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Abstract

Layered double hydroxides (LDH) show great promise for the remediation of
heavy metals and metalloids in aqueous media and soils. In this study, we
propose a green synthesis approach for LDH utilizing industrial waste
granulated ground blast furnace slag (GGBS) and readily available magnesium
oxide (MgO), and applied these green synthesized LDH for As and Cd
remediation in both water and soil. The synthesized LDH were characterized
via multiple approaches including SEM, HRTEM-EDS, TGA, XRD, and FTIR,
demonstrating that the addition of 20% MgO in the raw materials (LDHb)
substantially improved the stability of LDH compared to LDH synthesized solely
from pure GGBS (LDHa). Batch adsorption experiments were conducted to
evaluate the adsorption efficiency of LDHa and LDHb for Cd(Il) and As(V) under
varying initial solution pH conditions. Results showed that as the pH increased,
calcium leaching remained high while aluminum leaching gradually increased.
The adsorption isotherms and kinetic studies further revealed that LDHp
displayed better adsorption performance for As(V) across different pH
conditions, while both LDH showed a 100% removal rate of Cd(ll) at pH ranging
from 6 to 9. Both LDHa and LDHb exhibited promising immobilization effects on
As and Cd in contaminated soils, with LDHa showing superior stabilization
performance toward As, immobilizing 83.8% of bioavailable As in the farmland

soil and 78.7% in the industrial site soil, compared to LDHb's 54.8% and 50.6%,
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respectively. The findings of this study hold promise for the practical application
of LDH as an efficient and environmentally friendly remediation material for
contaminated water and soils containing toxic metal(loid)s.

Keywords: LDH, Green synthesis, GGBS, Adsorption, Soil remediation.
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1 Introduction

Layered double hydroxides (LDH), also known as anionic clays, are a type of
clay mineral widely present in nature but can also be synthetically prepared
(Guan et al., 2022). They possess a general formula of [M7, M;" (OH)2]*A
v © mH20. LDH consist of stacked layers resembling brucite M?*(OH)2, wherein
a portion of M?* jons are replaced by M** ions, resulting in a positively charged
interlayer (Ye et al., 2022). To maintain charge balance, charge-compensating
anions (A™) are incorporated into the interlayer (Newman et al., 2002; Shen et
al., 2020). Due to their alkaline nature and positively charged layered structure,
LDH have the ability to exchange hazardous anions (Peligro et al., 2016) and
act as acid buffers to precipitate heavy metal cations in aqueous solutions
(Liang et al., 2013; Rojas, 2014). LDH are classified into various categories,
such as Mg/Al-LDH, Ca/Al-LDH, Mg/Fe-LDH, Cu/Al-LDH, among others, with
Mg/Al and Ca/Al LDH being the most common (Tran et al., 2018; Hudcova et
al., 2019; Missau et al., 2021; Yuan et al., 2021).

Despite LDH demonstrating outstanding potential for remediating contaminated
water and soil, the utilization of chemical reagents during the synthesis process
has led to intensive energy consumption and depletion of natural resources
(Wang et al., 2019; Hou et al., 2023). This critical issue has hindered its large-
scale practical application in environmental remediation. Therefore,

synthesizing LDH materials through a green and sustainable approach has
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become imperative (Wang et al., 2022b; Jaworski et al., 2023). In recent years,
with the rise of green and sustainable remediation (GSR), developing new
materials based on industrial solid waste for soil and water remediation has
emerged as a new trend (Wang et al., 2021; Hou, 2022; Wang et al., 2023a).
GSR aims to conserve energy and resources while maximizing both economic
and environmental benefits in material manufacturing and application (Hou,
2021; Jin et al., 2021; Hou, 2023).

