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�)†
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Radioactive iodine is quite mobile in soil and poses threats to human health and the ecosystem. Many

materials, including layered double hydroxides (LDH), have been synthesized to successfully capture

iodine from aqueous environments. However, limited information is available on the application of LDH

in soil to immobilize iodine species. In the present study, the feasibility of using Mg–Al–NO3 LDH for

retention of soil iodate (IO3
�) in both batch and column systems was analyzed. The 2 : 1 Mg–Al–NO3

LDH exhibited the greatest removal efficiency of IO3
� from aqueous solution, compared with 3 : 1 and

4 : 1 Mg–Al–NO3 LDH. The Mg2–Al–NO3 LDH demonstrated a strong affinity for IO3
�, with a high

sorption capacity of 149 528 mg kg�1 and a Freundlich affinity constant KF of 21 380 L kg�1. The addition

of Mg2–Al–NO3 LDH in soil resulted in significant retention of IO3
� in both the batch and column

experiments. The affinity parameter KF of soil with the addition of 1.33% Mg2–Al–NO3 LDH was 136 L

kg�1, which was 28.6 times higher than soil without LDH added. Moreover, the eluted iodate percentage

was only 12.9% in the soil column with the 1.33% Mg2–Al–NO3 LDH addition, whereas almost 43.5%

iodate was washed out in the soil column without LDH addition. The results suggested that Mg2–Al–

NO3 LDH could effectively immobilize iodate in soil without obvious interference.
1. Introduction

Stable iodine (127I) is considered an essential microelement for
human health, with a recommended daily intake of between 80
and 150 mg per day.1 However, radioactive iodine, such as 129I,
131I, is a risk-contributing contaminant of environmental and
health concern due to its easy uptake and bioaccumulation
through the food chain and its high radiotoxicity. A tremendous
amount of radioiodine has been released into our environment
not only during atomic weapon testing, spent nuclear fuel
reprocessing and nuclear accidents2,3 but also during normal
operation of nuclear power plants (NPPs)4 or discharging of
medical wastewater from thyroid cancer treatments.5 For
example, in the 2011 Fukushima NPP accident, enormous
amounts of radioactive iodine (131I) were emitted into the
atmosphere and ocean.6 These long-lived radionuclides even-
tually move down to surface soil by wet and dry fallout or irri-
gation. In aqueous environments and soil systems, iodine exists
mainly as iodide (I�) and iodate (IO3

�).7,8 In some cases, IO3
� is

the predominant iodine form, which accounts for up to
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tion (ESI) available. See DOI:
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approximately 70% of total iodine, with iodide and organo-
iodine being minor components.9,10 The fate and mobility of
iodine in soils depend largely on its interactions with soil
components. Several recent studies reported that natural
organic matter (NOM), and especially its aromatic components,
played an important role in the sorption of iodine to soil and/or
sediment.11–15 However, due to the lack of aromatic carbon in
soil, especially soil with relatively-low organic matter, as well as
its weak affinity for many geological materials, iodine species
(I� and IO3

�) show high mobility and, subsequently, high
ecological risks.12,16–18 Therefore, scavenging materials and
remediation actions are urgently needed.

In the past decade, considerable research effort has been
made toward identifying natural and synthetic materials for
removing or attenuating the transport of iodine in wastewater
systems or aqueous solutions.4,19 In the literature, many mate-
rials were reported for the capture of I� and IO3

� from aqueous
systems, including claystone,20 ordinary Portland cement,21

sulfur-terminated (001) chalcopyrite surface,22 crystalline silver
chloride,23 metallic oxides (such as hydrous ferric oxide (HFO)
and g-Al2O3),24 carbon-based materials (such as superne
powered activated carbon25 and biochar16), magnetite nano-
particles supported on organically modied montmorillonite
(MNP-OMMTs),26 and layered double hydroxide (LDH) mate-
rials.27,28 Several groups have investigated the potential appli-
cation of LDH and related materials in the removal of iodine
from aqueous solutions.7,9,29–32 Theiss et al. briey reviewed the
This journal is © The Royal Society of Chemistry 2018
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View Article Online
published scientic literature, and, with further investigation,
concluded that LDH is a promising iodine removal material.33

