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rption performances under off-gas
conditions by bismuth-modified ZnAl-LDH layered
double hydroxide

Trinh Dinh Dinh, ab Dongxiang Zhang*a and Vu Ngoc Tuanc

The effective adsorption of radioactive iodine is greatly desirable, but is still a significant challenge. In this

manuscript, we report the synthesis of a bismuth-modified zinc aluminium layered double hydroxide

(BiZnAl-LDH) via a co-precipitation method for the highly efficient absorption of iodine. Based on the

robust chemical attraction between Bi and I2, BiZnAl-LDH exhibited highly effective iodine capture.

Furthermore, to evaluate BiZnAl-LDH as an effective sorbent, it was characterized via X-ray powder

diffraction (XRD), scanning electron microscopy-energy dispersion spectroscopy (SEM-EDS), and

Fourier-transform infrared spectroscopy (FITR). In addition, to determine the morphology and iodine

adsorption properties of BiZnAl-LDH, several studies were conducted. Through experiments, its

elemental composition and vibration before and after iodine adsorption were analyzed via EDS and X-ray

photoelectron spectroscopy (XPS). During the capture process, I2 is reduced to I� by the intercalated

Bi3+ via chemical adsorption, and the maximum adsorption capacity of BiZnAl-LDH for iodine reached

up to 433 mg g�1, which had a surface area, average pore diameter, and pore volume of 36.259 m2 g�1,

2.374 nm, and 0.128 m3 g�1, respectively. Compared with several previous sorbents for iodine

adsorption, BiZnAl-LDH exhibited an iodine adsorption of approximately two times that of the

commercial Ag-exchange zeolite X, and furthermore BiZnAl-LDH is cost-effective. Thus, the substantial

iodine capture by BiZnAl-LDH indicates that it is a capable sorbent for the effective elimination of

radioactive iodine from reprocessing plant emissions.
1. Introduction

With the speedy development of nuclear energy, the safe
removal of radioactive waste generated in the nuclear fuel cycle
has become an issue of great concern to society.1,2 Isotopes of
radioactive iodine are one type of hazardous radionuclide
produced through the nuclear ssion of 235U.3,4

Among the existing isotopes of iodine, 127I is the most
common and stable one. Also, 127I can be commonly found in
foodstuff, where it is used as an additional nutritional supple-
ment (e.g. iodized salt). Furthermore, considering its applica-
tion potential as an antimicrobial agent, it is also used for
immediate water sterilization in emergency or critical cases.5 In
addition, to reduce the chances of the physical uptake of rarer
radioactive isotopes from the environment, 127I can be used in
large doses. Nevertheless, studies reveal6,7 that this approach is
dangerous in the long term.
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As a result of its application in nuclear industrial energy, the
131I isotope has received considerable attention in recent years.
131I has found successful applications in the medical industry,
where it has become a widely used product for medical imaging
in nuclear medicine and radiation therapy. As a byproduct of
the nuclear energy industry, where it is produced as a result of
the ssion of uranium, its acquisition, and application in
countries that do not use atomic energy is limited. Based on the
comparatively short radioactive half-life of 131I, which is 8 days,
it is considered a major health hazard. In some cases, it has
been found where a nuclear accident occurred within the rst
week.8 On the other hand, the 129I isotope has a long-term
radioactive half-life of over a few million years and is substan-
tially less dense than other isotopes. However, 129I is of signif-
icant interest in several elds and disciplines such as geological
and environmental sciences. To quantitatively measure the
human impact on the atmosphere, 129I can be used as a signif-
icant unit measure, in particular the effect of the nuclear blast
during nuclear bomb testing on the new atmosphere.9

There is a vast body of research primarily focused on the
radioactive waste products from the exhaust stream. Indeed,
there are well-known wet processes designed to trap radioactive
iodine. For example, mercury and alkaline scrubbing have
proven to have highly effective removal capacities, anion
This journal is © The Royal Society of Chemistry 2020
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Table 1 The basic reactions for the formation of iodine compounds,
and the corresponding changes in the Gibbs free energy (DG) at
200 �C calculated using the HSC code.35

