle diffusion rate constant 
(mg/g min1/2) and C (mg/g) is the constant, which is deter-
mined by the thickness of boundary layer. It is reported that 
the greater boundary layer effect commonly corresponds 
larger value of C.

When Weber and Morris plot of qt vs. t1/2 give straight 
line, it means that the adsorption process is controlled 
only by the intra-particle diffusion. If the data exhibit 
multi-linear plots, there are two or more stages influenc-
ing the adsorption process [12]. The Weber and Morris 
plots of bromate adsorption on a-FeOOH bentonite are 
also shown in Fig. 7c. In Fig. 7c, there are three straight 
lines in data points, indicating that the pore diffusion is 
not the unique rate-controlling step. It is assumed that 
in the early stages the external resistance is significant. 
In this phase, the bromate was adsorbed rapidly by the 
pillared bentonite through immediate utilizing the most 
readily available adsorption sites in the porous structures 
of the adsorbent. The second linear portion is the grad-
ual adsorption stage with intra-particle diffusion domi-
nating that the adsorbate diffusion from the surface into 
the inner pores slowly. The slope of the Weber and Morris 
plots are defined as the adsorption rate. The values of rate 
parameters (kid,1 and kid,2) can also be found in the table.

3.5. Effect of pH, NOM concentrations and competing anions on 
bromate sorption onto a-FeOOH bentonite

3.5.1. Effect of pH

pH is regarded as one of the key parameters which 
heavily influents the adsorbent efficiency. From Fig. 8a, the 
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Fig. 7. Kinetic study for a-FeOOH adsorption: (a) effect of initial 
bromate concentrations; fitting results of the (b) pseudo-first- 
order kinetic model, and (c) Weber and Morris intra-particle 
diffusion model).
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adsorption of bromate declines slowly with the increase 
of the pH, and the anions can hardly be adsorbed when 
pH is controlled higher than 10.0. In acidic pH condi-
tions, (pH = 3.0–5.0), the adsorption capacity of the ben-
tonite toward bromate was much higher than that in both 
neutral and alkaline pH conditions. At pH = 5.0–7.0, here 
occurs some declines in the adsorption capacity of the sor-
bent (near 1.0 mg/g). At pH = 7.0–10.0, a rapid decline of 
the adsorption capacity from 7.80 to 4.70 mg/g takes place. 
So, these results indicate that pH < 7.0 is the most favorable 
condition for bromate uptake due to the weak competition 
of OH– anions. The adsorption of bromate depends on the 
charges of the bentonite surface. The pHzpc (pH at the 
point of zero charge) for the a-FeOOH bentonite is about 
7.4–7.6. So, at pH conditions higher than 7.6, the bentonite 
surface tends to be negatively charged. Under the electro-
static repulsions between the bromate anions and the neg-
atively charged surface, the adsorption capacities decline 
fast with the increase of the pH. The mechanism of bromate 
adsorption onto the a-FeOOH bentonite is quite accordant 
to that of anions adsorption on the metal oxide surface. 
In addition, the bentonite also participates in the adsorp-
tion process. The bromate adsorption by the metal oxides  
can be given as:

≡ − + ≡ − +− − −Fe OH BrO Fe BrO OH3 3⇋  (6)

Fe OH aq BrO FeBrO OH( ) ( ) + ( ) +
+ − + −2

3 3

2⇋  (7)

A previous study [36] also confirmed that that the 
adsorption of anions on goethite mainly occurred by the 
coordination of anions to FeOH groups through below 
reaction:

FeOH H aq BrO aq FeBrO H O− + −+ ( ) + ( ) +1 2
3

1 2
2

/ ⇋ −
3

/  (8)

In the adsorption process, the bromate interacts with 
coordinated FeOH groups and an exchange reaction against 
OH− of surface groups appears [36]. In addition, the carrier 
bentonite also presents some positive effects on bromate 
adsorption by attracting bromate through the electrostatic 
force.

3.5.2. Effect of NOM concentration

It is well-known that NOM widely exists in natural 
water and wastewater, and could pose some influences 
on the adsorption process. So, in this study, effects of dif-
ferent NOM concentrations on bromate adsorption were 
carried out by using HA (humic acids) as a simulant, and 
the results are shown in Fig. 8b. As shown in Fig. 8, there 
is little change can be found in the bromate adsorption on 
the a-FeOOH bentonite in the NOM concentrations rang-
ing from 1 to 5 mg/L in this study. The bromate uptake 
suffers a slight decline when the NOM concentrations is 
increased from 5 to 7.5 mg/L. Further increase of the NOM 
to 15 mg/L brings a significant decrease of the bromate 
uptake. In addition, it is worth note that the NOM in the 
solution can also be removed during the adsorption process, 
and the UV254 of the solution at the end of the reaction 
are lower than 0.01 cm–1 when the initial NOM concen-
tration is lower than 7.5 mg/L. These results indicate that 
the adsorption capacity of the a-FeOOH bentonite is quite 
stable in bromate removal even in co-existing of NOM.