LDHs, minerals based on a brucite-like structure readily
found in nature, contain exchangeable anions intercalated into
the interlayer regions.9 They are represented by the following
general formula:

[M1�x
2+Mx

3+(OH)2]
x+[An�]x/nDmH2O (1)

where M2+ and M3+ are divalent (such as Mg2+, Fe2+ or Ni2+) and
trivalent cations (such as Al3+, Fe3+ or Cr3+), respectively. An� is
the interlayer exchangeable anion (mainly nitrate or chloride),
and the value of x is equal to the molar ratio of M3+/(M2+ + M3+),
usually 0.2 < x < 0.33. The presence of exchangeable An� and
variation of identities of M2+ and M3+ of LDH and isostructural
materials give rise to potential high selectivity and the capacity
to uptake the anion of interest.9 The LDH and related materials
have been widely applied to remove various anions and oxy-
anions, such as iodine species (I�, IO3

�), uorine (F�, BF4
�),

chlorine (Cl�, ClO4
�), bromine (Br�, BrO3

�), chromium
(CrO4

�), arsenic (arsenite, arsenate), boron, anionic dye, and
aniline from aqueous solutions.33–39 The underlying mecha-
nisms of sorption of anions by LDHs includes:7,33 (1) anion
exchange; (2) surface adsorption; and (3) reformation. Although
LDH shows a relatively high potential sorption capacity for
iodine anions, the presence of competing anions, including
carbonate, phosphate and sulphate, has a signicant impact on
uptake of the target anions from an aqueous solution.7,9,33,40

Furthermore, we must note the fact that most of the research
focuses on the removal or sorption of target anions (I� or IO3

�)
from aqueous solutions. Only recently, a study utilizing xed
bed columns packed with LDH to removal uoride exhibited
a lower sorption capacity than the results reported for the cor-
responding batch methods.41 Soil is a much complex system
containing various coexisting anions without pH and Eh
control, which may signicantly affect the sorption efficiency of
iodine by LDH. However, to date, little information is available
on the application of LDH to immobilize iodine in soil system.
Therefore, the retardation efficiency and mechanism of these
target anions by LDH in soil systems needs further
investigation.

In this study, the main objectives were to evaluate the
immobilization of iodate by Mg–Al–NO3 LDH in a soil system by
(1) examining the sorption property of iodate on Mg–Al–NO3

LDH; (2) investigating the sorption characterization of iodate in
soil amended with Mg–Al–NO3 LDH in a batch system; (3)
evaluating the effects of Mg–Al–NO3 LDH in the immobilization
of iodate in soil using the column system.
2. Materials and methods
2.1 Materials

Magnesium nitrate hexahydrate (Mg(NO3)2$6H2O), aluminium
nitrate nonahydrate (Al(NO3)3$9H2O), sodium hydroxide
(NaOH), hydrochloric acid (HCl), and potassium carbonate
(K2CO3) were purchased from Aladdin Reagent Co. (Shanghai).
For safety, 127I in the form of potassium iodate (KIO3) was the
This journal is © The Royal Society of Chemistry 2018
only iodine isotope used in these experiments. All reagents were
AR grade and used as received without further purication or
pre-treatment.

