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exchangeable Cd and Pb
immobilization in contaminated soil using Mg/Al
LDH-zeolite as an effective adsorbent†

Van Minh Dang,a Huu Tap Van, *b N. D. Vinh,c Thi Minh Hoa Duong,d Thi Bich Hanh
Nguyen,b Thị Tuyet Nguyen,b Thi Ngoc Ha Tran,b Trung Kien Hoang,b Thị Pha Tran,d

Lan Huong Nguyene and Manh Nhuong Chuf

In the present study, experiments using zeolite and Mg/Al LDH-zeolite for immobilization of Cd and Pb ions

in artificial soil were conducted. The conditions which affect Cd and Pb ion immobilization in soil were

evaluated, namely soil pH (5–7), the mass ratio of adsorbents (1%, 3% and 5%), incubation time (15 days,

30 days and 45 days) and soil moisture (30%, 50% and 70%). The results indicated that the optimal soil

pH, mass ratio of adsorbents, incubation time and soil moisture for immobilization of Cd and Pb ions by

the adsorbent were, respectively, 7.0, 3%, 30 days and 70%. The exchangeable Cd ion content in the

contaminated soil dropped from 22.17 mg kg�1 (87.65%) to 11.03 mg kg�1 (43.48%) and 6.47 mg kg�1

(26.36%) on incubation with zeolite and Mg/Al LDH-zeolite, respectively, while the exchangeable Pb

content fell from 23.28 mg kg�1 (90.02%) to 14.12 mg kg�1 (54.04%) and 9.47 mg kg�1 (35.24%) using

zeolite and Mg/Al LDH-zeolite as absorbents in contaminated soil, respectively. Fe–Mn oxide occluded

(F2), carbonate bound (F3) and organically complexed (F4) were the main forms for immobilization of the

exchangeable Cd and Pb when the zeolite and Mg/Al LDH-zeolite absorbents were separately cultivated

into soil. Precipitation, co-precipitation and electrostatic attraction were the main mechanisms of

exchangeable Cd and Pb immobilization onto the Mg/Al LDH-zeolite to form carbonate metals (CdCO3

and PbCO3). This was due to the surface functional groups of the adsorbent and the presence of Fe and

Al oxyhydroxides, Mn oxides, and Si and O elements in the Mg/Al LDH-zeolite's constituents. The

efficiency of Cd and Pb immobilization by the Mg/Al LDH-zeolite was higher than that by zeolite from

1.5 to 1.6 times. The Mg/Al LDH-zeolite showed an enhanced ability of exchangeable Cd and Pb

immobilization in contaminated soil.
1. Introduction

Heavymetal pollution in agricultural soil is a major threat to the
food chain and human health around the world due to its
penetration into the environment from various anthropogenic
sources, such as ore extraction, the metallurgical industry,
residual fertilizer and pesticide in agriculture, vehicle exhaust,
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tire wear and weathering of buildings.1 The negative impacts of
heavy metal pollution towards the environment and human
health occur through soil–plant–food chain interaction result-
ing in a decrease in biological activities and the quality of
agricultural products.2 Among the heavy metals, both lead (Pb)
and cadmium (Cd) have high toxicities towards human health,
animals, and plants. The previous studies reported the content
of both Cd and Pb was from 3.5 mg kg�1 to 55.1 mg kg�1 and
173.4 mg kg�1 to 2696.3 mg kg�1, respectively, in soils from
purple moor-grass (Molinia caerulea L.) which is located near
the zinc and lead tailings ore landll of Mining & Metallurgy
Enterprise “Bolesław” SA in Bukowno.3 Besides, the presence of
both Cd and Pb, respectively, in contaminated soil was from
12.7 mg kg�1 to 41.9 mg kg�1 and less than 100 mg kg�1 due to
the inuence of emission from Kovohutě Př́ıbram stack in the
Czech Republic.4 The average Pb content was between 10 and
67 mg kg�1 in surface soils around the world.5 The Cd and Pb
content of garden soil in Silesia Province southern Poland was
<2.0–69.9 mg kg�1 and <20.0–2823.9 mg kg�1, respectively.6 In
Vietnam, several areas have been also polluted by both Pb and
RSC Adv., 2021, 11, 17007–17019 | 17007
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Cd, such as heavy metal (Pb, Cd) pollution in agricultural soil in
Dong Mai lead recycling cra village in Hung Yen province7 and
a suburban areas of Hanoi city.8 Consequently, the human
health was threated by food contaminants due to both Cd and
Pb.7 The Pb and Cd content, respectively, was 34.77mg kg�1 and
0.47 mg kg�1 in Chau Khe cra village, Tu Son town, Bac Ninh
province, Vietnam.9 Another report also indicated that the
content of Pb and Cd in outdoor soil samples at Bui Village,
Northern of Vietnam was 76.94 mg kg�1 and 0.35 mg kg�1,
respectively.10 The Cd content was higher in carbonate rock
derived-soil than that in non-karst derived-soil.11 In addition,
Cd and Pb contents in soil samples taken from land nearby
Lang Hich lead and zinc mine in Vietnam were 34 and 2472 mg
kg�1, respectively.12

The Cd is easily accumulated in the food chain because of its
high soluble ability in comparison with other heavy metals.13

Also, the Pb is considered one of the most popular heavy metals
existing in soils, plants and waters with high accumulation
ability. Both heavy metals exist very popular in many soils,
particular in tropical soils.12 Hence, the Cd and Pb immobili-
zation study in soil is extremely necessary.

The previous studies showed that there have been three main
mechanisms, comprising adsorption, precipitation/co-
precipitation, and complexion can be existed for the immobili-
zation of Pb and Cd in soil.14 The Cd and Pb-polluted soil has
oen been remediated by various methods such as soil washing,
soil replacement, phytoremediation, water management and
physical methods.2 Feng et al. (2020) applied the soil washing
method as efficient remediation technique using ethylene
diamine tetra (methylene phosphonic acid) (EDTMP) and poly-
acrylic acid (PAA) for removal of Cd, Pb, and Zn-contaminated
soil.15 Synthetic hydroxyapatite and natural phosphate rock
were investigated to immobilize Cd, Cu, Pb, and Zn from mine
waste soils16 with removal efficiencies from about 84% to 99%.
The trace metals mobility in soil was oen minimized through
precipitation thanks to the fall in solubility, adsorption and
complexes.17 There was an increase in CEC (48.0%), pH (0.08),
and EC (59.4%) and a decrease in soil extractable Cd (42.1%) and
Pb (47.1%) aer adding biocharto soil.18 However, the limitations
of these methods are high treatment cost and difficult in control
of soil effect factors. The in situ stabilization by absorbents can be
considered as the low-cost and eco-friendly method to immobi-
lize the exchangeable Cd and Pb ions in the contaminated soil.
Therefore, adsorption has been used in many studies of heavy
metals stabilization in soil.