Reaction DG (kcal) Spontaneity

Ag + 1/2I2(g) ¼ AgI �16.059 Spontaneous
Bi + 1/2O2(g) + 1/2I2(g) ¼ BiOI �52.428 Spontaneous
Bi + 3/2I2(g) ¼ BiI3 �33.376 Spontaneous
5Bi + 7/2O2(g) + 1/2I2(g) ¼ Bi5O7I �274.993 Spontaneous
5/2Bi2O3 + 1/2I2(g) ¼ Bi5O7I + 1/4O2(g) �5.867 Spontaneous
2Bi2O3 + 2I2(g) ¼ 4BiOI + O2(g) 5.588 Nonspontaneous
Bi2O3 + 3I2(g) ¼ 2BiI3 + 3/2O2(g) 40.898 Nonspontaneous
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exchange resins,10,11 zeolite-based materials,12,13 Ag-based
material,14,15 porous metal–organic frameworks (MOFs),16–19

Cu-based materials,20,21 and in the case of adsorbents for the
adsorption of radioactive I�, activated carbon.22 In addition,
several research groups have studied the depletion potential of
different iodine species containing I� and IO3

� from aqueous
solutions of layered double hydroxides (LDHs).8,9

LDHs are known as anionic clays materials or hydrotalcite-
like compounds, which are coating-stratied clay metals
based on a similar structure to the brucite Mg(OH)2. LDHs also
present a layered structure that carries a net positive charge.
Their exchangeable anions are balanced by the positive charge
constituents of the alternating cation layers in the alternating
regions of LDHs. The common formula of LDHs is character-
ized by M2+

1�yM
3+
y (OH)y+2 (An�)y/n$mH2O where the divalent metal

M2+ is Ni2+, Cu2+, Mg2+ and Zn2+ cation, the trivalent metal M3+

is Ti3+, Al3+, Bi3+ and Fe3+ cation, usually chloride, nitrate or
carbonate is the exchangeable anion and y is usually 0.2 < y <
0.33.23,24 The structure and composition of LDH compounds
have been the focus of considerable research. In addition, the
recent work by Mills et al. based on hydrotalcite LDHs exhibited
an interesting property in terms of composition and nomen-
clature called the reform effect (or remembrance).25 Basic metal
adsorbents have been effectively applied in iodine adsorption.
Moreover, Nenoff and colleagues conducted substantial work
aimed at advancing layered hydrotalcite-like oxides-I-Bi as waste
forms for iodine precipitation. As a result, it was found that the
iodine phase composition in oxides-I-Bi was determined
according to the Bi : I ratio,26,27 and the compounds containing
bismuth showed several important advantages such as the
ability to react with iodine and iodide capture capacity, and
Bi2O3 was also comprehensively investigated for iodine immo-
bilization adsorption.28–30

It was reported that the surface modication of layered
double hydroxide electrodes with an additive, such as Bi, can
enhance the chemical properties of the active materials.31–33

Also, layered double hydroxide materials have been investigated
as additives due their effect on the environment. The main
additives to Al include bismuth and other non-metallic
elements, including other bismuth compounds and Bi2O3.
These bismuth compounds can prove the linkage efficiency
between Bi and the zinc metal matrix.34 Moreover, an Al–Bi
mixed system can allow Bi-phase stabilization and overcome
some of the limitations of Al.

We investigated bismuth for the capture of iodine gas. The
reactions between iodine and bismuth demonstrate the char-
acteristic properties of the gas–solid reaction in the iodine
adsorption process. Table 1 clearly shows the highly exothermic
nature of this reaction and that the iodine adsorption capacity
of Bi is better than that of silver and Bi2O3.

