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nhanced  adsorption  of  bromate  from  aqueous  solutions  on  ordered
esoporous  Mg-Al  layered  double  hydroxides  (LDHs)
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 i g  h  l  i  g  h  t  s

A  facial  method  for  preparation  of
ordered mesoporous  Mg-Al  LDH  was
presented.
The  mesoporous  Mg-Al  LDH  has  a
high surface  area  (126  m2 g−1).
The  mesoporous  Mg-Al  LDH  shows  a
high adsorption  capacity  for  bromate
uptake.
Bromate  adsorption  mechanism
involves  both  anion-exchange  and
reconstruction.
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a  b  s  t  r  a  c  t

An  ordered  mesoporous  Mg-Al  layered  double  hydroxide  (meso-LDH350)  with  a fairly  high  Brunauer-
Emmett-Teller  (BET)  surface  area  (126  m2 g−1) has  been  facilely  synthesized  and  then  evaluated  for  the
adsorptive  removal  of bromate  from  aqueous  solutions.  Adsorbents  were  characterized  by  a  variety  of
techniques  (e.g.,  XRD,  FTIR,  SEM,  TG-DSC,  N2 physisorption,  XPS,  etc.).  The  adsorption  studies  indicated
that  the presence  of  background  electrolytes  and  competitive  anions  can  obviously  repress  the uptake
of bromate  on  LDHs.  The  adsorption  isotherms  agree  well  with  the Langmuir  model,  giving  a maxi-

−1 ◦

romate
ayered double hydroxides
esoporous

nion-exchange
econstruction

mum  adsorption  capacity  of  59.34  mg  g (pH  7.5,  10 C)  for  meso-LDH350,  which  is  much  higher  than
other  LDH-type  adsorbents  reported  in  literature.  The  adsorption  kinetic  data  can  be  well  fitted  with  the
pseudo-second-order  rate  model.  Based  on  the  macroscopic  and  microscopic  studies,  bromate  adsorp-
tion  on  meso-LDH350  was  associated  with  two  mechanisms:  the  reconstruction  of the  layered  structures
of meso-LDH350  and  the  anion-exchange  between  bromate  and  the  intercalated  anions.
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1. Introduction
Bromate (BrO3
−) is an oxyhalide that was  generally formed as

one of typical disinfection by-products (DBPs) during the ozonation
of bromide-containing water [1]. Bromate has potential carcino-
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enic properties to induce renal cell tumors, thus increasing the
ealth risks of both humankind and animals [2]. U.S. EPA (1998)
nd the Ministry of Health of China (2006) had strictly established

 maximum contaminant level (MLC) of 10 �g L−1 for bromate in
rinking water. Efficient removal of bromate from drinking water

s therefore of particular significance with respect to reducing bod-
es exposure to BrO3

−-contaminated water. Currently, it remains a
ig challenge to remove bromate efficiently from aqueous solutions
ecause bromate is highly soluble and stable in water. A wide vari-
ty of techniques have been developed to sequester bromate from
urface waters, including activated carbon adsorption [3], anion-
xchange [4–7], biodegradation [8], zero-valent iron reduction [9],
atalytic hydrogenation reduction [10] and photocatalytic reduc-
ion [11]. Of these technologies, adsorption or anion-exchange with
norganic materials, such as layered double hydroxides (LDHs), has
ttracted intensive attention due to high effectiveness and low cost
12].

LDHs are composed of stacks of positively-charged, mixed
etal hydroxide layers between which are sandwiched of water
olecules and various anionic species that are exchangeable with

ther aqueous anions in the bulk solution, allowing LDHs to be
ne of the most efficient anion-exchangers for sequestration of
oxic anions [13]. As summarized by Goh et al. [12], LDHs have
een widely used to adsorb a wide range of anions from water,
hich consequently allows them to be an alternative adsorbent or

nion-exchanger to scavenge bromate in aqueous solution [4–7].
hitrakar had examined the adsorption of bromate on both Fe(II)-
l LDH (Cl) and Fe(II)-Al LDH (SO4) and found that bromate would
e reduced by structural Fe(II) into bromide, resulting in collapse
f the layered structure of LDHs [14,15]. To avoid the structural
ollapse of LDHs during the removal of bromate, nonferrous LDHs
uch as Mg-Al LDH [4–7], and Zn-Al LDH [16–18] are preferred to
e employed.

It is obvious that the anion-exchange capacity of LDHs is cor-
elated to the anions electrostatically attached on the exchanging
ites in the interlayers of LDHs [19]. Besides, surface adsorption
n the specific adsorption sites also played a crucial role in anions
ptake by LDHs with well-defined pores [20]. How to increase the
ensity of binding sites in LDHs for enhanced uptake of toxic anions

s still an open question. Recently, it was reported that layered
g-Al hydrous oxides (an analog of LDHs) with well-developed
esopores have a high adsorption capacity and affinity towards

rsenate species and other toxic anions (e.g., fluoride, bromate,
elenate, etc.) [5]. Is it possible to introduce mesopores into LDHs
tructure for creating more binding sites for toxic anions (e.g., bro-
ate) clean-up? This question is the initial motivation of current
ork. Mesoporous metal and bimetallic oxides and oxyhydrox-

des have been, in fact, extensively prepared by using a number of
urfactant templates (e.g., cationic, anionic, neutral block copoly-
ers) over the last two decades [21–24]. In the case of preparation

f mesoporous and/or mesostructured Mg-Al LDHs, neutral block
opolymers (e.g., Pluronic

®
F-127 or P-123) was  more preferable

han anionic surfactants since the latter is more likely to intercalate
nto LDHs as guest anions [25].