Industrial wastes show much promise for the green synthesis of engineered
materials like LDH. Granulated ground blast furnace slag (GGBS), an abundant
byproduct from the ironmaking industry with annual production of several
hundred million tons worldwide, has been widely used as a source of metal
oxides for material production (Siddique and Igbal Khan, 2011; Guo et al., 2019).
GGBS mainly contains alkali earth metals (i.e., calcium and magnesium),
aluminum, and silicon, making it a potential raw material for adsorbents like
porous silica, zeolites, and LDH (Yi et al., 2016; Vollpracht et al., 2018). In this
study, we develop a green synthesis method that converts GGBS into LDH. To
enhance stability and applicability in contaminated water and soil remediation,
we also introduce magnesium oxide (MgQO), derived from low-temperature
calcination of magnesite, as a raw material with GGBS to synthesize CaMg/Al-
LDH. We then investigate the removal efficiency of cadmium (Cd) and arsenic
(As) from aqueous solutions using LDH synthesized under different raw

material compositions. Finally, we explore the stabilization performances of
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LDH for Cd and As in contaminated soils collected from an agricultural field and

an industrial site, respectively.

2 Materials and methods

2.1 Green synthesis of LDH

GGBS and MgO were obtained from WuGang and Wuhan Sanyuan Companies,
China, respectively. The raw materials were ground and sieved with 200 mesh
prior to use. The chemical compositions of GGBS and MgO determined by X-
ray fluorescence (XRF, ARL PERFORM X, Thermo Fisher, USA) were listed in
Table S1. GGBS mainly consists of 49.03 wt% CaO, 26.90 wt% SiOz2, 6.51 wt%
MgO, and 13.17 wt% Al20s3, with the molar ratios of Ca/Al and Mg/Al of 3.39
and 0.63, respectively. Cadmium nitrate (Cd(NOs)2) from Aladdin Industrial
Corporation is of analytical-grade and sodium arsenate heptahydrate

(Na2HAsO4 + 7H20) with purity of >98% was purchased from Sigma-Aldrich.

The LDH were synthesized through the acid-leaching and co-precipitation
method (Fig. 1). (For simplicity, LDH is used to represent the adsorbent as it is
the primary phase, although various impurities may be present). To effectively
extract Ca, Mg, and Al ions from GGBS and MgO while minimizing the presence
of Si, preliminary experiments were conducted to determine the optimal

experimental parameters, such as the concentration of hydrochloric acid in the
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leaching solution, solid-liquid ratio, and leaching temperature. The specific
synthesis steps were as follows: 10 grams of the raw solid materials with
varying mass proportions (refer to Table S2) were dissolved in 200 mL of a 3 M
HCI aqueous solution. The dispersion was mixed using a magnetic hotplate
(HJ-4A, Kexi Instrument Co. Ltd., Changzhou, China) at 600 rpm and 80°C for
4 hours. Subsequently, the mixture underwent vacuum filtration (SHZ-D-III,
Lingke industrial development Co. Ltd., Shanghai, China). Dropwise addition of
a 4 M NaOH solution to the collected filtrate with vigorous stirring was carried
out until the pH of the dispersion stabilized at approximately 11.5. The resulting
slurry was covered and aged at 80°C for 24 hours to facilitate crystallization.
Afterward, the slurry was collected, washed with deionized water, and dried
overnight at approximately 100°C to obtain the primary LDH. Finally, all

samples were sealed in centrifuge tubes and stored in a desiccator.

3M HCI solution 10g GGBS + MgO
N— 4M NaOH solution "
9 ,{-
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Fig. 1. Schematic diagram of the green synthesis procedure of LDH from GGBS

and MgO.
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2.2 Characterization of LDH