High iodine adsorption efficiency is highly desirable, but
there are still major challenges in long-term iodine storage
requirements for adsorbent materials. Recently, many LDH-
type materials (such as NiTi-LDH and MgAl-LDH) have shown
high iodine adsorption efficiency based on chemical adsorp-
tion. However, the chemical adsorption of iodine is still limited
in an aqueous environment.4,9 Chemical adsorption combined
This journal is © The Royal Society of Chemistry 2020
with physical adsorption on NiTi-Sx-LDH in a humid air envi-
ronment was considered to be an effective method for iodine
adsorption for short-term storage.36

Herein, various LDHs compounds were synthesized and
characterized, where different amounts of Bi were used to
modify the chemical activate characteristics of the LDHs. The
experiments used the strong chemical attractions between
iodine and bismuth in ZnAl LDH modied by Bi absorbents.
Accordingly, BiZnAl-LDH was applied for iodine adsorption and
storage over long periods.

2. Materials and methods
2.1. Materials

Zinc nitrate (Zn(NO3)2$6H2O), sodium hydroxide (NaOH),
aluminum nitrate (Al(NO3)3$9H2O), bismuth nitrate (Bi(NO3)3-
$5H2O), sodium carbonate (Na2CO3), and nitric acid (HNO3)
were purchased from Aladdin (China). All chemicals were used
as received no additional pretreatment or purication.

2.2. Preparation of ZnAl-LDH modied by Bi

The BiZnAl-LDH adsorbent used herein was prepared via
a coprecipitation method, which was previously reported.4 Zinc
nitrate (Zn(NO3)2$6H2O) and aluminum nitrate (Al(NO3)3-
$9H2O) were each dissolved in 200mL deionized water, bismuth
nitrate (Bi(NO3)3$5H2O) was dissolved in concentrated nitric
acid solution before adding water, and mixtures with the
Bi : Zn : Al molar ratios of 0.1 : 3 : 0.9 (B1), 0.2 : 3 : 0.8 (B2),
0.3 : 3 : 0.7 (B3) and 0.4 : 3 : 0.6 (B4) were prepared. Next,
200 mL of mixed solution containing NaOH (0.08 mol) and
Na2CO3 (0.03 mol) were added to the above solution and
vigorously stirred with a pH value of 9.5 at room temperature.
Then, the obtained solution was transferred to a 500 mL two-
necked ask and le to react for 24 h at 90 �C. The mixture
was carefully ltered and washed with ultra-pure water several
times and dried overnight at 60 �C to obtain a white colored
powder. The product BiZnAl-LDH was then collected in a small
glass bottle for further examination and iodine adsorption
experiments.

2.3. Characterization techniques

In this experiment, pH was monitored an IS128 pH-meter. A
NICOLET-IS5 FT-IR spectrometer was used to record Fourier-
RSC Adv., 2020, 10, 14360–14367 | 14361
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transformed infrared spectra (FT-IR) in the wavenumber range
of 400–4000 cm�1. The morphology and energy dispersive X-ray
spectroscopy (EDX) element mapping analysis of the samples
were performed on a scanning electron microscope (SEM, JSM-
7800F) and transmission electron microscope (HRTEM, TEM,
JEOL-LEM-2100F). Powder X-ray diffraction (XRD, Rigaku
Ultima IV) patterns were measured on a DMAX2500 in the 2q
range of 5–80� at a scanning rate of 8� per minute. X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo
ESCALab 250XI. Thermogravimetric analysis (TGA) was per-
formed using an STA 449 F3 thermogravimetry analyzer at
a heating rate of 10 �C min�1 in the temperature range of 25 �C
to 800 �C under an N2 atmosphere.