In this study, a facile method combining fast co-precipitation
nd calcination for the synthesis of mesoporous Mg-Al LDH with
igh adsorption capacity for bromate was presented. The structural
roperties of mesoporous LDH and its non-mesoporous counter-
arts were well characterized prior to a series of batch adsorption
xperiments for bromate uptake. In terms of the results of both
atch experiments and molecular spectroscopies, the adsorption
echanisms were also proposed.
aterials 334 (2017) 212–222 213

2. Experimental section

2.1. Chemicals

All chemicals were of A.R. grade and used without further purifi-
cation. Magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, 99%) and
aluminum nitrate nonahydrate (Al(NO3)3·9H2O, 98%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Pluronic F127 was obtained from Sigma-Aldrich Co. (Shang-
hai, China). Milli-Q ultrapure (18.2 M�-cm) water was  used to
prepare solutions. Bromate stock solution (0.1 M)  was prepared by
dissolving certain amount of G.R. grade sodium bromate (NaBrO3,
Sinopharm Chemical) with ultrapure water and stored in refriger-
ator (4 ◦C).

2.2. Preparation of mesoporous LDHs

Mesoporous Mg-Al LDH was  prepared by a modified co-
precipitation method [26] and followed by calcination. Briefly,
2.4 g of the F127 was dissolved with 120 mL of deionized water
under vigorous stirring in a waterbath (60 ◦C). Then, a mixture
of Mg(NO3)2·6H2O (12.3 g, 48 mmol) and Al(NO3)3·9H2O (9.02 g,
24 mmol) was added into the above solution and stirring until
fully dissolved. The mixture was then co-precipitated by drop-
wise addition of NaOH solution (1 M)  until pH ∼ 10. To precipitate
all aluminum salt, pH was maintained by intermittently adding
dilute NaOH (0.2 M)  in the following 2 h. After reaction, the resul-
tant white suspensions was  treated ultrasonically at 60 ◦C for 1 h,
and then statically aged for 2 h. The as-made white powders were
collected by centrifugation and rinsed thoroughly with deionized
water for several times, followed by freeze-drying under vacuum
overnight. The residual F127 in as-made LDHs was removed by cal-
cination at 350 ◦C for 3 h in air, giving the mesoporous LDH termed
as meso-LDH350. For comparison, two  Mg-Al LDH counterparts
were also prepared following the same procedure in the absence
of F127, and termed as LDH (i.e., the as-made sample) and LDH350
(i.e., the calcinated sample), respectively.

2.3. Characterization of mesoporous LDHs

X-ray diffraction (XRD) analyses of these Mg-Al LDHs were
conducted on an XRD-6100 diffractometer (Shimadzu, Japan) at
a tube voltage of 40 kV and a tube current of 30 mA  with Cu-K�
radiation (� = 1.5418 Å, step size: 0.02◦, scanning rate: 5◦/min).
Scanning electron micrography (SEM) was recorded by using a
Hitachi SU1510 microscope at an accelerating voltage of 1.5 kV.
Brunauer-Emmett-Teller (BET) surface area of LDHs was  deter-
mined by N2 adsorption at −196 ◦C using a Quantachrome gas
adsorption analyzer (iQ-AG-MP). Prior to BET measurement, the
samples were degassed at 80 ◦C for at least 6 h. Fourier transform
infrared (FTIR) spectroscopy was performed on a NIKOLET iS5 spec-
trometer (Thermo Fisher, USA) following the KBr–pressed–disc
method. Thermogravimetry-differential scanning calorimetry (TG-
DSC) analysis was carried out on LABSYS EVO TG-DTA/DSC
(SETARAM, France) apparatus. Zeta (�) potential data were col-
lected on a Zetasizer Nano ZS 90 apparatus (Malvern, UK) using
0.1 mM of NaNO3 solution as background electrolyte. UV–visible
diffuse reflection spectra (UV–vis DRS) were obtained from dry-
pressed disk samples using a UV–visible spectrophotometer (Cary
100, Agilent, USA) with BaSO4 as the reflectance sample. X-ray
photoelectron spectroscope (XPS) (PHI 5000 Versa Probe, UIVAC-

PHI, Japan) equipped with a monochromatized Al K� X-ray source
(h� = 1486.6 eV) and a hemispherical electron analyzer was used to
analyze the surface properties of samples. The C1s peak (284.6 eV)
was used for the calibration of binding energy values.