Recently, the adsorption was used as inexpensive method for
immobilization of heavy metals in soil. For instance, He et al.
(2013)19 reported that immobilization efficiency of Pb and Cd in
polluted soil by applying nano-hydroxyapatite achieved 72%
and 90%, respectively. Oxalic acid-activated phosphate rocks
was also used to decrease the Pb, Cd and Zn content in polluted
soil.20 Several literatures were also reported that the biochars
were effective adsorbents for immobilization of Pb and Cd in
contaminated soils, such as bamboo and rice straw-derived
biochars,21 non-magnetized and magnetized-originated bio-
chars22 and commercial activated carbon.23 The adsorbents
derived from egg shell and banana stem were applied to
17008 | RSC Adv., 2021, 11, 17007–17019
immobilize Pb, Cd, and Zn in alkaline soil, which showed
signicantly improvement in removal of heavy metals in soil.14

Besides, Pb and Cd in the contaminated soil were also removed
by application of natural materials, such as limestone,24 lignin,
carboxymethyl cellulose, and sodium alginate,25 modied
magnesium silicate stabilizer.1 Nitrilotriacetic acid anhydride-
modied ligno-cellulosic material was also used to remove
Cd(II) and Pb(II) from aqueous solutions with the adsorption
capacities of 143.4 and 303.5 mg g�1,26 respectively. Cd(II)
content in the rice production area of Southern of China was
controlled by wheat straw biochar at a mass ratio of 40 t per ha
during two-year period between 2010 and 2011. The report
showed that biochar can immobilize Cd(II) and meet the
allowable limitation standard of FAO/WHO in rice.27 Heavy
metal-polluted soil was controlled to reduce their phytoavail-
ability, transfer and accumulate in crops by biochar.28,29 Blast
furnace slag, y ash, corncob biochar and phosphate fertilizer
were used to control Pb (400 mg kg�1) in simulated soil. The
report indicated that blast furnace slag and phosphate fertilizer
were factors that could signicantly control Pb in soil.30 Report
of Xu et al. (2018) indicated that 49% of Cd in soil could be
controlled by immobilization in nut-shell biochar.31 Bagasse
biochar was also applied to immobilize 85% and 63% of Cd and
Cr, respectively, in contaminated soil.32 The control of Cd, Pb
and As in the soil from the vegetable eld near the Dangping
tungsten mining area in Ganzhou City, China was observed by
considerably immobilization onto zeolite and biochar.33 Cd(II)
from waterlogged paddy soil in Changsha (Hunan Province,
China) was also controlled by adsorption in wheat straw bio-
char. The report indicated that wheat straw biochar could
immobilize 96% of Cd(II) at pH of 7.0 and initial Cd(II)
concentration of 50 mg L�1.34 Moreover, hydroxyapatite,
bentonite and biochar were applied to control Cd and Pb in the
soil for the crops of pepper and cabbage.35 The report showed
that there was a signicant decrease in bioaccessible Cd and Pb
in pepper and cabbage aer remediation.

Natural zeolites which belong to aluminosilicate mineral
family have been considered the effective adsorbents to
immobilize the contaminants in water and soil due to their high
CEC, abundant existence in nature.36 Many literatures indicated
the potential applications of zeolite for immobilization of heavy
metals in soil. For example, natural zeolite from Gunungkidul
in Indonesia was used to immobilize Cu, Pb, Zn and Cd in soil
with the high stability efficiency. Bentonite, dolomite, natural
zeolite, and manure were applied for the immobilization of Cd,
Pb and Zn in the polluted soil with the drop in Cd, Pb and Zn
availability in soil compared to the control aer two years of
incubation.37 Shi et al., (2013) also reported that exchangeable
Pb content fell in contaminated soil owing to adding zeolite.
Moreover, zeolite was considered as alkaline porous alumino-
silicate with a negative charge corresponding to cation
exchangeable ability.38

In recent, layered double hydroxides (LDHs) have increas-
ingly been attracted in application as an effective adsorbent to
remove pollutants in water due to possessing hydrotalcite-like
structure which contains brucite-like layers. Specially, the
LDHs which are composited with zeolite have been become the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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highly attractive adsorbents to remove the pollutants, including
both cationic and anionic pollutants from water and waste-
water.39 Despite of its advantages, up to now, there have been no
studies which have used Mg/Al layered double hydroxides
composited zeolite (Mg/Al LDH-zeolite) as an adsorbent for
enhancing the immobilization of exchangeable Pb and Cd in
contaminated soil. Therefore, the novelty of this study was
applying Mg/Al layered double hydroxides-composited zeolite
(Mg/Al LDH-zeolite) as the adsorbent for immobilization of
both exchangeable Pb and Cd in soil.

The purpose of this research, therefore, was to investigate
the inuence of various soil conditions for Cd and Pb immo-
bilization using the incubation experiments with natural zeolite
and Mg/Al LDH-zeolite adsorbents. The experiments using the
natural zeolite and the Mg/Al LDH-zeolite were conducted
separately to compare the removal efficiency of Cd and Pb as
well as to choose the best incubation condition for immobili-
zation of Pb and Cd in contaminated soil. Besides, the effect of
various immobilization conditions was also evaluated,
including the content ratios of zeolite or Mg/Al LDH-zeolite and
soil; soil pH, incubation time and soil moisture.
2. Materials and methods
2.1. Materials

2.1.1 Chemicals. Ca(OH)2, Cd(NO3)2, Pb(NO3)2, Na2CO3,
NaOH, K2CrO4, Mg(NO3)2$6H2O, Al(NO3)3$9H2O, Pb(NO3)2, and
HNO3 were purchased fromMerck, Germany. All chemicals had
the purity >99% and were used as received without further
purication.

2.1.2 Preparation of Mg/Al LDH-zeolite. Natural zeolite
used for the experiments with particle size of less than 1 mm
was purchased from Nito Funka Kogyo K. K. Company, Japan.

The Mg/Al LDH-zeolite was synthesized using the co-
precipitation method.40 In a 400 mL beaker, 100 mL of solu-
tion containing 0.01 mol of Al(NO3)3 and 0.02 mol of Mg(NO3)2
was mixed with a certain amount of zeolite which was calcu-
lated according to the LDH/zeolite ratio of 3 : 7 and solution pH
was adjusted to 11 using the 1 M NaOH and 0.5 M Na2CO3
Table 1 Experimental conditions and proceduresa

Experiments

Experimental conditions

pH
Mass ratios of zeolit
or Mg/Al LDH-zeolit

Experiment 1: effect of soil pH 5–7 3
Experiment 2: effect of the mass ratio
between absorbents (zeolite or Mg/Al
LDH-zeolite) and contaminated soil on
immobilization of exchangeable Cd and
Pb

5 1, 3, 5

Experiment 3: effect of incubation time 5 3
Experiment 4: effect of soil moisture 5 3

a In all experiments, the soil samples were collected at the endpoint of in
analyzing.