2.2 Material preparation

The main sorbent used in this study was the 2 : 1 Mg/Al LDH,
the preparation of which followed the description of Thiess
et al.27 A batch of LDH with an ideal formula of Mg3Al(NO3)7 was
prepared at pH 10 by coprecipitation method. Briey, a NaOH
solution (4.0 mol L�1) was added dropwise into a 150 mL
solution containing Mg(NO3)2$6H2O (0.12 mol) and Al(NO3)3-
$9H2O (0.06 mol) with vigorous magnetic stirring under
a nitrogen supply. The slurry was then reuxed at 65 �C for 24 h.
The residue was separated by centrifugation and washed several
times with deionized, CO2-free water. The product was dried at
60 �C in vacuum for 12 h, and then ground and sieved through
a 0.1 mm-mesh sieve. In addition to the LDH described above,
3 : 1 and 4 : 1 Mg/Al LDH samples were also prepared by
a similar coprecipitation method.

The soil sample used in this study was collected from an
agricultural land near Qinshan Nuclear Power Plant. It has a pH
of 7.7, 0.97% organic carbon content, and 9.00 cmol(+) kg�1

cation exchangeable capacity (CEC), as described in our
previous work.16

2.3 Characterization of the LDH samples

The X-ray diffraction (XRD) patterns of the LDH samples were
collected using an X-ray diffractometer (type XD-2600), with Cu
Ka radiation at 40 keV 35 mA. The morphologies of the LDH
samples were characterized using a Sigma 500 eld emission
scanning electronmicroscope (SEM) (Zeiss, Germany). The pore
size distribution and pore volume of each LDH sample were also
evaluated by the Brunauer–Emmett–Teller method using a gas
sorption analyzer (NOVA-1200, Quantachrome Corp., USA).

2.4 Batch sorption experiments and analytical method

The sorption was conducted in triplicate by a batch equilibra-
tion technique as described in our previous work.16 Batch
sorption experiments were carried out without pH control and
excluding the atmosphere or dissolved carbonate, which is
impractical in real world applications especially in a soil system.
In the kinetic and isotherm sorption, the required portions of
soil, LDHs or LDH-soil mixture (1.5 g for soil, 15 mg for LDHs,
1.5 g for LDH-soil mixture with three contents of LDH) were
weighted into 22 mL centrifuge tubes containing 20 mL solu-
tions of IO3

�, with concentrations ranging from 0–200 mg L�1.
Controls without sorbents were set up in parallel to account for
the possible solute loss by handling and other possible ways.
Aer shaken for a certain kinetic time or equilibrium time (4 h
based on sorption kinetics) using a temperature-controlled
shaker at 150 rpm at 25 �C, the suspensions were separated
by centrifuging for 20 min at 4000g. The supernatants were
ltrated using a 0.22 mm lter membrane (ANPEL Co., Ltd,
Shanghai). The concentration of iodate in the supernatants was
determined following the method described in our previous
work.16 Briey, ten millilitres of the aqueous sample was mixed
RSC Adv., 2018, 8, 21084–21091 | 21085
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View Article Online
with 0.5 mL of 6.0 mol L�1 HCl. Then, 0.5 mL of 0.1 mol L�1

K2CO3 was added and fully mixed. Aer keeping the sample still
for 10 min, it was measured with a spectrophotometer (Shi-
madzu UV-Vis 2600, Japan) at a 352 nm wavelength. The limit of
detection for IO3

� was 0.6 mg L�1.
The sorption of iodate by soil and LDH was determined

using the following equation:

Removal efficiency ð%Þ ¼
�
1� Ci

Ct

�
� 100% (2)

where Ci and Ct (mg L�1) represent the initial and nal (at any
time t) concentrations of iodate. The sorption capacity of the
soil or LDH for iodate at time t, Qt (mg kg�1), was obtained as
follows:

Qt ¼ ðCi � CtÞ � V

m
(3)

where V (mL) was the volume of the solution, which equalled
20 mL in the present study; m (mg) represents the mass of
sorbents and used 1500 mg of soil with and without LDH.