To investigate the crystal structure of the samples, X-ray diffraction (XRD)
patterns were obtained using a Rigaku D/max-2500 diffractometer equipped
with Cu Ka radiation (A = 0.15406 nm). The scanning rate was set at 5 °/min,
with a step size of 0.02 ° over the 26 range from 3 ° to 80 °. The morphology
and surface elemental composition of the synthesized materials were examined
using field emission scanning electron microscopy (FE-SEM, SU8010, Hitachi,
Japan) and high resolution transmission electron microscopy (HRTEM, JEM-
2010, JEOL, Japan). The N2 adsorption-desorption isotherms at 77 K were
determined using a Quadasorb SI-MP instrument (USA). Subsequent to
degassing the LDH samples under heating conditions at 373 K for a duration of
11 hours, the specific surface area was computed through the MultiPoint
Brunauer-Emmett-Teller (BET) method within the relative pressure range of
0.10-0.30 on the adsorption-desorption branch. The assessment of pore size
distribution was conducted utilizing the Barrett-Joyner-Halenda (BJH) method
based on the N2 adsorption isotherm. The total pore volume was calculated for
pores with diameters less than a specified value of P/Po, approximately 0.9935.
Thermogravimetric analysis (TGA, Q5000 IR, TA Instruments, USA) was
performed in air, with a heating rate of 10°C/min, over a temperature range of
50°C to 950°C. Fourier transform infrared spectra (FTIR, VERTEX 70, Bruker,
Germany) were obtained using the KBr pellet method to characterize the

functional groups, covering a wavenumber range of 400-4000 cm™. XPS
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spectra of the LDH were performed by an X-ray photoelectron spectroscopy
(250 Xi, Thermofisher, USA) with the monochromatic Al Ka Xray radiation. The
chemical compositions of the synthesized LDH were determined using X-ray
fluorescence (XRF) analysis. Prior to characterization, all samples were dried

at 60°C for 24 hours.

2.3 Adsorption of Cd and As from water

Batch adsorption experiments were conducted at room temperature to
investigate the removal performance of as-synthesized LDH for Cd and As. The
stock solutions of various Cd or As concentrations were prepared by dissolving
predetermined amounts of Cd(NOs)2 and Na2HAsO4 » 7H20 in deionized water
followed by dilution in measuring flasks, respectively. The batch adsorption
studies were conducted in 50 mL plastic centrifuge tubes. For the Cd(ll) solution,
0.01 g of LDH was added to a 40 mL volume, while for the As(V) solution, 0.033
g of LDH was added to a 20 mL volume. This resulted in a solid-liquid ratio of
1:4000 for Cd(Il) and 1:600 for As(V). The adsorption performance of LDHa and
LDHb was examined at varying initial pH levels (Cd: 2-9; As: 2-12). Adsorption
kinetics experiments were conducted for both materials on Cd and As under
specific conditions. The initial pH of the Cd solution was set at 5.3, while the
initial pH of the As solution was set at 8. The initial concentrations of Cd and As

were both maintained at 100 ppm. Samples were collected at regular intervals
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of 10 min, 30 min, 45 min, 1 h, 3 h, 6 h, 24 h, 48 h, and 72 h. In the adsorption
isotherm experiments, the initial pH of the Cd solution was adjusted to 5, and
the initial pH of the As solution was adjusted to 7. The initial concentrations of
Cd and As were varied within the range of 25 ppm, 50 ppm, 100 ppm, 200 ppm,
and 300 ppm. Samples were collected once the adsorption reached equilibrium
for each concentration. After adding the solid material to the aqueous solution,
the centrifuge tube was tightly sealed and placed in a water bath isothermal
shaker, where it was shaken at 200 rpm and maintained at a temperature of
25 °C. Following the oscillation, the slurry was filtered using a 0.22 pm syringe
filter to determine the concentration of Cd and As in the supernatant. This
analysis was performed using an inductively coupled plasma optical emission
spectrometer (ICP-OES, Optima 8000, PerkinEImer, USA). If required, dilution

of the supernatant was carried out using 1% HNOs.