2.4. Iodine adsorption experiments

To address the feasibility of different adsorbents, one of the key
parameters is their iodine adsorption capacity. Accordingly,
during the adsorption test, the adsorbed mass was measured to
determine the above-mentioned iodine adsorption capacity.
The iodine adsorption experiment was conducted according to
the following procedure.30 Firstly, an excess of 0.2 g I2 was added
the bottom of a serum bottle, and then, a small amount of
around 100 mg of the adsorbent was placed in a conical disc
plate on top of the bottle. The vial was closed and sealed, and
the glass bottle was heated at 75 �C and ambient pressure.
Thereaer (1–2 days), the bottle was cooled to room tempera-
ture, and the iodine capture was estimated by weighing. Aer-
wards, by considering the ratio between the reaction products,
the mass of iodine existing in the adsorbed mass was calcu-
lated. It is worth mentioning that the adsorbed mass was ob-
tained by taking the difference between the sample mass before
the experiment was conducted and that obtained aer. A digital
balance with a specicity of 104 was employed. In addition, to
calculate the adsorbed mass, the nal mass was measured
twice. The amount of iodine existing in the above-mentioned
adsorbed mass was determined by means of analyzing the
reaction products. Additionally, ZnAl-LDH and the commercial
AgX reported by Mnasri et al. were used for comparison. The
iodine adsorption experiments were repeated three times and
the results of the average value (relative standard error less than
5%) were utilized for the data analysis. The iodine adsorption of
BiZnAl-LDH was calculated using formulas (1), and a schematic
of the experimental setup is shown in Fig. 1.
Fig. 1 Schematic of the device for the iodine adsorption experiments
in static air.

14362 | RSC Adv., 2020, 10, 14360–14367
Q

�
mg

g

�
¼ Dm

ms

� 1000 (1)

where Q (mg g�1) is the iodine adsorption,ms is the initial mass,
and Dm is the mass gain of the sorbent.
3. Results and discussion
3.1. Characterization of BiZnAl-LDH

The FT-IR spectra of BiZnAl-LDHwith various molar ratios of Bi/
Zn/Al are shown in Fig. 2a. The small adsorption band at around
3769 cm�1 corresponds to M–OH. The broad band at around
3450 cm�1 is attributed to the interlayer molecules of water and
the OH stretching mode of the layer hydroxyl group. The
adsorption band at 2438 cm�1 is attributed to the carbonate ion
interlayer of water molecule hydrogen bonds in BiZnAl-LDH.
The bands for the C]O and H–O–H asymmetric stretching
appear at 1745 and 1631 cm�1, respectively. Compared with the
CO3

2� in CaCO3 (1430 cm�1), there was a signicant shi in the
absorption peak to 1349 cm�1, indicating a change between
CO3

2� and H2O through the hydrogen bond strength. The
smaller bands in the range of 400–700 cm�1 are due to the LDH
crystal lattice vibrations (Bi–O, Zn–O, and Al–O). The Bi–O
stretching vibration, Zn–O and Al–O stretching vibration hare
assigned to bands at 550 cm�1, 436 cm� 1 and 764 cm�1,
respectively.31,37–39 The Al–O peaks in BiZnAl-LDH are weaker
than that in ZnAl-LDH. In the same way as the atomic radius of
Bi and Al, respectively, they are both of trivalent ions and are not
Fig. 2 (a) FTIR spectra of ZnAl-LDH (B0), Bi0.2ZnAl0.8-LDH (B2),
Bi0.3ZnAl0.7-LDH (B3) and Bi0.4ZnAl0.6-LDH (B4). (b) FTIR spectra of
BiZnAl-LDH (Bi/Zn/Al¼0.4 : 3 : 0.6) before and after adsorption.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images of ZnAl-LDH (a), B2 (b), B3 (c) and B4 (d).

Fig. 5 XRD patterns of ZnAl-LDH, Bi0.2ZnAl0.8-LDH (B2), Bi0.3ZnAl0.7-
LDH (B3) and Bi0.4ZnAl0.6-LDH (B4).
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signicant. The bismuth atoms can exchange with some of the
aluminum atoms in the framework. However, the addition of Bi
did not affect the crystal structure of the substrate, and the FT-
IR spectrum of BiZnAl-LDH shows that Bi was effectively
inserted into the ZnAl-LDH framework.

The FTIR spectrum in Fig. 2b aer the sorption experiment
shows that the I� ion was present in BiZnAl-LDH-I. The strong
bands in the range of 400–700 cm�1 are due to the LDH-iodine
crystal lattice vibrations (BiI3 and I2–ZnAl2O4).