2 ous M

2

2
p
U
7
1
b
v
N
e
t
T
1
f
m
t
(
(
t
t

q

q

w
t
a
r

C
o
t
i
b
i
m
s

2

2
a
l
c
o
o
(
b

q

q

w
l
a

14 H. Ji et al. / Journal of Hazard

.4. Batch adsorption experiments

All batch experiments were performed at room temperature (ca.
5 ◦C) unless otherwise stated. Briefly, the adsorption slurries were
repared in 15-mL capped polyethylene centrifuge tubes (Corning,
SA) by combining 10 mg  adsorbents with a desired volume (e.g.,
.8 �L for pH envelope experiments, giving a final concentration of

 ppm bromate) of diluted bromate stock solution (0.01 M)  and a
ackground electrolyte solution (e.g., 1 mM NaNO3), giving a total
olume of 10 mL  mixture. After adjusting pH with dilute HNO3 and
aOH, the slurries (10 mL)  were bubbled with pure N2 for 5 min to
xclude dissolved CO2 and then rotated on a Labquake tube rota-
or (Thermo Scientific, USA) for 24 h in a thermostatic chamber.
he supernates were collected by centrifugation (12000 rpm for
5 min) and filtration with 0.45 �m PES filter (Navigator, Tianjin)
or the measurement of bromate concentration by ionic chro-

atography (IC). Adsorption isotherms were obtained by varying
he initial bromate concentration in the range of 1.0 −100 mg  L−1

7.82–782 �M)  with a constant adsorbent dosage (1 g L−1) and pH
i.e., 7.5 ± 0.2) at 10 ◦C and 30 ◦C, respectively. The Langmuir and
he Freundlich models as given in Eqs. (1) and (2) were employed
o fit the experimental data.

Langmuir model:

e = bqmCe

1 + bCe
(1)

Freundlich model:

e = KfC
1/n
e (2)

here qe (mg  g−1) is the adsorption capacity at equilibrium, Ce is
he equilibrium BrO3

− concentration in mg  g−1, qm is the maximum
dsorption capacity in mg  g−1, b (L mg−1) is Langmuir constant
elated to adsorption energy; n and Kf are the Freundlich constant.

The competitive effects of co-anions including Cl−, NO3
−, SO4

2−,
O3

2−, PO4
3−, were also investigated individually. Stock solutions

f these anions were prepared by dissolving a certain amount of
heir sodium salts (except for Na2HPO4) in deionized water. The
nitial concentration of these anions has been set as same as that of
romate (0.1 mM).  The competitive experiments were conducted

ndividually at pH 7.5 ± 0.2 and 25 ◦C. The pH of the solutions was
easured by using a Sartorius pH meter (PB-10) calibrated with

tandard pH 4.00, 7.00 and 10.01 buffers (Thermo, USA).

.5. Adsorption kinetic tests

The adsorption kinetics tests were performed at pH 7.5 ± 0.2 and
5 ◦C with an initial bromate concentration of 10 mg  L−1 (78.2 �M)
nd an adsorbent dosage of 1 g L−1 in a three-necked flask that
oaded with 500 mL  of slurries completely mixed by an electri-
al stirrer (stirring rate: 120 rpm). At varying time intervals 2 mL
f solution was collected using a pipette and filtered for analysis
f bromate concentration. Both pseudo first-order kinetic model
Eq. (3)) [27] and second-order kinetic model (Eq. (4)) [28] as given
elow were used to fit the adsorption kinetic data.

t = qe (1 − e−klt) (3)

t = k2q2
et

1+qek2t
(4)
here qe (mg  g−1) and qt (mg  g−1) are adsorption capacity at equi-
ibrium and contact time t (min), k1 and k2 is the pseudo first-order
nd second-order kinetic rate constants, respectively [29].
aterials 334 (2017) 212–222

2.6. Analysis of bromate

The concentration of BrO3
− ions were measured by using an ion

chromatographer (Dionex, ICS-2000, USA). Samples were filtered
with 0.45 �m filter to remove adsorbents and then separated on a
Dionex IonPac AS11-HC capillary column (4.0 mm × 250 mm)  with
10 mM KOH delivered at a flow rate of 1.0 mL/min. The separation
column was  operated at 30 ◦C.

3. Results and discussion

3.1. Characterization of Mg-Al LDHs

Fig. 1A presents XRD patterns of all Mg-Al LDHs, i.e., meso-
LDH350, LDH350 and LDH. The reflections of LDH at 2� = 11.1◦,
22.2◦, 34.6◦, 38.6◦, 45.8◦ and 60.4◦ are corresponding to (003),
(006), (009)/(012), (015), (018), and (110) planes respectively,
which are typical Miller-Bravais indices of poorly crystallized Mg-
Al LDH (NO3) phase [30]. The d spacing of (003) reflection is 7.8 Å,
indicating that nitrate (NO3

−) is the predominant guest anions
intercalated in the interlayers of Mg-Al LDHs [31]. Upon calcina-
ton at 350 ◦C, the intensity of all reflections were decreased due to
the loss of interlayer water molecules and the partial dehydroxyla-
tion of the double hydroxide sheets as verified by the reflections of
MgO  (JSPDS PDF# 01-1235) in both patterns of meso-LDH350 and
LDH350 [32]. It is worth to note that the introduction of F127 into
the synthetic recipe seems not to affect the lamellar structure of
LDHs since the relative positions of all reflections showed no obvi-
ous shifts, which implies that the characteristic layered structure
of LDHs was  preserved after calcination. It is evident that the LDH
particles aggregated to form larger particles during the calculation
treatment, and that this aggregation process was more obvious in
the presence of F127 (Table S1 in the Supplementary data).