The adsorption capacities of the LDH for Cd(Il) and As(V) were calculated by
the following equation (Eq. (1)):
%4
ge = (Co — Cp)— 1)
m
where g, is solid-phase metal ion concentration at equilibrium (mg g™'), C,
and C, represent the initial and equilibrium liquid-phase metal ion
concentrations (mg L"), respectively. V refers to the solution volume (L), and
m the mass of the solid (g). Details regarding adsorption isotherm and kinetics

modeling can be found in Text S1 of the supplementary information.
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2.4 Immobilization of Cd and As in soil

In this study, we conducted an experiment to immobilize Cd and As in soil
collected from farmland in Southwest China, and soil from an ore processing
site in Southwest China. The soil samples underwent initial drying and sieving
to achieve a particle size smaller than 2 mm. The soils were found to be
enriched with Cd and As (Table 1). The soil pH values were determined
following the procedures outlined in MEE (2018), employing a solid-to-liquid
ratio of 1:2.5. Measurement of soil electrical conductivity (EC) values adhered
to the guidelines of MEE (2016a), utilizing a solid-to-liquid ratio of 1:5. For the
analysis of total concentrations of Cd and As we utilized ICP-MS after
microwave digestion, in accordance with USEPA Method 3051A USEPA (2007).
The total organic carbon content of the soils was measured using a TOC
analyzer (multi N/C 3100, Analytik Jena GmbH, Germany). Furthermore, The
particle size distribution of the soil was determined in the wet mode through a
laser particle size analyzer (LS13320, Beckman Coulter Inc., US). The soll
cation exchange capacity (CEC) was assessed using the hexaamminecobalt(lIl)
chloride method, as per ISO (2018). The results of the tests are shown in Table
1.

Various dosages (1%, 3%, and 5%) of LDH were thoroughly mixed with 10 g of

each soil sample in a dry state. Subsequently, water was added to achieve a
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40% soil moisture content, and the soil samples were incubated in open
containers. Additionally, a control group with 10 g of soil at 40% moisture
content underwent incubation under identical conditions. After incubation
periods of 3, 7, and 14 days, specific amounts of each soil sample were
collected for subsequent analysis. The collected soil samples were then dried,
ground to a size smaller than 0.15 mm, and subjected to soil pH testing (ST3100,
Ohaus, USA). The mobility of Cd and As was assessed by conducting a water
leaching test with a solid-to-liquid ratio of 1:10 (MEE, 2010) and a TCLP
(Toxicity Characteristic Leaching Procedure) leaching test (US EPA, 1992).
Additionally, the bioavailability of contaminants was determined through a DTPA
(Diethylenetriaminepentaacetic Acid) extraction with a solid-to-liquid ratio of 1:2
(MEE, 2016b). Metal(loid) concentrations in the extractant were analyzed using
ICP-MS (7800, Agilent, USA). The respective detection limits for Cd and As
were 0.065 pg/L and 0.16 pg/L. The immobilization rate (IR) and the
bioavailability decrease rate (BDR) were determined using the following
equations (Eq. (2), (3)):

c —Gi
IR = o,water/TCLP i,water/TCLP x 100% (2)

CO,water
0,0TPA — Ci,DTPA

C
BDR = x 100% 3)

Co,pTPA
where ¢o water/rcLp @Nd ¢y prpa represent the concentrations of Cd and As in
water/TCLP and DTPA leachates of the unamended soils; c¢;yater/rcp @nd

c; prpa represent the concentrations of Cd and As in water/TCLP and DTPA

leachates of the amended soils.
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231 Table 1 Soil properties

Property
Agricultural soll Industrial site soil

pH 7.73+0.01 7.49 + 0.01
TOC (g/kg) 24.99 + 0.03 19.17 + 0.03
CEC (cmol/kg) 18.55 + 0.04 15.28 + 0.02
Sand (%) 4.34+0.71 17.75+ 0.71
Silt (%) 72.80 £ 0.10 61.06 + 0.47
Clay (%) 22.86 + 0.63 21.18 + 0.32
Texture Silt loam Silt loam
Total Cd (mg/kg) 13.28 + 0.06 8.18 + 0.34
Total As (mg/kg) 807.78 £5.85 1158.70 + 9.51
Water extractable Cd (mg/kg) 0.033 + 0.002 0.032 + 0.002
Water extractable As (mg/kg) 4.84 + 0.06 7.32+0.10
DTPA extractable Cd (mg/kg) 451 +0.03 2.71+0.03
DTPA extractable As (mg/kg) 1.92+0.02 3.17+0.03
TCLP extractable Cd (mg/kg) 4.66 + 0.01 2.81+0.04
TCLP extractable As (mg/kg) 14.04 £ 0.12 22.43 £0.33

232 @ Mean * standard deviation, n = 3.