The characteristic SEM images of BiZnAl-LDH with different
Bi/Zn/Al mole ratios and ZnAl-LDH are depicted in Fig. 3. It is
obvious that all three BiZnAl-LDH samples exhibit a layered
hexagonal structure similar to the typical structure of ZnAl-LDH
with the layered hexagonal structure of ZnAl2O4.39 The particle
size and thickness of BiZnAl-LDH is about 200–300 nm and
40 nm, respectively. These results show that the lattice structure
Fig. 4 (a) TEM image, (b) HRTEM image, (c) EDS results and (d) element

This journal is © The Royal Society of Chemistry 2020
of the material was not destroyed aer the addition of the
appropriate amount of Bi.40 Thus, based on the analysis above,
BiZnAl-LDH was successfully synthesized through the co-
precipitation method.39

Furthermore, the layered hexagonal structure of BiZnAl-LDH
was studied via EDS, HRTEM, and TEM, as showed in Fig. 4. The
TEM image in Fig. 4a and HRTEM image in Fig. 4b demonstrate
that BiZnAl-LDH is mostly composed of different diameters of
the hexagonal spherical particles. The typical HRTEM image, as
presented in Fig. 4b, shows the layer structure of BiZnAl-LDH
with d-spacings of 0.23 and 0.24 nm, corresponding to the
different lattice planes of Bi and ZnAl2O4, respectively.41–43

Fig. 4d shows the EDS mapping of a spherical particle, which
was used to determine the composition of the hexagonal
spherical particles of BiZnAl-LDH, conrming the results from
the XPS analysis.

The XRD patterns of the samples are compared in Fig. 5.
According to JCPDS: 48–1023, ZnAl-LDH shows extreme
diffraction peaks located at 2q ¼ 11.98�, 23.84�, 35.06� and
mapping image of BiZnAl-LDH (Bi/Zn/Al¼0.4 : 3 : 0.6).

RSC Adv., 2020, 10, 14360–14367 | 14363
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Fig. 6 TG-TDG curves of BiZnAl-LDH (Bi/Zn/Al¼0.4 : 3 : 0.6) before
(a) and (b), and after adsorption BiZnAl-LDH-I (c).
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60.78�, corresponding to the (003), (006), (009), and (110)
diffraction planes of ZnAl-LDH, respectively. BiZnAl-LDH
exhibited similar diffraction peaks corresponding to the
planes of ZnAl-LDH, and the total volume from the calculated
LDH was greater than 80% of the reaction product. A broader
peak indexed to Bi was discovered in BiZnAl-LDH due to the low
percentage of Bi in BiZnAl-LDH at 2q ¼ 30.46�, which corre-
sponds to the diffraction pattern of Bi (ICDD PDF No. 44-1246).
As the molar ratio of Bi increased, the typical of XRD peaks of Bi
become more intense, especially with the B4 sample, which
showed the maximum intensity. Thus, based on the BiZnAl-
LDH hexagonal structure reported in the literature (JCPDS No.
05-0669), the diffraction peak locations for ZnAl-LDH exhibited
no change. All samples exhibited the characteristic diffraction
peaks of the BiZnAl-LDH material, indicating that the layer
structure of the LDH was not destroyed by the bismuth atoms.39

TG and DTG measurements were performed on the BiZnAl-
LDH sample, and the results are shown in Fig. 6. According to
the TG and DTG results for BiZnAl-LDH, three weight loss
regions were observed. Specically, the region between 40 �C to
200 �C (determined at 169.4 �C in DTG) is attributed to the loss
14364 | RSC Adv., 2020, 10, 14360–14367
of physically adsorbed water, between 200 �C to 600 �C (deter-
mined at 284.6 �C in DTG) is due to the loss of interlayer water
dihydroxylation of the layered structure, and over 500 �C is due
to the decomposition of carbonate, which is consistent with
that for the previously reported ZnAlCO3 LDH.44 Similarly with
LDH, the intrinsic form of dehydration at 40–200 �C (at 60.6 �C
and 158.8 �C in DTG) and LDH layered structure of dihydrox-
ylation distributed between 200 and 600 �C (especially the
volume dropped sharply at 224.3 �C in DTG) can also be iden-
tied in the curves of BiZnAl-LDH.
3.2. Iodine adsorption studies