© 2021 The Author(s). Published by the Royal Society of Chemistry
solution. The mixture was then heated to 80 �C and kept at this
temperature for 4 h. Mg/Al LDHs was formed by the reaction of
Mg2+, Al3+, OH�, and CO3

2� ions. Aerwards, the obtained solid
was separated from the liquid using lter membrane, washed,
dried and stored in plastic bags. This solid was the Mg/Al LDH-
zeolite adsorbent.

2.1.3 Preparation of soil sample. A fresh soil was collected
from the top soil layer (0–50 cm) of the hill at natural land area
without any agricultural cultivation at the Thai Nguyen
University, Thai Nguyen Province, VietNam. The soil sample
was then air-dried for 7 days before pulverizing to a size of less
than 2 mm. Following that, the dried soil samples were arti-
cially contaminated by mixing the air-dried soil with stock
metal solution containing both 50 mg Cd2+ and 50 mg Pb2+ per
kilogram of soil. The stock metal salt solution was prepared by
dissolving Cd(NO3)2 and Pb(NO3)2 with deionized water
(1000 mg L�1). And the soil moisture was kept constant at 70%
in sealed plastic pot without opened during experimental time.
2.2. Immobilization experiments of Cd and Pb in soil

The immobilization experiments of Cd and Pb were carried out
separately and parallel using both natural zeolite and Mg/Al
LDH-zeolite to compare the removal effectiveness of Cd and
Pb from contaminated soils. Four experiment series were con-
ducted to investigate the inuence of soil pH, the mass ratio of
absorbents (zeolite or Mg/Al LDH-zeolite) with Cd and Pb in
contaminated soil, incubation time and soil moisture onto
immobilization of the exchangeable Cd and Pb in soil. All
treatments were done in triplicate. The controls (articial Cd
and Pb contaminated soil without treating with absorbents)
were parallel used in all experiments to compare the adsorption
efficiency of both applied adsorbents between articial
contaminated and pristine soil samples. Each treatment with
50 g soil which was contaminated with the mixture of Cd and Pb
and zeolite or Mg/Al LDH-zeolite was separately put in plastic
pot with inner diameter, height and wide of 5.0 cm, 18.0 cm,
and 5.0 cm, respectively. The experiments are described in
detail as in Table 1.
e
e (% w/w)

Soil moisture
(%)

Incubation time
(days)

Room temperature
(�C)

70 30 25 � 2
70 30 25 � 2

70 15, 30, 45 25 � 2
30, 50, 70 30 25 � 2

cubation period. The samples then were dried at 100 �C for 24 h before

RSC Adv., 2021, 11, 17007–17019 | 17009



Table 2 Sequential extraction procedure for determination of Pb and Cd in 1 g of the soil sample

Fraction Phase Reagent Shaking time

F1 Exchangeable 1 M NH4OAc at pH 7 2 h at 25 �C
F2 Fe–Mn oxide occlude 1 M NH4OAc at pH 5 2 h at 25 �C
F3 Carbonate bound 0.04 M NH2OH–HCl in 25% HOAc 6 h at 60 �C
F4 Organically complexed 30% H2O2 at pH 2 in a water bath 5.5 h at 80 �C
F5 Residual 3.2 M NH4OAc in 20% HNO3 0.5 h at 25 �C

RSC Advances Paper
2.3. Analysis

The soil pH and electrical conductivity (EC) were determined
using method developed by Bian et al. (2013)27 and Bian et al.
(2014).41 Organic carbon (OC) in soil and amendments were
measured using the Walkley–Black titration method in which
the OC was oxidized by K2Cr2O7–H2SO4 mixture followed by
back titration of the excessive dichromate content by
(Fe(NH4)2(SO4)

2�$6H2O). Soil texture was analyzed using the
pipette method which was applied to identify proportion of
sand, limon and clay content.42

Total Cd and Pb content contained in the soil and materials
was determined by digestion of soil samples with concentrated
HNO3 and HCl (ratio of 1 : 3). Then the ltered suspension was
used for quantication of exchangeable Cd and Pb content
using atomic absorption spectrophotometer (Hitachi Model Z-
2000, Japan).43,44 Five fraction analyses of Cd and Pb in soil
were conducted by sequential extraction procedure which was
developed by Tessier et al. (1979)45 and modied by Nguyen
et al. (2009).46 This method was also used by Dang et al. (2019).12

Binding and exchangeable forms of heavy metals were deter-
mined using a ve-fold fractionation. Two grams of soil were
placed in a polycarbonate centrifuge tube and the next extrac-
tion procedures were performed sequentially as follows:

- Fraction 1 – F1 (exchangeable Cd and Pb): extraction with
20 mL of 1 M NH4OAc at pH 7 for 2 h at room temperature (25�
2 �C).

- Fraction 2 – F2 (Fe–Mn oxides occluded Cd and Pb):
extraction of the residue from F1 with 20 mL of 1 M NH4OAc at
pH 5 for 2 h at room temperature (25 � 2 �C).

- Fraction 3 – F3 (carbonate-bound Cd and Pb): extraction of
the residue from F2 with 20 mL of 0.04 M NH2OH–HCl in 25%
HOAc for 6 h in a water bath at 60 �C.

- Fraction 4 – F4 (organically complexed Cd and Pb): extrac-
tion of the residue from F3 with 15 mL of 30% H2O2 at pH 2 for
5.5 h in a water bath at 80 �C.
Table 3 Physicochemical properties of the fresh soil and adsorbents

Fresh soil

Sand (%) 55.16 � 1.51 pH 4.71 � 0.3
Limon (%) 23.82 � 1.25 OC (%) 2.03 � 0.01
Clay (%) 21.02 � 1.50 EC (mS cm�1) 27.2 � 6.5
Zeolite
pH 8.2 � 0.3 Cd (mg kg�1) 0.052 � 0.01
EC (mS cm�1) 180 � 1.05 Pb (mg kg�1) 0.42 � 0.03

17010 | RSC Adv., 2021, 11, 17007–17019
- Fraction 5 – F5 (residual Cd and Pb): aer cooling, 5 mL of
3.2 M NH4OAc in 20% HNO3 was added to the residue of F4.
Sample was shaken for 0.5 h, and nally diluted to 20 mL with
distilled water.

Specically, the extraction procedure was summarized in
Table 2.

The content of Pb and Cd in each fraction was measured
using ICP-OMS (Model ULTIMA EXPERT, Horiba, Japan). Total
content of Pb and Cd in the fresh soil was also determined using
ICP-OMS aer the soil samples were digested with the mixture
of concentrated HNO3 and HCl at a ratio of 1 : 3.12

The morphologies of zeolite and Mg/Al LDH-zeolite were
examined using an energy dispersive X-ray spectroscopy
equipped with EDS and SEM system (HITACHI S-4800). The
surface area and the porous structure were determined using
Brunauer–Emmett–Teller (BET – BET, Builder, SSA-4300). The
chemical functional groups were determined by Fourier-
transform infrared spectroscopy (FT-IR, Spectrum Two).