3.5.3. Effect of co-exist anions

There are other anions such as chloride, sulfate, etc., 
contained in water. Therefore, it is of great importance to 
understand the effect of these anions that may compete 
with bromate anion throughout the adsorption process. 
The adsorption study of bromate in presence of compet-
ing anions like bromine (Br−), nitrate (NO3

−), chloride (Cl−), 
and sulfate (SO4

2−) with different concentrations was car-
ried out. The initial bromate concentration was set at about 
20 mg/L. The results of these different competing anions 
effecting on bromate adsorption are shown in Fig. 8c. It 
can be observed from Fig. 8 that the competing anions pre-
sented different influence intensities on bromate adsorp-
tion. Little influence on bromate sorption was observed 
when chloride was present, due to the fact that it is one of 
outer-spherically sorbing anions, while significant effect is 
observed by anions of sulfate, nitrate, and bromide. This 
decrease in the bromate removal efficiency can be ascribed 
to the competition of anions for active sites in the structure 
of a-FeOOH bentonite.

Table 3
Rate constants and correlations coefficients for the studied kinetic models

C0, 
mg/L

Pseudo-second-order  
model

Weber and Morris intra-particle 
diffusion model

Bangham’s pore  
diffusion model

k1, g/(min mg) qe,cal, mg/g R2 kid,1, 1/min R2 kid,2, 1/min R2 k, 1/min qe, mg/g z R2

2 0.206 1.11 0.999 0.211 0.966 0.037 0.946 0.279 1.089 1.380 0.990
5 0.147 2.72 0.991 0.679 0.934 0.107 0.952 0.119 2.564 1.940 0.957
10 0.053 4.76 0.999 0.958 0.942 0.197 0.937 0.235 4.673 1.426 0.959
20 0.024 7.87 0.999 1.828 0.989 0.205 0.913 0.125 7.613 1.892 0.992
30 0.017 10.1 0.997 2.214 0.918 0.377 0.989 0.111 9.711 1.864 0.954
50 0.015 12.7 0.999 2.852 0.942 0.545 0.930 0.204 12.32 1.532 0.974
100 0.014 15.9 0.998 7.667 0.980 0.728 0.923 0.074 14.27 3.311 0.937
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3.6. Recycling performance

The reusability of the a-FeOOH bentonite was eval-
uated by regenerating them via the method of alkalin-
ity eluting. The used bentonite was immersed into a 
solution with pH of 12.0 and shaken for 24 h followed by 
30 min of ultrasonication. The regenerated bentonite was 
then washed with distilled water and dried in an oven 

at 55°C and used for the next adsorption process under 
the same experimental conditions. It can be seen from 
Fig. 9 that the a-FeOOH bentonite was quite stable in repeat 
usage with about 15% decline of the adsorption ability after 
five times adsorption–regeneration cycle, indicating that the 
synthesized a-FeOOH bentonite possesses good stability 
and deserves further investigation for applications.

4. Conclusion

By comparing the adsorbility among Na-bentonite, 
Fe pillared bentonite, and a-FeOOH bentonite, a-FeOOH 
bentonite presented great superiority in bromate adsorp-
tion. Eight percent is the best loading ratio for a-FeOOH to 
bentonite, and the theoretic maximum adsorption capacity 
of the a-FeOOH at this loading ratio is about 19.56 mg/g. 
In the kinetic study, the bromate in solution was rap-
idly removed/adsorbed during the first 10 min, and the 
adsorption process tends to attain an equilibrium within 
50 min. The adsorption process can be well-described 
by the pseudo-second-order kinetics. pH determines the 
adsorption process heavily, and the acidic pH condition is 
more favored in bromate uptake. The influences of com-
peting anions and NOM were examined and both of them 
presented some negative effects on bromate adsorption.
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Supplementary information
Table S1
Textural property of bentonites with different ferric supporting ratios

Supporting  
ratios

BET specific surface  
area (m2/g)

Total pore volume  
(cm3/g)

Average pore  
size (nm)

a-FeOOH-bentonite

2% 57.2 0.15 4.23
5% 86.3 0.19 4.81
8% 113.2 0.23 5.23
15% 68.3 0.16 4.68

Table S1 presents the textural property of different bentonites with different ferric supporting ratios, according to their 
N2 adsorption/desorption isotherms. It can be seen from the Table S1, there is a significant increase of the porous struc-
ture, with the increasing of the specific surface area from 57.2 m2/g at the supporting ratio of 2% to 113.2 m2/g at 8%. 
Further increase of the supporting ratio to 15% brought a significant decrease of the specific surface area to 68.3 m2/g. 
The total pore volume, as well as the average pore size, also present similar trend with the increase of the supporting ratios.
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