The FTIR spectra of Mg-Al LDHs are given in Fig. 1B. The broad
band at 3450 cm−1 is attributed to the stretching of O H groups
associated with the interlayer water molecular or O H groups in
adjacent layers. The band at 1637 cm−1 is assigned to the defor-
mation vibration of H O H (�H2O) of interlayer water molecules
[33]. As expected, the intensities of the above two band were
slightly decreased after calcination due to the loss of interlayer
water. The band at 1384 cm−1 refers to the antisymmetric stretch-
ing vibration (v3 mode) of both nitrate (�NO3) and carbonate (�CO3)
[6,32,34]. The bands observed in the range of 500−800 cm−1 are
generally assignable to M O, O M O and M O M (M = Mg, Al) lat-
tice vibrations [35,36]. Additional, a weak shoulder band assignable
to the stretching vibration (v2 mode) of CO3

2−(�CO3) was also
observed at 833 cm−1, which was probably caused by the exposure
of LDHs to the atmosphere during storage [33,34]. Furthermore,
neither stretching vibration bands of C O groups (ca.  1060 cm−1)
nor vibration bands of CH2CH2 groups (ca. 2820 and 2910 cm−1)
was observed, indicating that calcination at 350 ◦C can efficiently
remove F127 from the as-made mesoporous LDH.

Fig. 1C depicts the TG-DSC curves of as-made mesoporous LDH.
It is clear to note that the thermogravimetric (TG) curve shows
three mass loss steps: the first refers to the range below ∼230 ◦C,
the second and the third steps were located in ∼ 230–421 ◦C and
∼421–519 ◦C, respectively. The first mass loss interval (18.6 wt.%)
was assigned principally to hydration water and physisorbed water
[37]. The second mass loss interval where 18.5 wt.% was lost, corre-
sponded to the partial dehydroxylation of the layers, the pyrolysis
of the intercalated nitrate and F127 [38]. In the last step, mass

loss (6.6 wt.%) was  probably contributed from partial dehydrox-
ylation and pyrolysis of the residual F127 and nitrate. Calcination
of the as-made mesoporous LDH at a desired temperature is cru-
cial for the integrity of layered structure of LDHs [4,30,33,38]. Our
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ig. 1. Characterizations of synthetic Mg-Al LDHs: (A) XRD patterns. Noted that Mg
urves  of as-made meso-LDH; (D) N2 adsorption-desorption isotherms of meso-LDH

ttempts to calcinate the as-made mesoporous LDH above 350 ◦C
as led to a structure-collapsed sample without any mesopores
data not shown), consistent with previous report that the struc-
ural collapse took place at around 360 ◦C for Mg-Al LDHs [30]. It
hould be stressed that, in our case, calcination at 350 ◦C would not
nly allow the lamellar structure of LDHs to survive, but also effi-
iently promote the formation of mesoporous structure and MgO
hat crystallizes approximately at 400 ◦C in F127-free Mg-Al LDHs
30].

The nitrogen adsorption-desorption isotherms and correspond-
ng pore size distribution of meso-LDH350 and LDH350 are shown
n Fig. 1D. The pore size distributions (PSD) of both samples were
alculated with the Barrett-Joyner-Halenda (BJH) method using

he desorption data of the isotherms. The adsorption-desorption
sotherm of meso-LDH350 can be classified as type IV (IUPAC classi-
cation) with a hysteresis loop of type H2 at high relative pressures
DS # 01-1235) phase was marked with diamonds (�); (B) FTIR spectra; (C) TG-DSC
nd LDH350 at −196 ◦C. Inset is the corresponding BJH pore size distribution graphs.

(P/P0 = 0.6–1.0), which implies that the mesoporous structure was
ink-bottle-type mesopores [39]. Correspondingly, meso-LDH350
shows a bimodal pore size distribution (upper curve, inset of
Fig. 1D), a uniform pore at the mean value of 12.4 nm along with
another narrow uniform pore at the mean value of 3.8 nm.  The
isotherm of LDH350 exhibits a type II isotherm with a hystere-
sis loop of type H3 according the IUPAC classification. This type of
loop are derived from the macropores that are formed by non-rigid
aggregates of plate-like particles [40], which agrees well with the
corresponding pore size result (lower curve, inset of Fig. 1D) show-
ing a broad PSD curve spanning over the macroporous range. The
Brunauer-Emmett-Teller (BET) surface area of meso-LDH350 and
LDH350 are about 126 m2 g−1 and 108 m2 g−1, respectively, much

greater than that of Mg-Al LDH synthesized via the hydrothermal
method [41].
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H350, (C) LDH and (D) LDH synthesized via the hydrothermal method [41].
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Fig. 2. SEM images of synthetic Mg-Al LDHs: (A) meso-LDH350, (B) LD

The morphologies of LDH samples were characterized by SEM
mages presented in Fig. 2. The morphological features of the LDH
amples are quite similar irrespective of the addition of F127, con-
isting of particulate aggregates with irregular shapes and sizes
anged from several to tens of micrometers (Fig. 2A–C), which
re totally different from the flake-like particles of hydrothermal-
ynthesized Mg-Al LDH (Fig. 2D) [41]. Furthermore, it can be noted
hat the external surfaces of calcinated LDHs (Fig. 2A, B) are more
oarser than that of as-made LDH (Fig. 2C), and that meso-LDH350
re composited of foam-like particles, whereas LDH350 is con-
isted of agglomerates likely formed as an aggregation of plate-like
rains. This observation is in good accordance with the results of
2 adsorption-desorption isotherms as described above.