All data were treated using Excel 2020 and SPSS 19.0 so-
ware. Analysis of variance was used to determine the standard
deviation and the signicant difference between the treatments.
The signicant level was dened at p < 0.05.
3. Results and discussion
3.1. Characteristics of the fresh soil and adsorbents

3.1.1 Characteristics of the fresh soil. Table 3 presents the
property data of fresh soil. What stands out from the data in
Table 3 is that the total contents of Cr, Cd, Pb, Ca, Mn and Fe in
soil were very low at 0.42, 0.50, 1.92, 2.72, 1.26 and 4.35mg kg�1,
respectively. The OC content, EC and the soil pH value were
2.03%, 27.2 mS cm�1 and 4.71, respectively. These data proved
that the applied soil in this study was acidic and
uncontaminated.
Cr (mg kg�1) 0.42 � 0.006 Ca (mg kg�1) 2.72 � 0.03
Cd (mg kg�1) 0.50 � 0.002 Mn (mg kg�1) 1.26 � 0.01
Pb (mg kg�1) 1.92 � 0.004 Fe (mg kg�1) 4.35 � 0.04
Mg/Al LDH-zeolite
pH 8.13 � 0.08 Cd (mg kg�1) 0.056 � 0.01
EC (mS cm�1) 172 � 1.03 Pb (mg kg�1) 0.44 � 0.02

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 FTIR spectra of zeolite and Mg/Al LDH-zeolite.

Paper RSC Advances
3.1.2 Physicochemical characteristics of zeolite and Mg/Al
LDH-zeolite adsorbents. The study about physical properties
of zeolite and Mg/Al LDH-zeolite plays an important role for
heavy metals immobilization in soil. The physicochemical
properties of zeolite were characterized by pH (8.2 � 0.3), EC
(180 � 0.05 mS cm�1), Cd (0.052 mg kg�1) and Pb (0.42 mg kg�1)
(Table 3). Also, the physicochemical properties of Mg/Al LDH-
zeolite had no signicantly change compared to the natural
zeolite (Table 3). However, the Mg/Al LDH-zeolite witnessed an
extremely remarkable growth in the BET surface from 26.15 m2

g�1 for zeolite to 252.66 m2 g�1 for Mg/Al LDH-zeolite. While the
pore volume dropped by about half, from 0.25 cm3 g�1 (for
zeolite) to 0.13 cm3 g�1 (for Mg/Al LDH-zeolite). Similarly, the
pore size of zeolite and Mg/Al LDH-zeolite, respectively, was
38.36 nm and 12.31 nm (Table 3). The SEM images of zeolite
and Mg/Al LDH-zeolite are presented in Fig. 1. The SEM images
indicate that the morphology of zeolite had a rod-like structure
(Fig. 1a) while Mg/Al LDH-zeolite had a heterogamous structure
(Fig. 1c). The Mg/Al LDH-zeolite was more heterogamous
structure than that of zeolite thanks to the presence of Mg and
Al during synthesis process. This proved the successful
composite of Mg/Al LDH-zeolite. Furthermore, the successful
composite of the Mg/Al LDH-zeolite material was expressed
more clearly in the EDS spectra data of Mg/Al LDH-zeolite
(Fig. 1d) when was compared to zeolite's EDS data (Fig. 1b).
As can be seen from the Fig. 1b and d, the elements appeared in
zeolite constituent included C (16.86%), O (53.59%), Al (4.68%),
Si (21.42%), K (0.83%), Ca (1.33%) and Fe (1.24%). Whereas,
besides the elements' presence in zeolite constituent, the
proportion of Al in Mg/Al LDH-zeolite increased to 6.22% and
Fig. 1 SEM images of zeolite (a), Mg/Al LDH-zeolite (c); EDS spectra of

© 2021 The Author(s). Published by the Royal Society of Chemistry
there was an appearance of the new elements, including Mg
(10.09%) and Na (1.10%).

The chemical functional groups which were presence on
both zeolite and Mg/Al LDH-zeolite's surface are illustrated in
Fig. 2. From the Fig. 2, it is clear that there was the appearance
of –CH functional groups at peaks of 628, 693, 801 and 860 cm�1

in both zeolite and Mg/Al LDH-zeolite, and the new peak of
553 cm�1 which was appeared in Mg/Al LDH-zeolite indicated
the Al–O stretching mode. The peaks of 1020 and 1215 cm�1

were represented the C–O groups in both zeolite and Mg/Al
LDH-zeolite. The peak at 1369 cm�1 appeared in Mg/Al LDH-
zeolite was also indexed to the C–O group corresponding to
zeolite (b) and Mg/Al LDH-zeolite (d).

RSC Adv., 2021, 11, 17007–17019 | 17011
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the interlayer carbonate group in the carbonate layered double
hydroxides. Moreover, the peak at 1020 cm�1 can be demon-
strated to bending modes of Si–Al framework. Besides, there
was presence of the C]C groups at the peak at 1640 cm�1 in
both zeolite and Mg/Al LDH-zeolite. While the spectrum of Mg/
Al LDH-zeolite illustrated the presence of the hydroxyl group at
peak of 3460 cm�1.
3.2. Effect of soil pH onto immobilization of the
exchangeable Cd and Pb

The soil pH is an important factor that decides the existence
forms of heavy metals in soil. The data in Fig. 3, Tables S1a and
S1b† illustrate the effect of soil pH onto the Cd and Pb immo-
bilization in the contaminated soil aer a 30 days incubation
period with a mixture ratio of 3% of zeolite or Mg/Al LDH-
zeolite. From the data, it can be seen that the content of the
exchangeable Cd and Pb decreased aer 30 days of incubation
with both zeolite or Mg/Al LDH-zeolite at mixture ratio of 3% at
all soil pH values in range from 5 to 7. Conversely, in control
treatment, there was an insignicant change in Cd and Pb
content during the incubation period. The exchangeable Cd and
Pb contents (F1) in the control treatment, respectively, made up
21.96 mg kg�1 (85.36%) and 22.03 mg kg�1 (84.05%) (p# 0.05),
respectively, compared to ve le fraction forms (F2–F5).
However, the F1 forms of Cd and Pb fell with a rise in soil pH
Fig. 3 Effect of soil pH on the immobilization of exchangeable Cd and
moisture of 70% and 50 mg kg�1 of Cd and Pb content.