To determine the sorption kinetics, the obtained dynamic
experimental data was tted with the pseudo-second-order
model, which can be written as follows:

t

Qt

¼ 1

k2Qm
2
þ 1

Qm

t (4)

where k2 was the pseudo-second-order rate constant (g
mg�1 min�1). As time approaches zero, according to the
pseudo-second-order model, the initial sorption rate h (mg
g�1 min�1) was calculated as follows:

h ¼ k2Qe
2 (5)

The logarithmic form of the Freundlich model (original
form: Qe ¼ KFCe

1/n) was used to calculated the Freundlich
parameters and is expressed as shown in the following eqn (6):

log Qe ¼ log KF þ 1

n
log Ce (6)

where Qe is the amount adsorbed per unit weight of sorbent, mg
kg�1; Ce is the equilibrium concentration, mg L�1; KF [(mg kg�1)
(mg L�1)�1, equal to L kg�1] and n (dimensionless) are the
Freundlich isotherm constants, describing the sorption
capacity and the isotherm curvature.
Fig. 1 XRD patterns of three MgAl–NO3 LDH samples.
2.5 Column experiments

The soil mixed with LDH was packed in a glass column (45 mm
inner diameter, 250 mm height). The portions of LDH amended
in the soil were 0, 0.66%, 1.0%, and 1.33%. Two hundred grams
of the soil-LDHmixture was gently placed in the column and the
height of the beds was approximately 120 mm, with a 10 mm
quartz sand layer below and above the soil-LDH layer. Twenty
millilitres of 200 mg L�1 KIO3 solution was added to the column
from the top. Water was introduced at a constant volumetric
ow rate of 2 mL min�1 to drain off the entire KIO3 solution as
much as possible. Fieen liquid samples of 10 mL were with-
drawn. The collected pore water was immediately ltered by
21086 | RSC Adv., 2018, 8, 21084–21091
a 0.45 mm membrane lter (ANPEL Co., Ltd., China) and iodate
concentrations were analysed as described above.
3. Results and discussion
3.1 Characterization of the LDH sorbents

Powder XRD patterns of three Mg–Al–NO3 LDHs with different
cation ratios were collected and are presented in Fig. 1. The four
major peaks of all the three LDHs are located at approximately
11.5�, 22.9�, 34.6�, and 39.0�, which can be indexed to the (003),
(006), (012), and (015) planes of Mg–Al hydrotalcite (JCPDS 35-
0965).37 The positions of the key peaks of all three materials
(2 : 1, 3 : 1, and 4 : 1 Mg–Al–NO3 LDH) showed no notable shi
and no additional phases were observed, indicating that the
samples prepared did indeed contain Mg–Al–NO3 LDH mate-
rials. The power XRD pattern intensities of the samples shown
in Fig. 1 were not scaled but an indicator of the relative crys-
tallinity was provided. The intensities of the key peaks,
including d003 and d006, increased along with the increase of
the cation ratio, indicating higher crystallization with a higher
cation ratio (e.g., 4 : 1 Mg–Al–NO3 LDH). However, all the key
peaks of the three LDHs were sufficiently narrow and intense
and these results veried the successful crystallization.27

SEM images of the three Mg–Al–NO3 LDH samples showed
agglomeration of platelets of irregular size and shape and were
signicantly affected by the cation ratio (Fig. 2). A layered
structure was observed in 2 : 1 Mg–Al–NO3 LDH (Fig. 2A), while
the SEM image of the 4 : 1 Mg–Al–NO3 LDH sample displayed
microcrystalline granules embedded onto the heterogeneous
matrix (Fig. 2C). The microscopy morphology results are
consistent with the X-ray diffractograms and demonstrated that
the relatively less crystalline heterogeneous phase in 2 : 1 Mg–
Al–NO3 LDH was more consistent with a hydrotalcite-like
structure.9 The average pore size distribution was approxi-
mately 10 nm (data not shown).
3.2 Removal of iodate (IO3
�) from aqueous solution by LDH

