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Hydroxides

Zian Song

Abstract:
Heavy metal pollution has posed great threats to the ecological environment, food security and human health. To date, 
various approaches have been explored, among which mineralization of heavy metals via layered double hydroxides 
(LDHs) are reported as a promising way to solve the addressed issue. In line with this, the current study attempts to 
the fabrication of two typical MgFe-LDHs containing different intercalated anions (denoted as MgFe-CO3 and MgFe-
NO3) for mineralization of Cd2+. In the experiments, the as-prepared MgFe-NO3 exhibited a high maximum adsorption 
capacity of 444.44 mg/g, which was 2.82 times higher than that of the contrast sample MgFe-CO3 (157.48 mg/g). 
Such difference in adsorption capacity can be attributed to the different mineralization mechanism: For MgFe-NO3, 
the mineralization process was dominated by isomorphous substitution and the CdFe-LDH was the main product, 
while for MgFe-CO3, the formation of CdCO3 can be observed. This work paves a way in treating Cd2+ by MgFe-NO3 
through super-stable mineralization and its further application in the removal of co-existent Cd2+ and AsO4

3- ions can be 
expected.
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Introduction
1.1 The situation of heavy metal pollution in 
the world
Since the 20th century, with the rapid development of 
social economy, the world’s ecological environment 
is facing increasing challenges (Hou et al., 2020). The 
combustion of fossil fuels, the mining of minerals and 
the use of pesticides and fertilizers containing harmful 
heavy metals have caused heavy metal pollution, which 
severely threatens plants, animals and microorganism and 
results in deterioration of ecosystem. Among all types of 
heavy metal pollution, soil pollution has raised particular 
attention worldwide because it has led to serious food 
security problems or even ecological disasters (Borrelli et 
al., 2013). According to the ‘Global Soil Pollution Assess-
ment’ raised by the Food and Agriculture Organization of 
the United Nations (FAO), about 33% of the soils in the 
world are currently degraded due to heavy metal pollution 
(Liu et al., 2023). In 2018, Pérez et al. express their con-
cern that 2.8 million square kilometers of soil in EU are 
potentially contaminated (Pérez & Eugenio, 2018).

1.2 The situation of heavy metal pollution in 
China
In China, the heavy metal pollution is also a prominent 
environmental problem. According to national soil pollu-

tion investigation issued by the Ministry of Environmental 
Protection of China, 16.1% of the soil contains pollutants 
above average, and 82.8% of all pollutants come from 
heavy metals. This results in 12 million tons of contami-
nated grains and a direct loss of 20 billion yuan per year. 
Among all heavy metals, the Cd2+ contamination was the 
most serious, which accounts for 7% of total heavy metal 
pollutions (Yang et al., 2018). Hence, it is extremely ur-
gent to find effective treatment of heavy metals in soil. In 
this regard, chemists have explored various approaches to 
remove heavy metals from the soil including elution, elec-
trochemistry, phytoremediation, mineralization and etc. 
Existing studies show that elution, electrochemistry and 
phytoremediation may have such problems as high cost, 
long treatment cycle, harmful for soil structure and sec-
ond-time contamination. Mineralization turned out to be a 
more reliable, safer and less expensive method (Sun et al., 
2023). Based on these reported findings, the current study 
attempts to investigate the treatment of heavy metals with 
a focus on Cd2+ by applying mineralization methods.

1.3 The purpose of this study
Literature shows that layered double hydroxides (LDHs) 
have been demonstrated to be able to form very low Ksp, 
showing great potential as a class of mineralizer.  In line 
with this, the current study attempts to carry out exper-
iments to remove Cd2+ in soil by adopting LDHs. The 

ISSN 2959-6157�

1



Dean&Francis

purpose of the study is threefold. Firstly, it intends to 
understand the mineralization mechanism of LDHs-based 
mineralizers by using different intercalated anions of Mg-
Fe-CO3 and MgFe-NO3. Secondly, it aims to optimize the 
mineralization conditions including the maximum adsorp-
tion capacity towards Cd2+, and to investigate the thermo-
dynamics and kinetics of mineralization process. Thirdly, 
it will explore the preliminary super-mineralization of 
LDHs in Cd2+-polluted soil.

1.4 Outline of the paper
In this paper, the first chapter introduces the severe situ-
ation of heavy metal pollution in the world and in China 
in particular as well as the purpose of this study. In the 
second chapter, relevant literature is reviewed. In Chapter 
Three, experiments including materials, synthesis, char-
acterization and performance investigation are presented 
in detail. Chapter Four gives an in-depth account of the 
results and discussions based on the experimental data. In 
the concluding chapter, findings are summarized and fu-
ture study is pointed out.