17012 | RSC Adv., 2021, 11, 17007–17019
from 5 to 7. Overall, the lowest remain contents of the
exchangeable Cd was 12.33 mg kg�1 (48.63%) and 8.57 mg kg�1

(33.11%) (p < 0.05) in incubation with zeolite and Mg/Al LDH-
zeolite, respectively, at soil pH of 7. The exchangeable Pb
content also possessed a similar trend in incubation treatment
by zeolite and Mg/Al LDH-zeolite. The content of exchangeable
Pb reached the lowest at soil pH of 7 with 13.42 mg kg�1

(51.49%) and 8.84 mg kg�1 (33.41%) (p # 0.05) in incubation
with zeolite and Mg/Al LDH-zeolite, respectively. It can easily be
observed that the contents of exchangeable Cd and Pb went
down while the forms of the Fe–Mn oxide occlude (F2),
carbonate bound (F3), organically complexed (F4) went up aer
a 30 days incubation period with both zeolite and Mg/Al LDH-
zeolite. Among these forms, almost Pb content was changed
to carbonate bound (F3) form for the incubation with both
zeolite and Mg/Al LDH-zeolite while almost Cd element existed
in the forms of Fe–Mn oxide occlude (F2) for incubation with
both zeolite and Mg/Al LDH-zeolite. And the second-high exis-
tence form of Cd in soil was organically complexed (F4).

These results showed that nearly all exchangeable Cd and Pb
ions were immobilized in the forms of Fe–Mn oxide, carbonate
bound and organic matters when the zeolite and Mg/Al LDH-
zeolite were supplemented into the contaminated soil. This
proved that the exchangeable Cd and Pb in contaminated soils
can be immobilized well by both zeolite and Mg/Al LDH-zeolite.
Pb into various forms in soil after 30 days incubation period at soil

© 2021 The Author(s). Published by the Royal Society of Chemistry



Table 4 The change of pH and EC values in the treated soil samples after 30 days incubation period at various soil pH valuesa

Treatment

Zeolite Mg/Al LDH-zeolite

pH of day 30 EC of day 30 (mS cm�1) pH of day 30 EC of day 30 (mS cm�1)

Control 5.38 � 0.249 59.00 � 7.81 5.38 � 0.249 59.00 � 7.81
pH 5 5.50 � 0.27 99.33 � 8.50 5.69 � 0.38 103.33 � 5.507
pH 6 6.74 � 0.36 116.00 � 23.43 6.83 � 0.38 124.67 � 12.09
pH 7 7.84 � 0.12 132.00 � 7.03 7.96 � 0.242 152.33 � 15.69

a Treated soils were contaminated soils of exchangeable Cd and Pb which were incubated with zeolite or Mg/Al LDH-zeolite for 30 days. Mean� SD,
n ¼ 3.
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However, the Mg/Al LDH-zeolite had higher capacity in immo-
bilization of both Cd and Pb compared to zeolite. It is may be
due to the higher electrostatic attraction of heavy metal of Mg/Al
LDH-zeolite when was modied from zeolite. There was a slight
growth in soil pH and EC values aer 30 days of incubation with
zeolite and Mg/Al LDH-zeolite compared to the control sample
(Table 4). It might be because of the reduction of the solubility
of Zn and Cd in soil. Besides, the soil organic matters might
enhance the immobilization of Pb and Cd thanks to supple-
mented adsorbents by stimulating organic acid production that
bound heavy metals to the organic matter fraction47 leading to
the transfer of Cd and Pb exchangeable forms to the carbonate
bounds in soil corresponding to the increase in soil pH values48

aer added of zeolite and Mg/Al LDH-zeolite. Moreover, the rise
in soil pH also triggered the drop the content of exchangeable
Cu owing to addition of adsorbents.48 Also, the increase in soil
pH also was because of the metal adsorption onto the surfaces
of zeolite resulting in the formation of insoluble metal
hydroxides.49 Moeen et al, (2020)50 indicated that there was
a high heavy metal immobilization in soil due to a signicant
growth in the soil pH aer the soil was added the zeolite. The
addition of zeolite and Mg/Al LDH-zeolite not only caused the
growth in soil pH but also promoted carbonate precipitation
and oxide formation.51 These results illustrate that both zeolite
and Mg/Al LDH-zeolite can be used to immobilize heavy metals
and improved the pH for the acidic soils as well as the soil
quality. These ndings were agreed with the previous report of
Ok et al., (2011) for immobilization of Pb in contaminated soil
using waste oyster shells and improvement of soil quality.52

The complexion of exchangeable heavy metals with func-
tional groups on the surface of adsorbents can achieve more
highly due to the electrostatic attraction of physical adsorption.
The soil pH was higher, the fraction of Pb in the soil which was
associated with –CO group of zeolite or Mg/Al LDH-zeolite to
form the Pb carbonate bound (F3) was larger.53 Moreover,
soluble Cd and Pb (exchangeable forms) might grow the
precipitation of insoluble minerals in zeolite and Mg/Al LDH-
zeolite triggering the enhancement of Cd and Pb immobiliza-
tion when increasing soil pH.53,54 The forms of Cd and Pb
precipitation as CdCO3 and PbCO3 rose corresponding to
a growth in the soil pH. The Cd and Pb were also changed from
acid-soluble fraction to reducible, oxidizable, and more stabi-
lized residual forms due to their dissolution and precipitation.36
© 2021 The Author(s). Published by the Royal Society of Chemistry
Therefore, the Cd and Pb immobilization was higher at higher
soil pH value. In this study, the soil pH of 7 was used for further
experiments.
3.3. Effect of mass ratio of soil and adsorbent on
immobilization of the exchangeable Cd and Pb

The inuence of mixture mass ratios between zeolite or Mg/Al
LDH-zeolite and soil on Cd and Pb immobilization was inves-
tigated with varying ratios in range of 1%, 3% and 5% (w/w) at
soil moisture of 70%, soil pH of 7.0 and a 30 days incubation
period with 50 mg kg�1 of both exchangeable Cd and Pb
content. The results are presented in Fig. 4, Tables S2a and
S2b.† As is illustrated by data in the Fig. 4, Tables S2a and S2b,†
in comparison with the control treatment, the exchangeable Cd
and Pb contents (F1) plummeted aer a 30 days incubation
period with the mass ratios of zeolite or Mg/Al LDH-zeolite from
1% to 5%. The lowest le exchangeable Cd and Pb contents
were achieved at ratio of 3% and there was a insignicant drop
in exchangeable Cd and Pb contents when the mixture ratio
rose to 5%.