To evaluate the ability of Mg–Al–NO3 LDH to adsorb IO3
�, as

well as the effect of the cation (Mg/Al) ratio on the sorption of
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM images of MgAl–NO3 LDH samples with different Mg/Al ratios of 2 (A), 3 (B), and 4 (C).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
1:

14
:2

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
IO3
�, batch studies were performed and the results are pre-

sented in Fig. 3. The M2+ : M3+ cation ratio of the LDH is an
important factor that inuences anion uptake. The Mg/Al ratio
signicantly affected the iodate uptake, due to different charge
density.33 The greatest removal of IO3

� from an aqueous solu-
tion was 57.0% by 2 : 1 Mg–Al–NO3 LDH, while iodate uptake of
40.5% and 28.0% were observed when using 3 : 1 and 4 : 1 Mg–
Al–NO3 LDH, respectively. However, the results in the present
experiment appear inconsistent with those reported by Toraishi
et al.,42 where the 3 : 1 LDH was found to be the optimal cation
ratio for iodate sorption. It is interesting to note that some
studies reported that the 4 : 1 LDH was preferable for iodide
sorption.30,31 It is reasonable that the 2 : 1 LDH contains more
trivalent aluminium ions and high charge density in the
substituted brucite layers, which could accommodate more
IO3

� compared to the 3 : 1 and 4 : 1 LDH.27 In addition, the
initial iodate concentration, LDH dosage, and temperature
inuenced the sorption efficiency of IO3

� from the aqueous
solution (shown in Fig. S1–S3†). In the present condition
(200 mg L�1 of initial iodate concentration, 0.75 g L�1 of LDH
dosage, and 25 �C), the removal efficiency of IO3

� by Mg2–Al–
NO3 LDH was comparable or even higher than that previously
reported.9,36

All the three Mg–Al–NO3 LDHs showed large iodate sorption
capacities, as shown in Fig. 3. Similarly, the 2 : 1 Mg–Al–NO3

LDH showed the largest sorption capacity of 149 528 mg IO3
�

kg�1, followed by 106 882 and 73 414.3 mg kg�1 for the 3 : 1 and
4 : 1 Mg–Al–NO3 LDH, respectively. Furthermore, Mg–Al–NO3

LDH had a much greater sorption capacity for anions,
Fig. 3 Effect of the cation ratio on the sorption of IO3
� by Mg–Al–

NO3 LDHs.

This journal is © The Royal Society of Chemistry 2018
compared to Ni–Al-LDH and Zn–Al-LDH.9,34 Therefore, the 2 : 1
Mg–Al–NO3 LDH was chosen to use in the majority of the
following immobilization studies.
3.3 Effects of Mg2–Al–NO3 LDH on the soil sorption of IO3
�

in the batch system

Fig. 4A shows the kinetic sorption behaviour of iodate ions by
soil, Mg2–Al–NO3 LDH, and soil amended with 1% of LDH. The
iodate sorption by all three sorbents exhibited a biphasic
phenomenon: a steep initial ascending trend of sorption
capacity (Qt), followed by a steady but slower accumulation.

The equilibriums were achieved in less than 240 minutes for
soil, soil amended with LDH and pure Mg2–Al–NO3 LDH. The
soil has a very weak affinity, with the sorption capacity of
59.2 mg kg�1, which was consistent with previous observations
Fig. 4 Kinetic sorption of IO3
� by soil in the absence and presence of

Mg2Al–NO3 LDH: (A) sorption capacity; (B) simulation with the
pseudo-second-order model.

RSC Adv., 2018, 8, 21084–21091 | 21087
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Table 1 Kinetic parameters of iodate onto the LDH, soil and soil-LDH mixture using the pseudo-second order model

Sorbent k2, g mg�1 min�1 Qm, mg g�1 h, mg g�1 min�1 R2

Mg2Al–NO3 LDH 0.00768 153.8 182 0.9999
Soil 0.25307 0.05142 0.000669 0.9499
Soil with 1% LDH 0.03769 1.210 0.0552 0.9998

Fig. 5 Isotherm sorption of IO3
� by soil in the absence and presence

of Mg2Al–NO3 LDH: (A) sorption capacity; (B) stimulated with the
Freundlich model.