LITERATURE REVIEW
2.1 Methods of heavy metal pollution treat-
ment
Currently, a wide variety of heavy metal pollution treat-
ment technologies have emerged, which provides solu-
tions from multiple angles to solve the heavy metal pollu-
tion (Xu et al., 2019). However, considering the efficiency, 
operability, cost or energy consumption of the currently 
using technologies, there are still many problems to be 
solved.
2.1.1 Elution

The soil elution is the first used soil treatment technology, 
which commonly involves (1) digging out the contami-
nated soil; (2) screening to remove oversized components 
(3) using eluent to clean, remove contaminants (4) back-
fill the clean soil (Zhao et al., 2019). The elution of soil 
(Lestan et al., 2008) commonly requires large amounts of 
chelating agents and the resultant heavy metal-containing 
washing sewage often leads to the secondary pollution. 
Tsang et al. fabricate an EDDA chelating agent to deal 
with the heavy metals contaminated soil, which shows a 
high extraction efficiency of heavy metal Cu2+, Pb2+ and 
Zn2+ (Beiyuan et al., 2017). However, such large amounts 
of chelating agent would not only increase the cost of 
treatment but also cause a serious decrease in the soil nu-
trient content (Jelusic et al., 2014).
2.1.2 Electrochemistry

The currently used electrochemistry remediation tech-

nology often applies a direct current (DC) in the soil, 
transporting and reducing heavy metals on the negative 
electrode (Xu et al., 2019). The electrochemistry tech-
nologies are only feasible for small volumes of heavily 
polluted shallow soil. Cui et al. report an electrochemistry 
remediation method to build an asymmetrical alternating 
current electrochemistry (AACE) technology, which can 
remove Cu2+, Pb2+ and Cd2+ at initial concentrations from 
100 to 10,000 ppm and enabled recycling of soil washing 
chemicals (Xu et al., 2019). However, considering the 
soil is a poor conductor of electricity and the high cost 
of constructing alternating current electric field, the elec-
trochemistry technology is not suitable for of large-scale 
application.
2.1.3 Phytoremediation

Recently, the phytoremediation emerges as an efficient 
technology in soil treatment (Shen et al., 2022). However, 
the phytoremediation method normally takes long oper-
ation time. Cui et al. carry out the phytoremediation by 
using Solanum nigrum L (Cao et al., 2022). and Medicago 
sativa L., which can achieve the Cd removal (more than 
80%) and PAHs dissipation (more than 90%) in the soil at 
the same time. Although the phytoremediation can effec-
tively reduce costs, but the long operation time (commonly 
over 100 days) makes it only suitable for remote areas. 
Moreover, the heavy metals would accumulate in the 
plants, which may cause the secondary pollution.
2.1.4 In-situ Mineralization

Considering the large area of heavy metal pollution in 
China, it’s difficult to carry out large-scale elution, electro-
chemistry or phytoremediation remediation, and the in-si-
tu mineralization technology possesses the advantages of 
economic efficiency and strong operability, which shows 
great promise for large-scale application. In a typical 
in-situ mineralization process, the mineralizers are used to 
adsorb or precipitate the heavy metals ions and transform 
them into a mineralized state, so as to realize the remedia-
tion of contaminated soil and water (Mao et al., 2022).
To date, a number of mineralization agents have been 
applied for heavy metal removal. For example, attapulg-
ite, zeolite, bentonite and biochar have been used as the 
stabilizers for Cd2+ immobilization (Tack, 2018; Rinklebe, 
2019). However, these materials have to be repeatedly 
used (10–220 t/ha) since their affinity and adsorption ca-
pacity for Cd2+ are very limited. Moreover, accumulation 
of metals, nitrogen and phosphorus can cause further 
damage for the crops and soil. In contrast, the carbonate 
and hydroxides (soda lime) can be used for Cd2+ remov-
al, resulting in the formation of CdCO3 and/or Cd(OH)2. 
However, large amounts (>15 t/ha) and frequent utiliza-

2



Dean&Francis

tion of these mineralization materials are necessary (Ber-
nal, 2014; Chen, 2016) due to relative larger solubility and 
instability of CdCO3 and Cd(OH)2. Moreover, the massive 
use of lime into soil can cause soil compaction, and have 
been rejected in agricultural land in UK. As a result, the 
development of highly efficient, cost effective, and long-
term immobilization ability mineralization materials is 
highly desirable.