The exchangeable Cd content and percentage fell from
21.41 mg kg�1 (87.31%) (in control sample) to 11.33 mg kg�1

(46.53%), 9.67 mg kg�1 (40.21%) and 9.47 mg kg�1 (37.80%) (p
# 0.05) for the mass ratio of zeolite at 1%, 3% and 5%,
respectively. Meanwhile, with the mass ratio of Mg/Al LDH-
zeolite of 1%, 3% and 5%, the exchangeable Cd content and
percentage dropped to 9.56 mg kg�1 (36.55%), 6.32 mg kg�1

(25.50%) and 6.56 mg kg�1 (26.70%), respectively. The similar
trends were also achieved with the exchangeable Pb content and
percentage at the various mixture mass ratios of both zeolite
and Mg/Al LDH-zeolite. The exchangeable Pb percentage
reached 51.86% (12.91 mg kg�1) and 28.47% (7.11 mg kg�1)
aer incubation at 3% of zeolite and Mg/Al LDH-zeolite,
respectively. These ndings indicated that there was no signif-
icant different at the mixture mass ratios between 3% and 5% of
adsorbents on immobilization of Cd and Pb in contaminated
soil. However, theMg/Al LDH-zeolite had higher efficiency in Cd
and Pb immobilization compared with zeolite from 15% (Cd) to
23% (Pb) at the mass ratio of 3%. Most of exchangeable Cd and
Pb forms were transferred to the forms of Fe–Mn oxide occlude
(F2) and Carbonate bound (F3) aer incubation periods. The
rests were in the forms of organically complexed (F4) and
residual (F5). Similar results were found in previous researches.
RSC Adv., 2021, 11, 17007–17019 | 17013



Fig. 4 Effect of various mixture mass ratios between zeolite or Mg/Al LDH-zeolite and contaminated soil on the immobilization of exchangeable
Cd and Pb into different forms after the 30 days incubation period at soil pH of 7.0 and 50 mg kg�1 of both Cd and Pb content.
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Specically, the Cd, Pb and Zn immobilization in soil reached at
optimal biochar mass ratio of 3% by Dang et al. (2019).12 Ok
et al. (2011)52 also used the 1% and 5% ratios of waste oyster
shells for exchangeable Cd and Pb immobilization in contam-
inated soil with a signicant reduction in Pb (98.9%) and Cd
(69.5%). The similar trend of drop in the exchangeable forms in
soil by using hydrothermal biochar was observer by Zuo et al.
(2016).55 The result showed the lower exchangeable Pb and Cd
forms corresponding with the higher mass ratios of adsorbents.
Besides, the ndings in this study also agreed with the previous
investigation about using the biochars derived from pine cone
and vegetable waste at the application rates of 2.5% and 5% to
immobilize the exchangeable Pb in contaminated soil.56 Zhu
et al. (2020)57 indicated the remain Cd proportion of 29.71%,
31.54%, 30.08%, and 32.57% with supplement of 1%, 2%, 4%,
and 8% of thiourea-modied biochar into the soil for 30 days
incubation period, respectively.

In the present study, there was a signicant decrease in the
exchangeable Cd and Pb formswhen supplementing zeolite orMg/
Al LDH-zeolite into the contaminated soil for 30 days of incubation
but there was no the signicant different at the mixture mass
ratios between 3% and 5% on immobilization of Cd and Pb in
contaminated soil. This can be due to the increase in active sites
on the surface of zeolite or Mg/Al LDH-zeolite when they were
mixed with contaminated soil leading to a growth in the binding
sites for immobilization of Cd and Pb in soil. Finally, these caused
17014 | RSC Adv., 2021, 11, 17007–17019
the drop in exchangeable forms and the rise in the binding sites
for formation of Fe–Mn oxide occlude (F2) and carbonate bound
(F3) forms. However, when the mass ratios of both zeolite andMg/
Al LDH-zeolite were went up to 5%, the capacity of Cd and Pb
immobilization remained steady. Thus, it can draw conclusion
that the absorbents achieved a critical level for immobilization of
metals at the mixture mass ratio of 3% in the tested soil.

3.4. Effect of incubation time on immobilization of the
exchangeable Cd and Pb

To investigate the effect of incubation time onto immobilization
of exchangeable Cd and Pb ions in soil, the absorbents, con-
sisting of both zeolite andMg/Al LDH-zeolite were incubated, in
separate, with the Cd and Pb contaminated soil over a 15, 30
and 45 days period. The control treatment was incubated over
45 days and used to compare to the treatments which were
added zeolite or Mg/Al LDH-zeolite, separately. The articial Cd
and Pb contaminated soils were used at mixture mass ratio of
3% between zeolite or Mg/Al LDH-zeolite and soil (w/w). Tables
S3a, 3b† and Fig. 5 illustrate the remaining Cd and Pb contents
in contaminated soil aer 15, 30 and 45 days of incubation at
soil pH of 7.0, soil moisture of 70% and 50 mg kg�1 of both
exchangeable Cd and Pb. The results indicate that the le
exchangeable Cd and Pb contents in treatments for 15, 30, and
45 days were lower than those of control treatment. The
proportion of exchangeable Cd forms in soil dropped from
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Effect of incubation time on the immobilization of exchangeable Cd and Pb into various forms in contaminated soil treated with mixture
mass ratio of 3% zeolite or Mg/Al LDH-zeolite at soil pH of 7.0 and 50 mg kg�1 of both exchangeable Cd and Pb.
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87.65% (22.17 mg kg�1) in control treatment to 57.67% (14.18 mg
kg�1), 43.48% (11.03 mg kg�1) and 42.51% (10.68 mg kg�1) in
treatments incubated with zeolite and 47.69% (11.17 mg kg�1),
30.43% (7.47 mg kg�1) and 26.36% (6.74 mg kg�1) in treatments
incubated with Mg/Al LDH-zeolite aer 15, 30 and 45 days,
respectively. The proportion of Pb also possessed the similar trend
aer 15, 30 and 45 days of incubation with both zeolite and Mg/Al
LDH-zeolite. Aer 30 days of incubation, the remaining proportion
of Pb was 54.04% (14.12 mg kg�1) and 35.24% (9.47 mg kg�1) in
treatment by zeolite and Mg/Al LDH-zeolite, respectively. There
was no the signicant different in exchangeable Pb and Cd
contents in soil between incubation time of 30 days and 45 days
towards both applied absorbents. However, the immobilization
efficiency of Cd and Pb using Mg/Al LDH-zeolite was higher than
that of the pristine zeolite.

Furthermore, from the Fig. 5, it is clear that the exchange-
able Cd form (F1) was transferred to Fe–Mn oxide occlude (F2)
and carbonate bound (F3) forms aer treated with both zeolite
and Mg/Al LDH-zeolite. Meanwhile, the exchangeable Pb form
(F1) was transferred to the forms of carbonate bound (F3) and
organically complexed (F4) in treatment by zeolite and Fe–Mn
oxide occlude (F2) and carbonate bound (F3) forms in treatment
by Mg/Al LDH-zeolite. The rests were existed in the residual
form (F5). The changes from exchangeable form into more
immobilized forms of metals were much higher during the rst
30 days of incubation. This occurred because there were
© 2021 The Author(s). Published by the Royal Society of Chemistry
abundant active sites on the surfaces of zeolite and Mg/Al LDH-
zeolite during the incubation period of 15 and 30 days. Aer
that, the active sites might be saturated due to the adsorption of
exchangeable Cd and Pb on the surfaces of zeolite and Mg/Al
LDH-zeolite. Therefore, there was no signicant drop when
the incubation time continued rise to 45 days. Igalavithana et al.
(2019)56 also reported that the optimal incubation time of 30 days
and 45 days was applied for Pb immobilization in contaminated
soil by biochars derived from pine cone and vegetable waste. Iqbal
et al. (2016)58 indicated the exchangeable Pb in contaminated soil
decreased aer 28 days of incubation with farm manure. Incuba-
tion time of 30 days was also applied to reduce the exchangeable
Cd content in contaminated soil using thiourea-modied bio-
char.57 The results highlighted that the remaining proportion of
exchangeable Cd was 31.54% aer incubation of 30 days with 3%
of thiourea-modied biochar. Al-Wabel et al. (2015)59 showed there
was no signicant fall in heavy metals (Fe, Mn, Zn, Cd, Cu and Pb)
between the various rates of biochar at 1.0, 3.0 and 5.0% aer the
30 days incubation period.
3.5. Effect of soil moisture on immobilization of the
exchangeable Cd and Pb