Table 2 Isothermal sorption parameters of iodate onto soil with and
without LDHa

Sorbent

Freundlich parameters

KF*/KF, soilKF, L kg�1 n R2

Soil 4.7402 1.61 0.7616
LDH 21 380 3.38 0.8864 4510
Soil with 0.66% LDH 13.086 1.64 0.9845 2.761
Soil with 1% LDH 26.363 1.60 0.9730 5.562
Soil with 1.33% LDH 135.55 2.64 0.9900 28.60

a KF*: Freundlich isothermal sorption parameter of iodate for LDH and
soil mixed with LDH, KF, soil: Freundlich isothermal sorption parameter
of iodate for soil.
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and follows the range of 25–70 mg kg�1 reported in the litera-
ture.16,18,43 The Mg2–Al–NO3 LDH showed an enormous
maximum sorption capacity, up to 154.2 mg g�1, which is more
than 2600 times higher than that of the soil. Therefore, with the
addition of only 1% of Mg2–Al–NO3 LDH to soil, the sorption
capacity can reach 20 times higher (1187 mg kg�1) than that of
soil.

The pseudo-second-order model has been applied to the
kinetic sorption data shown Fig. 4B. The calculated constants
(k2, Qm, h) as well as the regression coefficients (R2) are listed in
Table 1 and demonstrate that the experimental data t well to
the pseudo-second-order model. It was surprising that the Mg2–
Al–NO3 LDH had the lowest pseudo-second-order rate constant
(k2) of 0.00768 g mg�1 min�1, while the greatest k2 was obtained
in the soil system (0.25307 g mg�1 min�1). This is probably due
to the quite small iodate sorption capacity (Qm, 0.05142 g g

�1) of
soil, which is easily reaches equilibrium. Instead, the initial
sorption rate hmight be a better parameter to reveal the kinetics
of iodate sorption. As seen in Table 1, it's much more reason-
able that the calculated h followed the order: Mg2–Al–NO3 LDH
> soil amended with 1% LDH > soil, with h values of 0.000669,
0.0552, and 182 mg g�1 min�1. Moreover, the values of Qm

calculated from the pseudo-second-order model are very close
to the measured values. The pseudo-second-order model is
based on the assumption that chemisorption is the rate-
limiting step, involving valence forces through the sharing or
exchange of electrons between sorbent and sorbate.41 Therefore,
the observations in this study indicated that the second order
adoption reaction and diffusion process may be the limiting
step.29

Adsorption isotherms were analysed to investigate the
adsorption capacity and affinity of LDH and soil with IO3

� at
different equilibrium concentrations and shown in Fig. 5.
Again, the Mg2–Al–NO3 LDH showed a larger iodate sorption
amount than that of the soil (Fig. 5A). With the increase of the
addition portion of LDH in the soil (0.66% to 1.33%), the
sorption capacity subsequently increased. The isothermal
sorption data of IO3

� onto the soil, Mg2–Al–NO3 LDH, and their
mixtures were plotted and tted well to the Freundlich model
(Fig. 5B). The calculated Freundlich parameters are summa-
rized in Table 2. The Mg2–Al–NO3 LDH demonstrated very high
affinity for IO3

� (KF reaches 21 380 L kg�1), which is much
higher than the ones reported in other studies.9 It is reasonable
to note that the high removal of IO3

� from the aqueous solution
was observed across the initial test concentration range (40–
300 mg L�1) (Fig. S1†). Moreover, the addition of Mg2–Al–NO3

LDH in the soil at a relatively low dosage also exhibited a higher
sorption affinity for IO3

�, compared with the soil (KF value of
21088 | RSC Adv., 2018, 8, 21084–21091
4.74 L kg�1). The KF values were 13.1, 26.4, and 136 L kg�1 for
0.66%, 1%, and 1.33% additions of LDH, respectively.