Aer the sample underwent complete adsorption with crystal
iodine at 75 �C for 24 h, the color of the BiZnAl-LDH changed
from white to dark grey (Fig. 7a and b, respectively). According
to weight of the solid adsorbents before and aer adsorption,
the iodine adsorption capacity of BiZnAl-LDH was calculated to
follow the order of B4 > B3 > B1 > B2 with values of 433, 374, 350,
and 310 mg g�1, respectively. This shows that the adsorption
process of the synthetic materials is mainly chemical adsorp-
tion. Moreover, the pore volume and the corresponding pore
diameter were calculated according to the Barrett–Joyner–
Halenda model (BJH) for B1, B2, B3, and B4 to be 0.044, 0.035,
0.073 and 0.128 cm3 g�1, and 1.191, 1.322, 1.324 and 2.374 nm,
respectively. Thus, the results of the experiment show the main
role of Bi in BiZnAl-LDH. Aer adsorption, the EDS images and
element distribution mapping of BiZnAl-LDH-I (Fig. 6c and d,
respectively) still showed the layered hexagonal structure. There
was a large amount of iodine in the samples, which prelimi-
narily indicated the adsorption of iodine by BiZnAl-LDH, and
the I2 was reduced to I3� between the intercalation layers and I2
was chemically adsorbed on the layered BiZnAl-LDH.35

The functional groups and components of the material
would have changed due to iodine adsorption. Therefore, we
used XPS, XRD, and further characterization methods to further
describe the reaction between BiZnAl-LDH and I2. In Fig. 8, the
XRD patterns of BiZnAl-LDH and BiZnAl-LDH-I show that the
sorbents retained their typical structure aer the iodine
adsorption of hydrotalcite, and the characteristic absorption
peaks of LDH still existed. The location of the peaks shied and
their intensity changed. In Fig. 8, the XRD pattern of BiZnAl-
LDH-I aer iodine adsorption demonstrates a change in the
intensity of the peaks because of the nature of the hydrotalcite
layers of the adsorbed iodine molecules.45,46

In Fig. 8, the XRD pattern of BiZnAl-LDH-I shows similar
diffraction peaks to that of BiZnAl-LDH before iodine adsorp-
tion. Also, the characteristic adsorption peaks of LDH such as
(003), (006), (009), and (110) still existed. However, the position
and intensity of the peaks changed clearly aer iodine adsorp-
tion. This shows that aer iodine adsorption, the basal (d003)
spacing of 0.24 nm in BiZnAl-LDH increased to 0.32 nm in
BiZnAl-LDH-I. This indicates that the iodine exists in BiZnAl-
LDH-I in the form of BiI3, and also clearly shows that the
atoms that compose the ZnAl-LDH crystal such as ZnAl2O4

participate in the iodine adsorption process. Also, the signi-
cant deviations in the intensity, and simultaneous shi in the
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Optical image of BiZnAl-LDH, (b) optical image of BiZnAl-LDH-I, (c) EDS result and (d) element mapping image of BiZnAl-LDH-I.

Fig. 8 XRD patterns of BiZnAl-LDH (1) and BiZnAl-LDH-I (1-iodine).
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position of the peaks in the XRD pattern of BiZnAl-LDH-I are
clearly demonstrated in the charge displacement produced in
the XPS result in Fig. 9b for Bi 4f, Fig. 9c for Zn 2p and Fig. 9d for
I 3d.