2.2 Studies of Layered Double Hydroxides for 
treatment of heavy metal ions
2.2.1 Overview of Layered Double Hydroxides

Layered double hydroxides (LDHs), a class of two-dimen-
sional (2D) layered metal-containing clays, are composed 
of positively charged brucite-like host layers, the interca-
lated guest anions for charge balance, and solvent mole-
cules (Feng et al., 2015). The general chemical formula of 
LDHs is [M(II)1-xM(III)x(OH)2]x

+[Ax/n H2O]x−, where M2+ 
and M3+ represent the divalent and trivalent metal cations 
(such as Mg2+, Ca2+, Ni2+, Cu2+, Zn2+, Al3+, Fe3+, Cr3+, etc.), 
while Ax- denotes the interlayer anion.(Tan et al., 2019) 
More importantly, Duan et al proposed the concept of su-
per-stable mineralization of LDHs towards heavy metals 
for the first time in 2021 (Kong et al., 2021). LDHs can 
be finely tuned from different perspective: (1) the metal 
cations on the laminate of LDHs can be adjusted;(Ning et 
al., 2021) (2) the interlayer anions are able to be regulated 
such as CO3

2-, NO3
-, SO4

2-; organic anions and polyoxo-
metalates etc. (Chang et al., 2020); (3) the abundant -OH 
groups on LDH layers provide ample binding sites(Wright 
et al., 2017). Various functional groups (-SH, -COOH, 
-NH2, etc.) can be introduced either on the LDH laminates 
surface or interlayer spacing (Li et al., 2020). These struc-
tural features endow LDHs to be able to adsorb heavy 
metals by surface adsorption, coordination by interlayer 
anions, and anion exchange etc.
2.2.2 Removal and mineralization of heavy metal ion 
by LDHs

In recent years, LDHs are demonstrated to be effective 
in adsorbing heavy metal ions, which have attracted 
widespread interest of the academic community (Xu et 
al., 2022). For example, Ma and coworkers documented 
that the substitution of CO3

2- with MoS4
2- in MgAl-LDH 

resulted in exceptional removal efficiency for metal ions, 
particularly demonstrating remarkable selectivity for Ag+ 
and Hg2+ (Ma et al., 2016). In another recent study, Kong 
and his team utilized a CaAl-LDH to facilitate the miner-
alization of Cd2+ ions, resulting in the formation of CdAl-
LDH. Impressively, this CdAl-LDH displayed outstanding 
stability during the practical remediation of Cd2+ ions, 
maintaining its effectiveness for a period spanning 3 to 4 

years (Kong et al., 2021).
Moreover, Song et al. reported the use of a CaFe-LDH 
stabilizer capable of super-stable mineralization of Ni2+ 
ions, with a maximum saturation removal capacity of 321 
mg-1 (Chi et al., 2021). Notably, Song et al. firstly demon-
strated the isomorphous substitution of CaFe-LDH during 
the mineralization of Ni2+ by using ex situ X-ray diffrac-
tion and X-ray absorption fine structure (XAFS) charac-
terization.
Given the presence of an abundant -OH groups on the 
primary layers of LDHs, the -OH groups on the LDH sur-
face readily form coordination bonds with heavy metals. 
For instance, in a study conducted by Wu et al., a calcined 
MgZnFe-CO3 (CMZF) adsorbent was employed to effec-
tively remove AsO3

3− and Cd2+, achieving a remarkable 
removal rate of 99.7% (Liu et al., 2019). The X-ray Pho-
toelectron Spectroscopy (XPS) analysis was employed to 
reveal that Cd2+ and AsO4

3− coordinated with -OH sites on 
the LDH laminates after adsorption.
In this study, we choose MgFe-LDH for Cd2+ removal is 
due to the following reasons: (1) For soil in south part of 
China, it is generally lack of Mg2+. As such, the Mg2+ ions 
can be released into soil during the isomorphous substi-
tution of Mg2+ by Cd2+, which is the key for soil nourish-
ment in South part of China; (2) Future study for treat-
ment of AsO4

3- and Cd2+ contaminated soil and water, due 
to the formation of FeAs associated core that is frequently 
observed in nature, it is necessary to design Fe-containing 
LDHs.

2.3 Hypotheses
Based on the discussion above, this study hypotheses:
H1. MgFe-LDH will be successfully prepared by co-pre-
cipitation method and ion exchange method.
H2. The prepared MgFe-LDH will have good adsorption 
properties for Cd2+.
H3. MgFe-NO3 will be isomorphic substitution to form 
CdFe-LDH. MgFe-CO3 will be direct precipitation to 
form CdCO3.