233
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2.5 Statistical analyses

The experiments were conducted in triplicates, and the standard errors were
depicted as error bars in the figures. To test the differences among the groups,
one-way analysis of variance (ANOVA) was employed, followed by the Fisher
Least Significant Difference (LSD) test at a significance level of 0.05. Modeling
and plotting were carried out using Origin 2023b software. X-ray diffraction
(XRD) analysis was performed using X'Pert HighScore Plus 2.0. The analysis
of the XPS test data results of the samples was conducted using CasaXPS

2.3.19PR1.0.

3 Results and discussion

3.1 Characteristics of green-synthesized LDH

Table S3 and S4 present the leaching quantities and leaching ratios of the
primary elements (Ca, Mg, Al, Si) in the raw materials after acid leaching, along
with the content and key molar ratios of the main elements in LDH. Upon
comparing the molar ratios of M?* and M®*" in the acid leaching solution with
those observed in the synthesized LDH, a consistent trend emerges, indicating
that the ratio in LDH consistently registers lower values than in the acid leaching
solution. As an illustration, in the transition from the leaching solution of GGBS
to LDHa, the M?* and M®* molar ratio decreases from 3.39 to 2.65. Similarly, for

LDHp, it decreases from 4.82 to 3.57. It is widely acknowledged that a molar



254  ratio of M?* and M*" in LDH exceeding the range of 2 to 4 can lead to heightened
255  structural instability (Cavani et al., 1991; Wang et al., 2009). This observation
256  implies that, in the green synthesis route, the content of AI** in the raw materials
257 s relatively scarce. The utilization efficiency of Al atoms throughout the entire
258 synthesis process facilitates the calculation of LDH yield. Considering each
259  batch of synthesis consumes 10 g of raw material and yields approximately 10
260 g of LDH, the calculated yield stands at approximately 90.9% for LDHa and 91.3%
261  for LDHb. While the utilization efficiency of Al atoms in the synthesis processes
262  of the two LDH is roughly comparable, an intriguing observation emerges: the
263 Cal/Al ratio in LDHb experiences a significant decrease, surpassing the
264  reduction in Ca®" acid leaching concentration as indicated in Table S3. This
265 phenomenon can be attributed to the undersaturation of AI®* in the green
266  synthesis process outlined in this study for LDH, leading to a competitive
267 interaction between Ca?* and Mg?" for APP*. Generally, during the co-
268  precipitation synthesis of LDH, Ca/Al-LDH requires a higher pH of the reaction
269  solution compared to Mg/AI-LDH (Sun et al., 2015; Gabriella Alexandre
270 Borgesa et al.,, 2020; Xu et al., 2020; Zhang et al.,, 2022a). This can be
271  explained by the greater solubility product constant of Ca(OH)2 compared to
272 Mg(OH)z2 (Ksp,calcium hydroxide = 5.02%107 > Ksp,Magnesium hydroxide = 5.51%x107'2) (Lide,
273 2004). The gradual increase in pH during the co-precipitation step, coupled with
274  the condition of AI** undersaturation in the reaction system, triggers a sequence

275 where Mg?" precipitates before Ca?*. This sequence leads to a notable



276  decrease in the Ca/Al ratio in LDH» compared to LDHa.