The survey XPS spectra (Fig. 9a) of before BiZnAl-LDH and
aer BiZnAl-LDH-I iodine adsorption show the presence of
peaks for Zn 2p, Al 2p, Bi 4f, S 2p, and O 1s. Aer iodine
adsorption, as shown in Fig. 9a, a new peak appeared at
a binding energy of 618.6 eV for the BiZnAl-LDH-I sample,
indicating that iodine was adsorbed. According to the XPS
spectrum of I 3d (Fig. 9d), two peaks of I3� 3d3/2 (at 630.1 eV)
and I3� 3d5/2 (at 618.6 eV) appeared.47,48 Fig. 9b shows that the
peaks of Bi 4f7/2 and Bi 4f5/2 in BiZnAl-LDH at 158.3 eV 163.6 eV
transformed to the peaks of Bi 4f7/2 and Bi 4f5/2 in BiZnAl-LDH-I
at 158.7 eV and 163.9 eV, respectively. However, the peaks of Zn
2p3/2 and Zn 2p1/2 also shied from 1021.1 eV and 1044.2 eV in
BiZnAl-LDH and to 1021.3 eV and 1044.4 eV for BiZnAl-LDH-I,
respectively. In addition, a small volume of Al was also
involved in iodine absorption process, when there is also small
This journal is © The Royal Society of Chemistry 2020
electronic shi from 73.7 eV to 73.9 eV. This can be explained by
the electron adsorption of iodine atoms by the Bi atoms, Zn
atoms and Al atoms. In the I 3d spectrum of BiZnAl-LDH-I, the
peaks of I2 at 618.6 eV and 630.1 eV shied to 619.4 eV and
630.9 eV, respectively, for the molecule of BiI3 containing iodine
atoms, and 619.6 eV for iodine atom in ZnI2.30,49,50

In Fig. 6c, the curve (TGA) of BiZnAl-LDH-I shows three mass
loss region. The rst mass loss in the range of 40 �C to 200 �C is
mainly due to the elimination of some hydration water and
physically adsorbed iodine.36 The secondmass loss (200–350 �C)
is attributed to the further removal of dehydroxylated hydro-
talcite. The third obvious mass loss (350–600 �C) is assigned to
the removal of I� in the metal iodide. Thus, according to the
comparison of the TGA curves of BiZnAl-LDH and BiZnAl-LDH-
I, it can be concluded that the adsorption process is mainly
based on chemical adsorption.4
3.3. Iodine process

The mechanism for the iodine adsorption in the BiZnAl-LDH
system is one of the key factors to consider during the experi-
ment design process. This mechanism essentially consists of
three steps. During the rst step, essentially in the form of BiI3,
the BiZnAl-LDH composite captures iodine. This process is
determined by the reaction described in expression (2) as
follows,

3/2 I2 + Bi ¼ BiI3 (2)

Fig. 10 shows the result of the physical adsorption during the
second step of the aforementioned mechanism for the iodine
adsorption, where a relatively small quantity of iodine exists in
the form of I2 in the BiZnAl-LDH compound. Finally, in the
third step of the mechanism, a considerable quantity of iodine
RSC Adv., 2020, 10, 14360–14367 | 14365
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Fig. 9 (a) XPS survey spectra, (b) Bi 4f, (c) Zn 2p and (d) I 3d of BiZnAl-
LDH (1) and BiZnAl-LDH-I (1-iodine).

Fig. 10 Proposed mechanism of the iodine adsorption reaction on
BiZnAl-LDH.
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is captured due to ZnAl2O4, which is an expected result
considering the chemical doping nature of the reaction involved
in this third and nal of the adsorption mechanism.

4. Conclusion

Herein, we reported the successful synthesis of BiZnAl-LDH
through a co-precipitation method. The phase identity, optical
response, and morphological structure of the hexagonal mate-
rial were systematically characterized by FTIR, BET, SEM-EDS,
XRD, XPS, TEM, HRTEM, and TG-DSC. In addition, the experi-
mental procedures were carried out under the conditions of Bi/
Al ratio of 0.4 : 0.6, for 24 h at 90 �C, and the highest adsorption
capacity of the material was calculated to be about 433 (mg g�1),
which is approximately two times that of the commercial Ag-
exchange zeolite X. Moreover, the surface area, pore volume,
and average pore diameter of the as-synthesized material were
36.259 (m2 g�1), 0.128 (cm3 g�1), and 2.374 (nm), respectively.
Furthermore, the BiZnAl-LDH material presented a hexagonal
shape formed by ZnAl-LDH modied by Bi. Our results showed
that iodine can be captured by mixing with BiZnAl-LDH through
the reaction of bismuth, zinc, and doped ZnAl2O4. Moreover,
our results showed that LDH-modied products of Bi can be
used to adsorb iodine from fuel gas to replace the Ag-exchange
zeolite X.
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