EXPERIMENTAL SECTION
3.1 Material and synthesis
3.1.1 Experimental material

Magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, 
99%, Sigma-Aldrich), ferric nitrate nonahydrate 
(Fe(NO3)3·9H2O, 99%, Sigma-Aldrich), nitric acid (HNO3, 
Sinopharm), sodium carbonate (Na2CO3, 99.8%, Fuchen 
Chemical), sodium hydroxide (NaOH, 96%, Fuchen 
Chemical) and hexamethylenetetramine (HMT, 98%, 
Energy Chemical) were used without any further purifica-
tion.
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3.1.2 Material synthesis

Preparation of MgFe-CO3: The MgFe-CO3 was syn-
thesized by co-precipitation method. Firstly, 1.76 g 
Fe(NO3)3·9H2O and 2.18 g Mg(NO3)2·6H2O were added 
into 25 mL of deionized water to form the solution A. 
Whereas 100 mL aqueous solution of NaOH (4 g) and Na-
2CO3 (10.75 g) was recorded as solution B. At 65°C, solu-
tion A and solution B were injected dropwise into 50 mL 
deionized water under magnetic stirring, and the resulting 
reaction mixture maintained at pH = 10. Then, MgFe-CO3 
powder was obtained after centrifugation, washing and 
drying (60 °C) overnight.
Preparation of MgFe-NO3: The MgFe-NO3 was synthe-
sized by the method of anion-exchange. Firstly, 100 mL 
methanol and 500 mg MgFe-CO3 were mixed and stirred 
under N2 flow (600 mL/min) at room temperature for 3 h. 
Subsequently, a solution of HNO3 and 45 mL methanol 
was added in the above solution drop by drop, and stirred 
for 1 h. The resulting suspension was filtered, washed 
with methanol and vacuum-dried to yield white powder of 
MgFe-NO3.

3.2 Characterization
3.2.1 Characterization technique

Fourier transform infrared (FT-IR), X-ray diffraction 
(XRD), Scanning electron microscopy (SEM), High-res-
olution transmission electron microscopy (HRTEM) and 
Inductively coupled plasma-atomic emission spectroscopy 
(ICP-AES) were carried out to characterize the structure 
of the MgFe-CO3, MgFe-NO3, MgFe-CO3-bulk and their 
mineralization products.
3.2.2 Sample making

The XRD sample was prepared by filling the mold direct-
ly with the powder.
The FT-IR was obtained by using KBr pellet method. 
Firstly, the 2 mg as-synthesized sample was mixed in 200 
mg KBr, the resulting mixture was evenly ground and 
filled into a tableting mold under certain pressure to form 
a transparent slice.
The SEM and HRTEM samples were obtained by ultra-
sonic mixing of ethanol and LDH powder, and then, the 
mixture was dropped on a silicon wafer or microgrid for 
observation after drying.
The ICP-AES samples were prepared by 20 times dilution 
after fixed time (0-60 min) mineralization.
3.2.3 Material characterization

X-ray diffraction (XRD) patterns were carried out by a 
Rigaku XRD-6000 diffractometer (λ of Cu Kα radiation 
= 1.5405 Å). Fourier transform infrared (FT-IR) spectra 
were characterized on a Bruker Vector 22 infrared spec-

trometer. Scanning electron microscopy (SEM) images 
were obtained with a Zeiss Supra 55 SEM, which was 
equipped with an Energy dispersive spectroscopy (EDS) 
detector. High-resolution transmission electron microsco-
py (HRTEM) images were obtained on a JEOL JEM-2010 
transmission electron microscope operating at an acceler-
ation voltage of 200 kV.

3.3 Performance investigation
3.3.1 Kinetic experiment

The adsorption kinetic for Cd2+ was explored using vari-
ous mineralization times (0-60 min) were conducted. For 
each experiment, 50 mg LDH was placed in a 100 mL 
beaker and then 50 mL of an aqueous solution containing 
300 mg/L Cd2+ ions were added, respectively. At specific 
time intervals as displayed in Figure 5A, 1 mL of suspen-
sion was collected and analysed by ICP-AES to determine 
the heavy metal contents. Other processes were the same 
as above. The mineralization capacities at contact time (t) 
and at equilibrium, qt (mg/g) and qe (mg/g), respectively, 
were calculated as displayed below (equations 1-2). The 
percentage removal was calculated following equation 
3. The adsorption kinetics of Cd2+ions on LDHs were 
investigated according to the pseudo-first-order and pseu-
do-second-order kinetics equations (equations 4 and 5).