Soil moisture is one of the most important factors affected the
mobility of heavy metals in soil. In this study, the experiments
with varying of soil moistures of 30%, 50% and 70% were
RSC Adv., 2021, 11, 17007–17019 | 17015
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conducted to evaluate the effect of soil moisture on the Cd and
Pb immobilization in the contaminated soil aer the 30 days
incubation period with zeolite or Mg/Al LDH-zeolite at soil pH
of 7. The control treatment was performed in separate to
compare the immobilization efficiency of both exchangeable Cd
and Pb ions in soil. The obtained data are presented in Tables
S4a, 4b† and Fig. 6. The results show that aer 30 days incu-
bation period, the proportion of exchangeable Cd and Pb fell
corresponding to the growth in soil moisture from 30% to 50%
and 70% in both contaminated soils treated with zeolite or Mg/
Al LDH-zeolite. There was a slight downward trend in content of
exchangeable Cd and Pb in the treatments with 30% of soil
moisture during incubation period, reached 19.93 mg kg�1

(77.12% Cd) and 20.23 mg kg�1 (77% Pb) (for zeolite) and
18.53 mg kg�1 (70.86% Cd) and 19.15 mg kg�1 (72.57% Pb) (for
Mg/Al LDH-zeolite). Meanwhile, the exchangeable Cd and Pb
content in soil saw a deep drop corresponding with the increase
in soil moisture of 50% and 70%. The remaining content of
exchangeable Cd was 13.45 mg kg�1 (53.80%) and 11.03 mg
kg�1 (43.48%) (for zeolite) and 10.76 mg kg�1 (43.56%) and
6.47 mg kg�1 (26.36%) (for Mg/Al LDH-zeolite) at soil moisture
of 50% and 70%, respectively. The contents of exchangeable Pb
also dropped to 17.06 mg kg�1 (69.01%) and 14.12 mg kg�1

(54.04%) (for zeolite) and 12.45 mg kg�1 (50.31%) and 9.47 mg
Fig. 6 Effect of soil moisture on the immobilization of exchangeable Cd
Mg/Al LDH-zeolite at soil pH of 7.0 and 50 mg kg�1 of exchangeable Cd

17016 | RSC Adv., 2021, 11, 17007–17019
kg�1 (35.24%) (for Mg/Al LDH-zeolite) at soil moisture of 50%
and 70%, respectively, aer 30 days of incubation time.

Besides, Fig. 6 also shows the proportion of exchangeable Cd
and Pb forms in contaminated soil at control and treated with
adsorbents. What stands out from data in Fig. 6 is that there
was a corresponding downward trend in proportions of
exchangeable Cd and Pb forms with the growth in the soil
moisture. The proportion of Cd and Pb in forms of Fe–Mn oxide
occlude (F2) and carbonate bound (F3) rose with a growth in the
soil moisture of 30%, 50% and 70% aer 30 days incubation
period and these transferred proportions were higher in the
treated soils with both adsorbents compared to that in the
control samples. The highest drop in the exchangeable Cd and
Pb content occurred at soil moisture of 70%, reached 43.48%
for Cd and 54.04% for Pb with using zeolite and 26.36% for Cd
and 35.24% for Pb with using Mg/Al LDH-zeolite. However, the
Mg/Al LDH-zeolite possessed the immobilization efficiency of
both Cd and Pb ions more highly than that of nature zeolite
from 1.5 to 1.6 times. These results can be explained that the
immobilization of exchangeable Cd and Pb increased corre-
sponding to the rise in the soil moisture during the incubation
period leading to more crystallization of Fe–Mn oxides forms in
higher soil moisture.60 Therefore, the Cd and Pb immobilization
rose corresponding to the growth in the soil moisture from 30%
and Pb into various forms in contaminated soil treated with zeolite or
and Pb in 30 days incubation period.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to 70%. Besides, it might has more negative charges on the
adsorbents surfaces at higher soil moisture triggering the drop in
the exchangeable heavy metals.60 Under high soil moisture
condition, there was the re-precipitation of hydrous Fe–Mn oxides
with Cd and Pb and transferring into a crystalline form. Therefore,
the proportion of Cd and Pb in forms of Fe–Mn oxide occlude (F2)
increased from the transferred forms and the exchangeable forms.
In summary, the ndings indicate that the modied zeolite (Mg/Al
LDH-zeolite) was the attractive adsorbent for exchangeable Cd and
Pb immobilization in contaminated soil.
3.6. Plausible mechanism discussion of the exchangeable
Cd and Pb immobilization by adsorbents

As can be seen from aforementioned data, almost exchangeable
Cd and Pb forms in the contaminated soil were transferred to
Fe–Mn oxide occlude (F2), carbonate bound (F3) and organically
complexed (F4) forms aer the zeolite or Mg/Al LDH-zeolite was
incubated into soil at the certain time. The heavy metal
immobilization in soil can relate to several main mechanisms.
Firstly, values of pH and EC affected the adsorption capacities
of Cd and Pb ions in contaminated soil. The pH and CEC can be
good indicators to evaluate the adsorption capacities of heavy
metals. In this study, the pH and EC values, respectively, were
8.2 and 180 (for zeolite) and 8.13 and 172 (for Mg/Al LDH-
zeolite) which had signicantly contribution in enhancement
of adsorption capacities of Cd and Pb ions. Secondly, the co-
precipitation process occurred thanks to the presence of both
Fe and Al oxyhydroxides in adsorbents (EDS analysis data
shown in Fig. 1b and d)14,61 which triggered the co-precipitation
of Cd and Pb ions in contaminated soil with Fe and Mn oxides
in zeolite and Mg/Al LDH-zeolite. However, the proportion of Al
in Mg/Al LDH-zeolite was higher than that in zeolite, thus the
immobilization capacity of exchangeable Cd and Pb in
contaminated soil by Mg/Al LDH-zeolite reached more highly
(Fig. 2). The obtained results in this study were analogue with
the previous studies. Specically, the co-precipitation of metals
with Fe and Mn oxides occurring in acid soil due to the mobility
of Fe, Al and Mn.61 The immobilization mechanism of
exchangeable Cd and Pb onto Mg/Al LDH-zeolite also related to
the precipitation in form of carbonate in the interlayer region of
LDH. Moreover, the Mg/Al LDH-zeolite possessed the higher
BET surface area by about 10 times in comparison with the
natural zeolite (26.15 m2 g�1 for zeolite and 252.66 m2 g�1 for Mg/
Al LDH-zeolite) which triggered the much higher immobilization
capacity of Mg/Al LDH-zeolite by pore lling mechanism,
compared to the zeolite. Besides, the higher BET surface area was,
more active adsorption sites on the surface of Mg/Al LDH-zeolite
for attack of Cd and Pb in these sites. Moreover, the structure of
Mg/Al LDH-zeolite was more heterogamous than that of zeolite
leading to higher immobilization efficiency of Cd and Pb ions in
contaminated soil. This nding was in well agreement with the
previous report of important role in complexion on surface of
natural zeolite due to its high specic surface.38