277

278 The analysis of the N2 adsorption-desorption isotherms reveals that LDH exhibit
279 aType IV curve (Fig. S1), according to the IUPAC classification (IUPAC, 2015),
280  strongly indicating their mesoporous nature. The BJH pore size distribution,
281 calculated from the desorption data and shown in the inset graph of Fig. S1,
282 indicates average pore diameters of 1.94 nm for LDHa and 2.20 nm for LDHp,
283  primarily distributed within the mesoporous range of 1 to 20 nm. Notably, the
284  adsorption isotherms exhibit prominent hysteresis loops at relative pressures
285 (P/Po) ranging from 0.4 to 1.0, suggesting the presence of numerous
286 mesopores formed by the accumulation of LDH nanosheets (Alothman, 2012;
287 He et al., 2015). Due to their porous structure, LDHa and LDH» demonstrate
288  substantial specific surface areas of 39.8 m?g and 32.5 m?/g, respectively
289 (Table 2). This large specific surface area offers advantages in enhancing the
290 reactive area of LDH for heavy metal cations and anions, as well as providing
291 three-dimensional pathways for ion diffusion (Jing et al., 2018).

292 Table 2 Porous structure of LDH.

Specific surface Total pore Average pore
Material
area (m?/g) volume (cm?/g) diameter (nm)
LDHa 39.8 0.250 1.94
LDHob 32.5 0.116 2.20

293
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Scanning Electron Microscope (SEM) and Transmission Electron Microscope
(TEM) images were utilized to characterize the morphology and microstructure
of both the raw material GGBS (Fig. S2) and the synthesized LDH. In Fig. 2(a,
b), the SEM images reveal that despite varying synthesis conditions, the LDH
exhibit individual crystal grains with obtuse boundaries, displaying a stacked
plate-like structure at the micro scale. The lateral size of these plate-like
structures ranges from several nanometers to tens of nanometers, and LDHb's
single-layered crystal appears thicker compared to LDHa. In addition, High-
resolution Transmission Electron Microscope (HRTEM) images (Fig. 2c, Q)
reveal that the synthesized LDH exhibit a morphology distinct from the raw
material GGBS, with both LDH types displaying typical hexagonal and plate-
like characteristics of LDH (Zhou et al., 2018). The crystal plate of LDHb
(approximately 500nm) is larger than that of LDHa (approximately 300nm). This
is consistent with LDHa having a higher specific surface area (39.8 m?/g)
compared to LDHb (32.5 m?/g). Additionally, Energy-dispersive X-ray (EDX)
spectroscopy elemental mapping shows a uniform distribution of Ca (Fig. 2d, h)
and Al (Fig. 2f, j), while Mg is concentrated in specific regions (Fig. 2e, i),
suggesting that Mg is less incorporated into the LDH structure compared to Ca.
The concentrated regions may represent observed particles attached to the
plate-like particles, likely impurities such as Portlandite, Periclase, etc., which
generally have smaller particle sizes than hydrotalcite (Jiang et al., 2019; Zeng

et al., 2022).
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The X-ray diffraction (XRD) patterns of LDH reveal a distinct contrast to the
amorphous state of GGBS (Fig. S4), displaying a characteristic layered double
hydroxide structure (Fig. 2k). The patterns are characterized by sharp
reflections that correspond to the R3m rhombohedral symmetry (Bellotto et al.,
1996; Wang et al., 2009). Specifically, in LDHa, the labeled basal planes (003),
(006), and (009), along with other peaks (such as (010) and (110)), were
identified as hydrocalumite (CasAl2(OH)12(Cl,CO3,0H)2-4H20, PDF#16-0333 &
PDF#31-0245). In LDHb, a slight shift towards larger d-value indicated the
overlapping of reflections from hydrocalumite (002) and hydrotalcite
(MgsAl2(OH)16CO3-4H20, PDF#42-2428) (003). The intensity of the reflection
(e.g., doo3), serving as a measure of crystallinity, revealed that LDH displayed
high crystallinity. Moreover, the doos reflection intensity in LDHa was
considerably lower than in LDHb, suggesting that the introduction of Mg resulted
in @ more ordered crystal lattice structure and may form tighter chemical bonds
with Ca, Al, and interlayer anions, thereby further stabilizing the crystal structure
(Takaki et al., 2016; Jiang et al., 2019; Zhang et al., 2020b). Furthermore, the
presence of only a few weak intensity impurity reflections in the XRD patterns
of LDH confirmed the relatively high purity of the environmentally friendly