	 qe =
( )C C Vo e−

m
� (1)

	 qt =
( )C C Vo t−

m
� (2)

	 % removal = 100* ( )C Co t

C
−

0

� (3)

	 log( q q logq te t e− = −)
2.33
k1 � (4)

	
q k q
t t

t

= +
1

2

qe
2 � (5)

C0 and Ct are the initial and equilibrium concentrations 
of Cd2+ ions (mg/L), respectively, and V and m are the 
amounts of solvent (mL) and mass (g) of adsorbent. k1 
and k2 were rate constants for pseudo-first-order and pseu-
do-second-order equations, respectively.
3.3.2 Thermodynamic experiment

Mineralization isotherms for Cd2+ was performed to in-
vestigate the mineralization capacity. The removal perfor-
mances of LDHs were investigated in 100-600 mg/L Cd2+, 
ions solution, respectively. The experiment data were 
fitted by the Langmuir isotherm model (Equation (6)) and 
Freundlich isotherm model (Equation (7)):

	 qe = 1
C k q
+
e L m

k CL e

� (6)
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	 q k Ce F e=
1
n � (7)

where qm and Ce are maximum removal capacity and equi-
librium concentration, kL and kF are Langmuir mineraliza-
tion and Freundlich mineralization constant, respectively. 
And n is the heterogeneity factor.

RESULTS AND DISCUSSION
4.1 Structural and Morphological characteri-
zation of MgFe-LDH

Figure 1 (A) XRD patterns for MgFe-CO3 and MgFe-NO3; (B) FT-IR spectra for MgFe-CO3 
and MgFe-NO3.

Firstly, we fabricated the catalyst of CO3
2-

 intercalated 
MgFe-LDH (denoted as MgFe- CO3) and NO3

- intercalat-
ed MgFe-LDH (denoted as MgFe -NO3) by using co-pre-
cipitation method and ion exchange method, respectively. 
The XRD patterns (Figure 1A) of the as-prepared Mg-
Fe-LDHs (MgFe-CO3 and MgFe-NO3) both exhibited 
the typical LDHs diffraction peaks of (00l) and (110). 
Compared with MgFe-CO3, the (003) and (006) peaks of 
MgFe-NO3 presented a significant shift to lower degree, 
indicating a larger basal spacing originated from the ver-
tical intercalation of NO3

- (Ning et al., 2021). Moreover, 
the Fourier transform-infrared spectrometer (FT-IR) was 
used to further prove the MgFe-CO3 and MgFe-NO3 were 
successfully fabricated. Both of them exhibited char-
acteristic absorption peaks at 3447 cm-1 and 1631 cm-1, 
which can be attributed to -OH group stretching vibration 
of metal hydroxide layers and the deformation vibration 
of the interlaminar water, respectively. Notably, the Mg-
Fe-CO3 exhibited an absorption peak at 1364 cm-1, which 
belonged to asymmetric stretching vibration of at CO3

2-

. By comparison, for MgFe-NO3, the sharper absorption 
peak at 1384 cm-1 can be ascribed to symmetric stretching 
vibrations of NO3

- (Tan et al., 2019).

Figure 2 (A-B) SEM images of MgFe-CO3 
and MgFe-NO3; (C-D) HRTEM images of 

MgFe-CO3 and MgFe-NO3.
The scanning electron microscope (SEM) was employed 
to obtain the morphology of as-prepared catalysts. It 
can be seen from Figure 1A-B that the MgFe-CO3 and 
MgFe-NO3 both exhibited classic layered structure of 
LDHs (Tan et al., 2023). However, the stacking degree 
of laminates in MgFe-NO3 were apparently lower than 
MgFe-CO3, which led to more metal sites in the laminates 
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to be exposed. The corresponding HRTEM images were 
displayed in Figure 1C-D, in which both of the MgFe-CO3 
and MgFe-NO3 showed the lattice spacing of 0.19 nm, 
indicating the (018) facet exposure on the surface of Mg-
Fe-LDH. The above characterizations all demonstrated the 

successful synthesis of MgFe-CO3 and MgFe-NO3.