.2. Effect of initial pH and ionic strength

The removal percentages (removal%) of bromate on Mg-Al LDHs
t varied ionic strengths as a function of initial pH are given in
ig. 3. As initial pH increased from 2 to 11, the removal percentages
f bromate on all LDHs exhibit a similar trend that they increased
radually in acidic pH range until achieved maxima in pH 6–9, and
hen declined slowly at pH > 9. The pHPZC (point of zero charge)
ere about 9.5, 10.2, and 11.0 for LDH, LDH350, and meso-LDH350,

espectively (Fig. S1 in the Supplementary data). It is expected that
DHs have positive surface charges when pH is below pHPZC, which

s favorable for the binding of the negatively charged bromate,
nd that the surfaces of LDHs become negatively charged when
H is above pHPZC depressing the adsorption of bromate due to
he electrostatic repulsion. However, it is shown that the removal%
Fig. 3. Effects of initial pH and ionic strength on bromate adsorption on Mg-Al LDHs.
of bromate increased with increasing pH in the pH range of 2–6
(<pHPZC) for all LDHs, which is somewhat in contrary to the above
expectation. This is possible due to the changes in the solution pH
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as shown in Fig. S2), which can increase by 3−5 units from the ini-
ial to the equilibrium values during the adsorption processes [17],
esulting in a decreased removal% when the equilibrium pH was
lose to and eventually above pHPZC. Another reason would be the
act that the pHs of all fresh slurries were above 9.0, and more HNO3

as needed to draw back them to more acidic pHs, which conse-
uently depressed bromate uptake due to the competition from the

ntroduced nitrate [6]. When pH was above pHPZC, the concentra-
ion of OH− increases as pH increases, which results in a decrease
n bromate adsorption due to the competitive effect of hydroxides
42]. Moreover, Mg-Al LDH could be partly dissolved at pH > 10 [17],
hich can also lead to a decrease in removal%. It should be noted

hat all the equilibrium pHs were above their initial counterparts
t pH < 10 (Fig. S2), and the smaller the initial pH was, the more
ncrement was needed to achieve its equilibrium counterpart. This
s probably arisen from the consumption of protons and release
f hydroxide ions to the solution during the adsorption process as
onfirmed in the mechanism section. At the ionic strength of 1 mM
aNO3, the removal% of bromate on all LDHs decreased in the order
eso-LDH350 » LDH350 > LDH.

Generally, ionic strength dependence (usually 1:1 ionic salts
ere used as background electrolytes, e.g., NaNO3) of adsorp-

ion has been used to indirectly distinguish between inner- and
uter-sphere adsorption mechanisms for ions at the solid/aqueous

nterface [43]. Ions showing little ionic strength dependence of
dsorption were considered to form strong inner-sphere surface
omplexes, whereas ions showing significant ionic strength depen-
ence were regarded as weak attaching as outer-sphere surface
omplexes. Ions that form weak outer-sphere surface complexes
ust display decreasing adsorption with increasing ionic strength

ue to competition from the background electrolyte [43]. Pre-
ious study suggested that bromate might predominantly form
uter-sphere complexes on LDH [7]. The removal% of bromate on
eso-LDH350 dropped down dramatically as the ionic strength

ncreased from 1 mM to 100 mM (Fig. 3), verifying that the mecha-
ism associated bromate adsorption on meso-LDH350 is involved

n outer-sphere complexes (anion-exchange) rather than inner-
phere complexes [7].

.3. Effect of competitive anions

Common anions such as Cl−, NO3
−, SO4

2−, CO3
2−, and

O4
3− in surface water might compete with bromate for the

inding sites of LDHs [6]. Competitive experiments were per-
ormed triply with a [anions]/[bromate] molar ratio of 1.0 and
he results are given in Fig. 4. Obviously, the competitive
ffects of these anions can be ranked in the order sul-
ate > phosphate > nitrate > carbonate > chloride, which is slightly
ifferent with that for nanocrystalline Mg-Al LDH [6]. This might
rise from the difference in the pore structure of nanocrystalline

g-Al LDH and that of meso-LDH350. Nevertheless, due to a higher

onic potential � (4.90–8.70 nm−1) of bi- and tri-valent anions, bi-
nd tri-valent anions (e.g., SO4

2−, PO4
3−) are more competitive than

onovalent anions (e.g., Cl−, NO3
−) with the exception of carbon-

able 1
dsorption isotherm parameters from the Langmuir and Freundlich models’ fitting.

Samples Temperature (◦C) Langm

qm (mg  g−1) b (L

LDH 10 12.61 0.0
30  14.58 0.0

LDH350 10 16.36 0.0
30  25.69 0.0

meso-LDH350 10 59.34 0.0
30  54.98 0.0
Fig. 4. Effect of competitive anions ([anions]/[bromate] = 1.0) on bromate adsorp-
tion  on meso-LDH350.

ate. The reason of carbonate showing less influence on bromate
adsorption than chloride was probably attributed to the fact that
a portion of carbonate from the reaction of atmospheric CO2 and
water has been pre-adsorbed on meso-LDH350 during storage. This
is also evidenced by the above FTIR results (Fig. 1B).