Besides, surface oxygen-containing functional groups,
including carboxyl and hydroxyl groups on materials surface
were responsible for the immobilization of metal ions.62 The
© 2021 The Author(s). Published by the Royal Society of Chemistry
formation of organic matters might be due to combination with
the functional groups of –C]O and –CH on the zeolite and Mg/
Al LDH-zeolite's surfaces (Fig. 2). While the Cd might combined
with –C]O group to form carbonate bound. This can lead to
higher binding ability for Cd and Pb ions based on the
complexation processes. The electrostatic attraction between
carboxylate groups (–C]O) and exchangeable Cd and Pb might
enhance the immobilization capacity of both zeolite and Mg/Al
LDH-zeolite. The carboxylate groups (–C]O) can form the
complexion of Mg–Al–CO3–LDH-zeolite which led to the
enhancement of the Cd and Pb immobilization in form of
CdCO3 and PbCO3 precipitations contributing to the increase in
Fe–Mn oxide-bound Pb and Cd in this study. Therefore, Mg/Al
LDH-zeolite had higher efficiency in exchangeable Cd and Pb
immobilization compared to the pristine zeolite. A similar
phenomenon has also been reported by Sneddon et al. (2006).63

The formation of Pb carbonate was the main controlling phase
in the contaminated soil. The report of Albert et al. (2021)18 also
illustrated that the functional groups of –COOH, –NH2, PO4

�,
and –C]O on the biochar's surface complexed with metal ions
in soil corresponding with a decrease in the bioavailability of
potentially toxic elements.

Another mechanism was that the reaction of metal ions with
SiO2 constituent presence in adsorbents might form both metal
silicides andmetal oxides.64 Si and O elements were appeared in
both zeolite and Mg/Al LDH-zeolite (data in Fig. 1b and d).
Thus, they also contributed to the exchangeable Cd and Pb
immobilization aer the addition of zeolite and Mg/Al LDH-
zeolite into the contaminated soil. A high reactivity of MgO
might be better for Pb immobilization in the short term because
of its rapidly dissolved and hydrated potential.65 Besides, as can
be seen from data in the Fig. 1b and d, the presence of Mg and O
elements in the Mg/Al LDH-zeolite contributed in Cd and Pb
immobilization in contaminated soil that was not happen in the
pristine zeolite.

In summary, the precipitation, co-precipitation, electrostatic
attraction and pore lling were the main mechanisms of
exchangeable Cd and Pb immobilization in contaminated soil
in forms of Fe–Mn oxide occlude (F2), carbonate bound (F3) and
organically complexed (F4) when both zeolite and Mg/Al LDH-
zeolite adsorbents were incubated into contaminated soil. The
Mg/Al LDH-zeolite can be used to enhance the exchangeable Cd
and Pb ions immobilization in the contaminated soil due to pos-
sessing much higher BET surface area and the amount of Mg, Al,
Fe, Si elements compared the pristine zeolite. Furthermore, under
suitable soil environmental conditions, including optimal pH,
moisture, incubation time and mixture mass ration of soil and
absorbents, the absorbents' surface functional groups became
effective in immobilization of heavy metals in soil.

4. Conclusions

The present study was successful in conducting experiments to
investigate the effect of various factors on the exchangeable Cd
and Pb immobilization by incubation of natural zeolite and Mg/
Al LDH-zeolite into the contaminated soil. The results show that
the optimal soil pH, the mixture mass ratio between soil and
RSC Adv., 2021, 11, 17007–17019 | 17017
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adsorbents, incubation time and soil moisture were 7.0, 3%, 30
days and 70%, respectively, for exchangeable Cd and Pb
immobilization using both zeolite and Mg/Al LDH-zeolite. At
these conditions, the highest decrease in the exchangeable
heavy metal forms was 43.48% for Cd and 54.04% for Pb with
using zeolite and 26.36% for Cd and 35.24% for Pb with using
Mg/Al LDH-zeolite. Almost exchangeable Cd and Pb were
transferred into the forms of Fe–Mn oxide occlude (F2),
carbonate bound (F3) and organically complexed (F4) thanks to
the precipitation, co-precipitation and electrostatic attraction
mechanisms. Besides, due to possessing extremely high area
surface, the Mg/Al LDH-zeolite had the much higher Cd and Pb
immobilization efficiency than that of the pristine zeolite by 1.5
to 1.6 times. In conclusion, the Mg/Al LDH-zeolite was low-cost,
high effective and eco-friendly adsorbent which had the
potential in immobilization of the exchangeable heavy metals
in contaminated soil and improved the soil quality, especially
acid soil.
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and R. Zornoza, Geoderma, 2017, 301, 19–29.

29 Z. Shen, Y. Zhang, F. Jin, O. McMillan and A. Al-Tabbaa, Sci.
Total Environ., 2017, 609, 1401–1410.

30 S. X. Liang, X. C. Xi and Y. R. Li, Open Chem., 2020, 18, 911–
917.

31 Y. Xu, B. Seshadri, B. Sarkar, H. Wang, C. Rumpel, D. Sparks,
M. Farrell, T. Hall, X. Yang and N. Bolan, Sci. Total Environ.,
2018, 621, 148–159.

32 S. Bashir, Q. Hussain, M. Akmal, M. Riaz, H. Hu, S. S. Ijaz,
M. Iqbal, S. Abro, S. Mehmood and M. Ahmad, J. Soils
Sediments, 2018, 18, 874–886.

33 X. J. Zheng, M. Chen, J. F. Wang, Y. Liu, Y. Q. Liao and
Y. C. Liu, ACS Omega, 2020, 5, 27374–27382.

34 M. Wu, H. Liu and C. Yang, Int. J. Environ. Res. Publ. Health,
2019, 16, 205–225.

35 D. Zhang, A. Ding, T. Li, X. Wu, Y. Liu and R. Naidu, J. Soils
Sediments, 2021, DOI: 10.1007/s11368-021-02928-9.

36 S. Bashir, M. Shaaban, Q. Hussain, S. Mehmood, J. Zhu,
Q. Fu, O. Aziz and H. Hu, J. Soils Sediments, 2018, 18,
2948–2959.

37 N. O. Vr̂ınceanu, D. M. Motelică, M. Dumitru, I. Calciu,
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