4.2 Heavy metal mineralization performance 
of MgFe-LDH

Figure 3. XRD patterns of the mineralization product recovered after the removal of Cd2+ 
using (A) MgFe-CO3 and (B) MgFe-NO3 for 0.5, 1, 2, 3, 4. 5 and 6 h, respectively. (Conditions: 

LDHs = 1 g/L, C0 = 300 mg/L, V = 50 mL, 25 °C)
The XRD characterization was performed to explore the 
structural and compositional change of MgFe-CO3 and 
MgFe-NO3 in Cd2+ solution, respectively. As displayed in 
Figure 3A, the characteristic peaks of MgFe-CO3 main-
tained the same as the increase of mineralization time (0-6 
h), indicating the existing of MgFe-CO3 in the mineraliza-
tion products. Interestingly, after 0.5 h of mineralization, 
two new peaks situated at 30.2o and 36.5o appeared and 
increased along with the adsorption time, which can be 
well matched with the (104) and (110) crystal planes of 
CdCO3 (JPCDS cards No. 42-1342).
In contrast, MgFe-NO3 displayed different variation of 

diffraction peaks compared with that of MgFe-CO3 (Figure 
3B). Firstly, the characteristic diffraction peak intensity of 
MgFe-NO3 weakened during the first 1 h of mineraliza-
tion. With the extension of mineralization time, new dif-
fraction peaks appeared and became dominant at 2θ=11.7 o, 
31.6 o and 33.8 o, respectively, which can be corresponding 
to the (002), (110) and (112) basal XRD patterns of Cd-
Fe-LDH (JPCDS cards No. 42-1470). Ultimately, after 6 
h of mineralization, the characteristic peaks of MgFe-NO3 
completely disappeared. Hence, we concluded that Mg-
Fe-NO3 has been completely converted to CdFe-LDH 
after 6 h of mineralization.

Figure 4. FT-IR spectra of the mineralization product recovered after the removal of Cd2+ 
using (A) MgFe-CO3 and (B) MgFe-NO3 for 6 h (conditions: LDHs = 1 g/L, C0 = 300 mg/L, V = 

50 mL, 6 h, 25 °C)
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Furthermore, the precipitates after the mineralization of 
Cd2+ by MgFe-CO3 and MgFe-NO3 for 6 h were subjected 
to FT-IR analysis, respectively (Figure 4A and 4B). As 
was observed, the infrared characteristic peaks of precip-
itates after the mineralization had no obvious shift com-

pared with that of MgFe-CO3 and MgFe-NO3. In addition, 
the stretching vibration at 1364 cm-1 (CO3

2-) and 1384 cm-1 

(NO3
-) remained in position after mineralization, indicat-

ing that there was no obvious change in the types of inter-
layer anions.

Figure 5. SEM images of (A-C) MgFe-CO3, and (D-F) MgFe-NO3 before and after adsorption 
in Cd2+ solution for 0.5h and 6h, respectively.

The morphology change of both MgFe-CO3 and Mg-
Fe-NO3 in the process of mineralization were examined by 
SEM (Figure 5). As shown in Figure 5A, the pristine mor-
phology of MgFe-CO3 showed a flower-like shape with 
a diameter of about 200 nm (Figure 5A). After 0.5 h of 
mineralization, the size of the LDHs sheets did not change 
significantly. Subsequently, it can be clearly observed that 
after 6 h of mineralization, many cubes with diameters of 
about 500 nm appeared on the surface of MgFe-CO3, in-

dicating that a new substance was generated (Figure 5C). 
Combing with the results of XRD, such cubes can be des-
ignated as CdCO3. Interestingly, the sheets of as-prepared 
MgFe-NO3 exhibited an average size of ~ 10 nm (Figure 
5D). With the extension of mineralization time, the diam-
eter of the sheets increased significantly to 200 nm in 0.5 
h. After 6 h, hexagonal nanosheets with diameters of 5 μm 
generated eventually (Figure 5F), which can be attributed 
to the formation of CdFe-LDH.
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Figure 6 HRTEM images of (A-C) MgFe-CO3, and (D-F) MgFe-NO3 before and after 
adsorption in Cd2+ solution for 0.5h and 6h, respectively.

The HRTEM images further proved the mineralization of 
Cd2+ by MgFe-CO3 and MgFe-NO3 went through differ-
ent process from a more microscopic perspective. For the 
MgFe-CO3, only MgFe-LDH lattice fringe can be detected 
at the beginning (Figure 6A). When the removal process 
extended to 0.5h, the 0.24 and 0.25 nm lattice spacing 
were observed, which can be assigned to the exposure of 
(110) and (113) facets of CdCO3 (Figure 6B). Besides, the 
lattice fringe of MgFe-LDH was also existed, indicating 
the incomplete transformation of MgFe-LDH towards 
CdCO3. After 6h mineralization of Cd2+

 (Figure 6C), the 

lattice fringe of MgFe-LDH was not visible, illustrating 
the structure of MgFe-LDH was fully destroyed by the 
formation of CdCO3. For the MgFe-NO3 in Figure 6D-F, 
compared with the initial MgFe-NO3, the lattice fringe of 
CdFe-LDH started to appear after 0.5h mineralization of 
Cd2+. After 6h, the lattice fringe of the large planner sheets 
was totally belonged to CdFe-LDH. The above results 
were in good line with the SEM and XRD tests.