synthesized products, with minimal impurities present.
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Fig. 2. (a), (b) Surface morphology of LDHa, LDHb; (c-j) TEM image and
elemental distribution of LDHa, LDHb; (k) crystal structure, and (I) thermal

characteristics of the green synthesized LDH.

Thermogravimetric analysis (TGA) experiments were carried out to investigate
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the thermal characteristics of the synthesized LDH. The TG and the first
derivative of TG (DTG) curves of the samples are shown in Fig. 2I. Two distinct
mass loss peaks are evident on the DTG curves. The first peak is observed at
approximately 105°C, with LDHa and LDH» experiencing mass losses of 12.6%
and 15.3%, respectively. These losses are attributed to the evaporation of free
water molecules from the surface and interlayers of LDH materials (Chen et al.,
2018; Bukhtiyarova, 2019). The second intense and sharp peak, centered
between 300°C and 400°C, is ascribed to the decomposition of intercalated
anions (including COs3*, OH and CI) (Kuwahara et al., 2010; Gabriella
Alexandre Borgesa et al., 2020), resulting in mass losses of 15.2% and 23.3%
for LDHa and LDHb, respectively. The intensities of mass loss peaks associated
with intercalated anions are strengthened with the addition of MgO, suggesting
the formation of covalent bonds between the heavier intercalated anions and
metal ions in the layer structure (Yang et al., 2020). However, further
spectroscopic evidence is needed to validate this hypothesis. Additionally, the
second peak shifts to higher temperatures upon the incorporation of MgO in the
raw materials, indicating an enhancement in the thermal stability of the product,
which is consistent with the findings obtained from the X-ray diffraction (XRD)

analysis of LDH.

To discern the structural modifications induced by the green synthesis process

in GGBS, we conducted further investigations on the structures of both GGBS
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and LDH using FTIR and XPS. FTIR analysis was employed to investigate the
vibrational characteristics of the octahedral lattice, hydroxyl groups, and
interlayer anions in the synthesized LDH (Fig. 3). The observed broad bands
around 3480 cm™ were attributed to the hydrogen bonding stretching vibration
of hydroxyl groups in the interlayer water molecules of LDH (Cavani et al., 1991).
Additionally, the band at approximately 1630 cm™ indicated the O-H bending
vibration of the interlayer water (H-O-H) molecules of LDH (Elhalil et al., 2018).
In all spectra, the bands at about 1440 cm™ and 874 cm™ were identified as the
vz and v2 vibrations of interlayer carbonate ions (Wang et al., 2013), implying
the capture of a small amount of carbon dioxide from the air by LDH. Notably,
the carbonate ion bands in LDHb's spectrum were more pronounced than in
LDHa, consistent with LDHb's higher mass loss due to interlayer ion
decomposition. In the low-frequency region, adsorption bands at approximately
793 cm™ and 422 cm™ were observed, attributed to the M-O (M = Ca, Mg, or
Al) lattice vibrations (Goh et al., 2009; Zhou et al., 2018). Furthermore, LDH'
spectra exhibited bending vibrations of M-OH at approximately 540 cm™', 581
cm™, and 1040 cm™ (Huang et al., 2014; Zhang et al., 2020b). A comparison
with the FTIR spectrum of GGBS (Fig. S3) revealed the disappearance of
functional groups at around 964 cm™ (Si/Al-O) and 702 cm™ (Si-O-Si/Al) in the
starting materials, confirming the removal of Si and the formation of a new

structure (El Didamony et al., 2012; Adeniyi and Ogundiran, 2020).
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Fig. 3. Surface functionality of green synthesized LDH as revealed by FTIR.