For monovalent anions, chloride was  expected to suppress bro-
mate adsorption more heavily than nitrate since lower hydration
energy is more favorable for anion-exchange (�G ◦

Cl < �G0
NO3)

[44]. In contrary, the experimental data suggest that chloride has
less influence than nitrate in bromate adsorption, indicating that
anion-exchange may  not be the only mechanism for bromate
adsorption on meso-LDH350. Furthermore, the presence of indi-
vidual Cl−, NO3

−, and CO3
2− (0.1 mM)  decreased the removal%

of bromate only by 3.8%, 10.9%, and 8.4% respectively (Fig. 4), all
far less than 50%, suggesting that bromate has a high affinity to
meso-LDH350 and that anion-exchange should not be the only
mechanism for bromate adsorption on meso-LDH350.

3.4. Adsorption isotherms

The adsorption isotherms are given in Fig. 5, which were fit-
ted by both Langmuir (solid line) and Freundlich (dotted line)
models using nonlinear algorithms (Eqs. (1) and (2)). The fitting
parameters are tabulated in Table 1. The greater correlation coef-

ficients (R2) of the Langmuir model as compared to those of the
Freundlich model indicate that the adsorption data are better fitted
by the Langmuir model than by the Freundlich model. The maxi-
mum  adsorption capacities (qm) at 10 ◦C calculated by the Langmuir

uir Freundlich

 mg−1) R2 KF n R2

606 0.976 1.74 2.42 0.865
645 0.978 2.12 2.45 0.879
696 0.995 2.44 2.44 0.921
497 0.983 2.85 2.18 0.902
383 0.996 4.43 1.81 0.972
380 0.995 4.21 1.85 0.956
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quation (Eq. (1)) were 12.61 mg  g−1, 16.36 mg  g−1, 59.34 mg  g−1

or LDH, LDH350 and meso-LDH350 respectively (Table 1). LDH350
xhibited a higher adsorption capability as compared with that
f LDH, suggesting that calcination can improve the maximum
dsorption capacity. It was found that calcinated LDHs, when con-
acting with aqueous solutions, usually reconstructed firstly by
ehydration of the disordered hydroxide sheets, in which bromate

ay  enter into the interlayers of LDHs [45]. Not surprising, meso-
DH350 exhibited the highest qm amonge all LDHs in this study,
hich was contributed to its highest surface area and the meso-

orous structure as described above. The high surface area offered
bundant binding sites for bromate and the mesoporous networks
fforded a plenty of accessible diffusion pathways for bromate. The
aximum adsorption capacities of bromate on these LDHs fol-

ow the order meso-LDH350 » LDH350 > LDH (Table 1). It should
e noted that the qm of meso-LDH350 decreased with increasing
emperature from 10 to 30 ◦C, whereas the adsorption capacities of
oth LDH350 and LDH increased with temperature. This is possibly
rising from the differences in the pore structures of these LDHs.

For comparison, the maximum adsorption capacities of bro-
ate on other LDH-type adsorbents are summarized in Table 2.

mong these adsorbents, meso-LDH350 and LDH350 have max-
mum adsorption capacities (i.e., 59.34 mg  g−1 at 10 ◦C and
5.69 mg  g−1 at 30 ◦C respectively) higher than those of other LDHs

ncluding hydrothermally-treated Zn-Al LDH (calcinated) [4,18],
ydrothermally-treated Zn-Fe(II)-Al LDH [46], hydrothermally-
reated Zn-Al LDH (calcinated) [17], hydrothermally-treated Mg-Al
DH [6,7], even some of these LDHs had a higher surface area than
oth meso-LDH350 and LDH350. When considering the adsorption
ensity (� = qm/SBET, Table 2), the maximum specific adsorption
ensity of bromate on meso-LDH350 (0.47 mg  m−2) is also com-
arable to that of thermally-treated Mg-Al xerogel (0.5 mg m−2), in
hich the higher surface area and the hierarchical porous structure

i.e., from macropores to micropores) are believed to contribute
o its highest maximum adsorption capacity (78.0 mg  g−1) [5]. To
valuate the recycle performance of mesoporous LDH, spent meso-
FH350 (0.22 g) was regenerated by collecting centrifugally and
esorbing with a solution (10 mM NaNO3 + 100 mM NaOH, 220 mL),

ollowed by rinsing with ultrapure water several times before
ext adsorption cycle. The adsorption–regeneration experiments
ere conducted for five cycles. The removal% of bromate decrease

bviously from over 95% to ∼40% after five cycles of adsorption-
esorption (Fig. S3 in the Supplementary data). This is probably
ue to the decrease in crystallinity and the collapse of meso-
orous structure of meso-LDH350. The recycle performance of
eso-LDH350 is not as good as other calcinated LDHs that a thermal

egeneration were employed [17,18], implying that the reconstruc-
ion of layered structure should contribute in part to the adsorptive
emoval of bromate by meso-LDH350. Nevertheless, from a practi-
al point of view, meso-LDH350 with such high adsorption capacity
s expected to use as an alternative to commercial adsorbents for
romate removal from aqueous solutions.