4.3 Heavy metal adsorption performance of 
MgFe-LDH

Figure 7. Mineralization capacity of Cd2+ using (A) MgFe-CO3, and MgFe-NO3 for 6 h, 
removal performance of (B) MgFe-CO3 and MgFe-NO3 in Cd2+ solution with a concentration 

range of 10–1200 ppm (dose=1 g/L, 25 oC, pH=6).
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The removal performance of MgFe-CO3 and MgFe-NO3 
were studied in the same concentration of Cd2+ (dose=1 
g/L, C0=300 mg/L, Figure 7A). As shown in Figure 7A, 
the MgFe-CO3 did not reach the mineralization equilib-
rium after about 50 h, by contrast, MgFe-NO3 showed a 
shorter mineralization equilibrium time of 10 h. More-
over, compared with MgFe-CO3, MgFe-NO3 exhibited a 
higher removal efficiency toward Cd2+, which can reach 
to more than 97% within 10 h, while MgFe-CO3 only 
showed low removal efficiency of 30% after 50 h of min-
eralization. Additionally, the adsorption kinetics of Cd2+ 
ions using MgFe-CO3 and MgFe-NO3 as adsorbents were 
further investigated (Table 1). For MgFe-NO3, t/qt as a 
function of time for Cd2+ was well consistent with the 
pseudo-second-order kinetic model with R2 = 0.9952. In 
contrast, log(qe – qt) as a function of time was not well 
in line with the pseudo-first-order kinetic model (R2 = 
0.9651), indicating that the mineralization process tended 
to be chemisorption rather than physisorption (Kong et 
al., 2021). However, compared with pseudo-second-order 

kinetic model, MgFe-CO3 can be fitted well with pseu-
do-first-order kinetic model(R2 = 0.9970).
To investigate the mineralization capacity of the Mg-
Fe-CO3 and MgFe-NO3, the equilibrium adsorption iso-
therm was carried out in different concertation of Cd2+ 
solution (10 - 1200 mg/L, Figure 7B). The mineralization 
results were fitted by Langmuir and Freundlich models, 
respectively. For both of MgFe-CO3 and MgFe-NO3, the 
R2 value fitted from the Langmuir isotherm model (Table 
2, R2 = 0.9998 and 0.9937) were much higher than that 
of Freundlich isotherm model (R2 = 0.5610 and 0.9297), 
respectively, demonstrating that the Cd2+ adsorbed mono-
layer on both MgFe-CO3 and MgFe-NO3 (Chen et al., 
2021). Meanwhile, the MgFe-NO3 showed an ultra-high 
theoretical maximum saturated adsorption capacity (qm) 
value of 444.44 mg/g fitting based on Langmuir model, 
while that of the MgFe-CO3 was much lower (157.48 mg/
g), illustrating that the Cd2+ adsorption driven by isomor-
phic substitution of MgFe-NO3 was beneficial to the min-
eralization capacity (Kong et al., 2021).

Table 1. Kinetic parameters obtained after applying pseudo-first and second-order kinetics 
equations

Materials
Pseudo-first Order Pseudo-second Order

qe (mg/g) k1 (L/min) R2 qe (mg/g) k2 (g/(mg/min)) R2

MgFe-CO3 63.38 0.04 0.9970 10.60 1.003 0.9675
MgFe-NO3 317.96 0.43 0.9651 194.17 0.008 0.9952

Table 2. The fitting results of Langmuir model and Freundlich model for MgFe-CO3 and 
MgFe-NO3, respectively.

Materials

Langmuir isotherm model Freundlich isotherm model

qm (mg/g) kl

(L/g) R2 n
kf

(mg/g)*(L/
mg)1/n

R2

MgFe-CO3 157.48 -9.39 0.9998 1.96 0.034 0.5610
MgFe-NO3 444.44 0.13 0.9937 2.04 2.24 0.9297