More importantly, the ratio between the KF values of Mg2–Al–
NO3 LDH and that of the soil (KF*/KF, soil), representing the
This journal is © The Royal Society of Chemistry 2018
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enhancement level of iodate sorption affinity of sorbent as a soil
amendment, was quite large, i.e., 4510 for IO3

�. In our previous
work, biochar was used as an effective soil amendment to
immobilize iodide and iodate in arable land soil, due to the
specic I–C interaction of the iodine anion (I� and IO3

�) with
the aromatic structure of biochar.11,16 Many studies have re-
ported that various LDH types had high affinity for iodine
anions through anion exchange, surface adsorption, and the
reconstruction effect.4,27–29,33,36 Given the high potential immo-
bilization ability of LDH, we applied 0.66%, 1%, and 1.33% of
Mg2–Al–NO3 LDH to immobilize the behaviour of iodate in the
soil system. The results exhibited that the addition of LDH
could signicantly enhance the sorption affinity of soil, with
KF*/KF, soil values of 2.761, 5.562, and 28.60. The retarding
effects of LDH on the transport behaviour of iodate in soil were
further analysed in continuous systems.
Fig. 6 Effects of the Mg2Al–NO3 LDH addition on the IO3
� concen-

tration: (A) instantaneous effluent concentration; (B) accumulated
IO3

� amount; (C) total amount of eluted IO3
�.
3.4 Effects of Mg2–Al–NO3 LDH on the soil immobilization
of IO3

� in the continuous systems

Laboratory column ushing was conducted to evaluate the
performance of Mg2–Al–NO3 LDH in retarding soil IO3

�. The
instantaneous effluent concentration of IO3

� from soil columns
with different Mg2–Al–NO3 LDH additions are plotted in Fig. 6A
versus the elution volume. With an increasing elution volume,
a similar tendency of the effluent iodate concentration was
shared by all the four soil-LDHmixture systems. That is, a sharp
increase of iodate concentration to maximum value in the outlet
is observed, followed a gradual decrease to a relatively low level.
However, the addition of the Mg2–Al–NO3 LDH postponed the
appearance of the effluent peak and sharply decreased the
maximum concentration. Additionally, it can be seen that the
changes had an apparent dependence on the portion of Mg2–Al–
NO3 LDH. For example, the maximum value of effluent iodate
(59 mg L�1) appeared at the volume of 20 mL in soil, while in
soil amended with 1.33% of Mg2–Al–NO3 LDH, it reached
a maximum value of 6.08 mg L�1 at the volume of 110 mL. The
results can be explained by the mass transfer phenomena that
takes place in the column ushing. The added Mg2–Al–NO3

LDH improved the affinity of soil with IO3
� as mentioned above,

which reduced the desorption of IO3
� from the solid matrix.

The eluted amount of IO3
� versus the total amount of IO3

� (m/
m0) were also calculated and are shown in Fig. 6B. Similarly, the
m/m0 values in all systems increased sharply and gradually
decreased to a relatively small level.

Moreover, the total eluted percentage (%) of IO3
� was

calculated using the total eluted amount of IO3
� versus the total

amount of IO3
� (Sm/m0), which is illustrated in Fig. 6C. The

application of Mg2–Al–NO3 LDH signicantly retarded the
mobility of iodate in soil. The eluted percentage of IO3

� reduced
with the increase of addedMg2–Al–NO3 LDH, from 43.5% in soil
to 21.0%, 16.4%, and 12.9% for 0.66%, 1%, and 1.33% LDH
additions, respectively. Additionally, the increase in elution
volume (or time) of treated solution to reach a stable maximum
was also observed when the LDH addition increased. For
instance, it only needs a 60 mL solution to wash out more than
40% of the IO3