.5. Adsorption kinetics

The kinetic curves of bromate adsorption were given in Fig. 6.
t was observed that the bromate adsorption capacity (qt) at time t
ncreased first with the contact time (t) and then attained equi-
ibrium within a certain period of time (<3 h). The calcinated
dsorbents, meso-LDH350 and LDH350, exhibited a similar initial
apid uptake of bromate within the first 80 min  and 120 min  respec-

ively, followed by a slow adsorption process to reach saturation in
.0–21 h. This type of fast adsorption involving LDHs is believed to
e the anion-exchange reactions [4,47]. However, the as-made LDH
howed a different kinetics that qt increased rapidly with contact
Fig. 5. Adsorption isotherms of bromate on Mg-Al LDHs at (A) 10 ◦C, and (B) 30 ◦C.

time until reaching the maximum at t ∼ 20 min, and then dropped
down gradually and attained saturation in 3.0 −10 h (Fig. 6). The
discrepancy in kinetics between LDH and the calcined LDHs is prob-
ably due to the difference in the pore structures of these adsorbents
as desicribed above. There is no need for LDH to reconstruct in the
beginning of adsorption, resulting a faster initial adsorption rate
as compared to that of calcinated LDHs. As adsorption proceeds, an
excess amount of BrO3

− was  likely to attach onto the surface of LDH
and further diffused into the interlayers to exchange NO3

− until
a saturation was achieved. The slight decline of qt in 50–200 min
seems to be due to the transition from an initial multilayer attach-
ment to a final favorable monolayer adsorption of BrO3

−.
No significant changes in q were observed from 3.0 to 21 h for
t

all adsorbents, implying adsorption equilibrium was reaching at
that time. Chitrakar et al. has also shown longer equilibration time
from 48 h to 72 h for bromate adsorption on calcinated Mg-Al LDHs
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Table  2
Comparison of the maximum adsorption capacity (qm) of bromate on meso-LDH350 with other LDH-type adsorbents.

adsorbents BET surface area
(m2 g−1)

initial pH T
(◦C)

qm

(mg  g−1)
�
(mg  m−2)

ionic strength
(mM)

ref

hydrothermally-treated Zn-Al LDH (calcinated) 91 6.9 20 0.12 0.001 0 [18]
hydrothermally-treated Zn-Fe(II)-Al LDH 55 7.0 22 0.20 0.004 0 [46]
hydrothermally-treated Mg-Al LDH (calcinated) 200 9.6–9.8 RTa 0.99 0.005 0 [4]
hydrothermally-treated Zn-Al LDH (calcinated) 91 6.9 20 1.16 0.01 0 [17]
hydrothermally-treated Mg-Al LDH (FCHT-LDH) 127 9.5 25 12.80 0.10 10.0 [7]
hydrothermally-treated Mg-Al LDH 127 9.5 25 22.40 0.18 0 [6]
thermally-treated Mg-Al LDH xerogel 155 4.5 22 78.0 0.50 10.0 [5]
LDH350 108 7.5 30 25.69 0.24 1.0 This study
meso-LDH350 126 7.5 10 

a RT refers to room temperature.
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Fig. 6. Adsorption kinetics of bromate on Mg-Al LDHs.

4]. This indicates that bromate shows faster kinetics onto meso-
DH350 and LDH350, which are also faster than other LDH-type
dsorbents, such as calcinated Mg-Al LDH [4], and FCHT-LDH [7].
onsidering that the reconstruction of calcined LDHs still takes
ome time, a 24 h period was therefore believed to be enough
o establish equilibrium for bromate adsorption isotherm exper-
ments in our cases.

The experimental data were fitted by both the pseudo-first and
he pseudo-second-order rate equations (Eqs. (3) and (4)). The fit-
ing results were summarized in Table 3 and plotted in Fig. 6. The
alues of qe calculated from Eq. (4) are 5.17 mg  g−1, 8.14 mg  g−1,
nd 8.29 mg  g−1for LDH, LDH350 and meso-LDH350, respectively
Table 3), close to the experimental data (Fig. 6). Comparison of the
orrelation coefficients (R2) of both kinetic models indicates that
he pseudo-second-order rate model with R2 above 0.96 is better
o fit the kinetica data of all adsorbents, suggesting a chemisorption
rocess occurred.

.6. Adsorption mechanisms

To elucidate the adsorption mechanism responsible for bromate

ptake on meso-LDH350, both fresh and spent adsorbents were col-

ected and handled properly, followed by characterizations with
RD, FTIR, UV–vis DRS and XPS, and the results are given in Fig. 7.

t was observed that the intensities of all LDH reflections increased
59.34 0.47 1.0 This study

and the reflections of MgO  disappeared after adsorption of bromate
(Fig. 7A), suggesting that a reconstruction of the layered structure in
meso-LDH350 occurred during adsorption. As a consequence, the
d spacing of (003) reflection recovered from 8.1 Å to 7.8 Å, which
is in good agreement to that of FCHT-LDH after adsorption of bro-
mate (i.e., 7.84 Å) [7], implying that bromate was  likely to be bond
via anion-exchange with the intercalated anions (the remaining
NO3