Conclusion
5.1 Summary of findings
To summarize, this study demonstrates the successful 
fabrication of MgFe-NO3 and MgFe-CO3 by using co-pre-
cipitation method and ion exchange method, respectively. 
The as-prepared mineralizer was fully characterized by 
XRD, FT-IR, SEM, and HRTEM. When applied for the 
adsorption of Cd2+ ions in water, it was demonstrated that 
the adsorption process of MgFe-NO3 was in good line 

with the pseudo-second-order adsorption and Langmuir 
adsorption model, whereas the MgFe-CO3 followed pseu-
do-first-order adsorption and Langmuir adsorption model. 
The maximum adsorption capacity can reach 444.44 and 
157.48 mg/g for MgFe-NO3 and MgFe-CO3, respectively. 
Detailed characterization showed that for MgFe-NO3, the 
isomorphous substitution dominated the adsorption pro-
cess, while for MgFe-CO3, the formation of CdCO3 was 
observed.
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5.2 Limitations of the study
Although, some preliminary results on remediation of 
Cd2+ contaminated soil was carried out, systematic inves-
tigation of LDHs application for heavy metals contamina-
tion need to be performed in the future.

5.3 Future study
In the future study, these following areas can be explored. 
(1) In Hunan and Hainan provinces of China, the soil is 
mainly polluted by Cd and As simultaneously. Due to the 
formation of FeAs associated core that is frequently found 
in nature, future work can focus on the use of MgFe-LDH 
for the remediation of co-existence of Cd2+ and AsO4

3- in 
soil, which is significant for ensuring food security; (2) 
Rational design of highly selective LDHs for different 
heavy metal contamination needs to be studied in the next 
step; (3) Regarding the large-scale preparation of LDHs, it 
is necessary to take into consideration the green synthesis 
of LDHs in order to meet with the requirement of practi-
cal application.
EVALUATION
EPQ performance
I have long been interested in chemistry and environ-
ment related things. I was really shocked one day when 
I watched TV news about the seriousness of the soil pol-
lution especially heavy metal pollution in China. When 
I searched the internet, I realized that it is not a problem 
only in China but a worldwide one. I continued to search 
for solutions and found out there are different ways to 
tackle the problem including those in chemistry, which 
seem promising. Therefore, I decided to choose the re-
moval of heavy metal as my EPQ research direction. 
Under the guidance of my supervisor, I started to read 
research papers and I found the most suitable way to deal 
with Cd2+pollution is mineralization by adopting LDHs. 
Hence, I think it is feasible to design a study to remove 
Cd2+ in soil by adopting LDHs.
It is a huge challenge to complete a scientific research 
project by my own and write up a long paper, which I 
have never done before. For the first time, I read many re-
search papers, made a detailed plan, design experiments, 
do the experiments, observe and record the progress of 
each experiment, collect data and do the statistics, ana-
lyzed the results and wrote the paper. This is indeed a long 
and hard process and very challenging in many ways. In 
the face of a large number of professional literatures, I 
was very confused at first. There are a lot of professional 
words and it took a lot of time to look them up at begin-
ning. However, with continuous effort in remembering 
them, I became more skilled in reading journal papers and 
can find the part I need. Then, the experimental part is no 
easy job at all. Doing experiments are fun. However, I do 

not have much experience. Even with the help of my su-
pervisor, I made a lot of mistakes. The process is painful 
but happy. I often had to work for up to 10 hours a day 
and ended up with sore legs. But after seeing the results, 
I felt great and my efforts were paid off. The results kept 
motivating me to enjoy the experiments more. Finally, the 
long thesis required for the EPQ project is an enormous 
task. I have never written a paper of this length, and I lack 
research paper writing training. Fortunately, with the help 
of my thesis supervisor, I revised my paper over and over 
again, and also learned from other people’s articles. Final-
ly, I have a decent academic paper of my own.
This EPQ project not only improved my skills in literature 
collection and a critical review of previous research, but 
also improved my time management skills and persever-
ance in doing research. What’s more, I have learnt from 
the failures and improved my chemistry knowledge and 
experiment skills. Finally, my writing skills and logical 
thinking have been trained.
I have to admit that my paper only studied the removal 
of the heavy metal ions Cd2+ by specific LDH. The lim-
itations are obvious. Systematic investigation of LDHs 
application for heavy metal contamination needs to be 
performed in the future.
The EPQ project allowed me to experience the complete 
process of scientific research for the first time, from topic 
selection to planning, to searching for literature, to doing 
experiments and to paper writing. Not only has it en-
riched my scientific research experience, but also I have 
developed a passion for the topic and chemistry study in 
general. In my future university life, when I encounter a 
scientific research project, I would not be afraid and can 
follow the steps and principles that I learned from this 
EPQ project. I can take advantage of the skills I gained 
from this project and further develop my knowledge and 
skills in research and in study in general.
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Appendix A Gantt Diagram of Time- line
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