� in the soil system; however, more than 110 mL
This journal is © The Royal Society of Chemistry 2018
of solution is needed to achieve the ushing plateau with the
addition of 1% Mg2–Al–NO3 LDH. Soil was considered a weak
matrix to maintain iodine species such as iodide and
iodate.12,16–18 In the literature, many materials have been syn-
thetized to capture these mobile compounds from aqueous
solutions.16,22–28 However, the efficiencies of these excellent
materials should be further examined in soil due to the inter-
ferences of variables in real world applications.27 For example,
affinity parameters were obtained ranged from 363 to 2240 L
kg�1 by Co–Cr and Ni–Cr hydrotalcite,9 and 600 to 900 L kg�1 by
microporous acetyl cellulose membrane.4 The efficiency in the
column study was comparable to that obtained in the batch
experiments, without obvious adverse effects by the soil vari-
ables, such as coexisting ions and soil pH. The results indicated
that Mg2–Al–NO3 LDH could potentially be applied to effectively
immobilize iodate in soil.
RSC Adv., 2018, 8, 21084–21091 | 21089
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4. Conclusions

The Mg2–Al–NO3 LDH has been successfully synthesized and
applied to immobilize iodate in soil in both the batch and
column systems. The Mg2–Al–NO3 LDH demonstrated a strong
affinity for IO3

�, with a high removal efficiency of 57.0% and
a sorption capacity of 149 528 mg kg�1. The cation ratio (Mg : Al
in this study) was an important factor inuencing the iodate
sorption capacity. The capacities were 106 882 and 73 414.3 mg
kg�1 for the 3 : 1 and 4 : 1 Mg–Al–NO3 LDH samples, respec-
tively, which was much lower than that of the 2 : 1 LDH. The
addition of Mg2–Al–NO3 LDH in soil with different portions
resulted in signicant retention of IO3

� in both the batch and
column experiments. For example, the affinity parameter KF of
soil with 1.33% Mg2–Al–NO3 LDH added was 136 L kg�1, which
was 28.6 times higher than soil without an LDH addition.
Moreover, the eluted iodate percentage was only 12.9% in the
soil column with the 1.33%Mg2–Al–NO3 LDH addition, whereas
almost 43.5% iodate was washed out in the soil column without
LDH addition. The results suggested that LDH could effectively
immobilize iodate in soil without obvious interference by
coexist ions.
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16 D. Zhang, L. Lu, T. Lü, M. Jin, J. Lin, X. Liu and H. Zhao,
Application of a rice husk-derived biochar in soil
immobilization of iodide (I�) and iodate (IO3

�), J. Environ.
Radioact., 2018, 18, 1540–1547.
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S. Bulbulian, Sorption of 131I� by hydrotalcites, J.
Radioanal. Nucl. Chem., 1997, 221, 63–66.

31 L. Linag and L. Li, Adsorption behavior of calcined layered
double hydroxides towards removal of iodide
contaminants, J. Radioanal. Nucl. Chem., 2006, 273, 221–226.

32 T. Toraishi, S. Nagasaki and S. Tanaka, Adsorption behavior
of IO3

� by CO3
2� and NO3

�-hydrotalcite, Appl. Clay Sci.,
2002, 22, 17–23.
This journal is © The Royal Society of Chemistry 2018
33 F. Theiss, S. Couperthwaite, G. Ayoko and R. Frost, A review
of the removal of anions and oxyanions of the halogen
elements from aqueous solution by layered double
hydroxides, J. Colloid Interface Sci., 2014, 417, 356–368.

34 L. Lv, J. He, M. Wei, D. Evans and X. Duan, Factors
inuencing the removal of uoride from aqueous solution
by calcined Mg–Al–CO3 layered double hydroxides, J.
Hazard. Mater., 2006, 133, 119–128.
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