− and OH− as evidenced by the FTIR spectra). Nevertheless,
a reconstruction mechanism has been identified by Ulibarri and
coworkers for the enhanced uptake of anionic pollutants on calci-
nated LDHs [48]. It is therefore reasonable to suggest that a second
mechanism−the reconstruction mechanism should be responsible
for the enhanced adsorption of bromate on meso-LDH350. After
adsorption, the FTIR band of nitrate at 1384 cm−1 weakened a lot
and the weak carbonate band at 833 cm−1 disappeared, whereas
a new band at 791 cm−1 contributed to Br−O stretching vibration
appeared (Fig. 7B), confirming that anion-exchange has played an
important role in bromate adsorption on meso-LDH350. This was
also verified by the UV–vis DRS spectra (Fig. 7C), in which two new
peaks at 252 nm and 375 nm associated with the electron transition
(ET) of bromate (see Fig. S4 in the Supplementary data) appeared
and the intensity of both 215 nm (assignable to the ET of Mg-Al
LDH) [49] and 300 nm (assignable to the ET of NO3

− to Mg/Al)
[50] decreased slightly (inset of Fig. 7C) after adsorption, indicating
anion-exchange took place. Fig. 7D presents the survey XPS spectra
of meso-LDH350 before and after bromate adsorption. It is noted
that, besides the main elements including O,  Al, and Mg  observed
in both spectra, the Br peaks (Br3s, Br3p, and Br3d) appeared in
the bromate-adsorbed meso-LDH350 (see also Fig. S5 in the Sup-
plementary data), confirming that bromate has been sequestered
by meso-LDH350. On the basis of above results, the mechanism
of bromate adsorption on meso-LDH350 is contributed both from
the reconstruction of the layered structure in meso-LDH350 and
from the anion-exchange between bromate in bulk solution and
the intercalated anions as given in Eqs. (5)–(9) and illustrated in
Fig. 8. When adding fresh meso-LDH350 into bromate-containing
solution, the reconstruction occurred likely in a manner that a part
of bromate (Eq. (5)), apart from hydroxyls and nitrates (Eqs. (6) and
(7)), participated to reconstruct the layered structure, which conse-
quently increases the solution pHs (see also Fig. S2) by consumption
of protons and release of hydroxide ions (Eqs. (5)–(7)). It is obvious
that the more acidic the solution was, the more rapid the recon-
struction reaction was. Meanwhile, a portion of bromate replaced
the interlayer anions via anion-exchange (Eqs. (8) and (9)), forming
a BrO3

−-intercalated meso-LDH350. Both the higher BET surface
area and the mesoporous structure of meso-LDH350 facilitate the
efficient and fast removal of bromate in such manners.

Reconstruction:
M O− + 2H+ + BrO3
− → M OH2

+/BrO3
− (5)

M O− + 2H2O → M OH2
+/OH− + OH− (6)
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Fig. 7. (A) XRD patterns, (B) FTIR spectra, (C) UV–vis DRS spectra, and (D) XPS spectra of meso-LDH350 before and after adsorption of bromate.

Fig. 8. Schematic illustration of adsorption mechanism for bromate uptake on meso-LDH350.
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Table  3
Kinetics parameters from the Pseudo-first-order and Pseudo-second-order rate models’ fitting.

Samples Pseudo-first-order Pseudo-second-order

k1 (min−1) qe (mg  g−1) R2 k2 (g mg−1 min−1) qe (mg  g−1) R2

0.927
0.955
0.943
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LDH 5.20 0.97 

LDH350 0.031 7.50 

meso-LDH350 0.083 7.91 

M O− + 2H+ + NO3
− → M OH2

+/NO3
− (7)

Anion-exchange:

M OH2
+/NO3

− + BrO3
− ↔ M OH2

+/BrO3
− + NO3

− (8)

M OH2
+
/OH− + BrO3

− ↔ M OH2
+/BrO3

− + OH− (9)

. Conclusions

In summary, we have presented a facile method for the prepa-
ation of mesoporous Mg-Al LDH (termed as meso-LDH350) by fast
o-precipitation of Mg-, Al-nitrate precursors and F127 in alka-
ine solution, followed by calcination. The mesoporous Mg-Al LDH
xhibits a pretty high surface area (SBET = 126 m2 g−1) and foam-
ike mesopores, which allows it to have a much higher adsorption
apacity (59.34 mg g−1, 10 ◦C, pH 7.5) and excellent potentiality to
equester bromate from aqueous solution as compared with other
DH-type adsorbents. The adsorption isotherms of meso-LDH350,
nd its non-mesoporous counterparts, LDH350 and LDH, agree
ell with the Langmuir algorithm. The kinetic data of bromate

dsorption on all adsorbents can be well fitted with the pseudo-
econd-order rate model. The mechanism for bromate adsorption
n meso-LDH350, in terms of the results of XRD, FTIR, UV–vis DRS
nd XPS, is mainly contributed both from the reconstruction of
ayered structures in meso-LDH350 and from the anion-exchange
etween bromate in bulk solution and the intercalated anions. In
ummary, this work provides a facile approach to prepare ordered
esoporous Mg-Al LDH with a high surface area and a high adsorp-

ion capacity for bromate, making it a potential candidate for
dsorptive removal of bromate from aqueous solutions.
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