The XPS analysis of LDH, as depicted in Fig. 4a, reveals prominent peaks
corresponding to Mg 1s, O 1s, Ca 2p, C 1s, CI 2p, and Al 2p, indicating the
predominant presence of O, C, Ca, Mg, and Al in LDH. When compared to the
spectrum shown in Fig. S5a, the Si 2p peak in GGBS disappeared, while a new
Cl 2p peak emerged, signifying Si removal and chloride ion intercalation during
LDH synthesis (Dora et al., 2020). Upon scrutinizing the high-resolution XPS
spectra, distinct variations were observed in the Mg 1s and Al 2p peaks of LDH

compared to GGBS. While the Mg 1s peak in GGBS was observed at 1304.30
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eV and the Al 2p peak at 74.20 eV (Fig. S5b, c), in LDH, these peaks shifted to
lower binding energies, specifically 1303.87 eV and 1303.62 eV for Mg 1s, and
73.92 eV and 74.02 eV for Al 2p (Fig. 4b, c). This shifting pattern signifies the
conversion of Mg and Al from the oxide structure in GGBS to the hydroxide
structure in LDH layers (Chubar et al., 2013; Ye et al.,, 2016; Zhang et al.,
2022a).

LDHa displays Ca 2p doublet peaks at 350.97 eV and 347.02 eV, while LDHb
exhibits Ca 2p doublet peaks at 351.71 eV and 347.62 eV, corresponding to
carbonate and hydroxide compounds of Ca, respectively (Matsushit et al., 1993;
Zhang et al., 2022a). The observed increase in characteristic CaCOs peaks and
decrease in Ca(OH)2 peaks in Fig. 4d after MgO addition supports the earlier
findings. Furthermore, a comparison of Al 2p and Ca 2p characteristic peak
positions in LDHa and LDHb reveals a leftward shift in LDHp, indicating an
increase in binding energy and enhanced stability of the respective compounds

(Cai et al., 2023).

The high-resolution C 1s spectrum (Fig. 4e) can be resolved into three
components at approximately 289, 286, and 284.5 eV, attributed to carboxylate
carbon (O-C=0) or carbonyl carbon (C=0), non-oxygenated cyclic carbon (C-
C), and carbon in C-O, respectively (Goh et al., 2009; Huang et al., 2021).
Unlike the material derived from pure GGBS, the MgO-doped sample exhibited

a dominant oxygen-containing functional group, namely O-C=0, instead of C-
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O, with its characteristic peak shifting to higher binding energy due to the
presence of COs% in the interlayer (Zou et al., 2016). The high-resolution O 1s
spectrum (Fig. 4f) can be deconvoluted into four components around 532.8,
531.7, 531.2, and 530.5 eV, representing C=0, H-O-H, M-OH, and M-O-M
groups, respectively (Goh et al., 2009; Ravuru et al., 2021). The corresponding
high-resolution spectrum of GGBS in Fig. S5f exhibits characteristic peaks at
532.45, 531.65, 531.40, and 530.55 eV, corresponding to Si-O-Si, C=0, Al-
O/M-OH, and M-O-M groups (Dora et al., 2020). Based on the above analysis,
it can be concluded that the treatment of GGBS resulted in the cleavage of Si-
O-Si bonds, leading to the dissolution and subsequent removal of a significant
amount of Si. The remaining alkali earth metals (Ca, Mg, Al) reacted with O to

form new functional groups such as H-O-H, M-OH, and M-O-M in the interlayer.
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Fig. 4. (a) XPS survey spectra of LDH. (b) Mg 1s, (c) Al 2p, (d) Ca 2p, (e) C
1s and (f) O1s spectra of LDH. All spectrograms are drawn based on the

premise of C correction.
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3.2 Adsorption performances

Batch experiments were undertaken to investigate the impact of initial solution
pH on the removal efficiency of Cd(Il) and As(V) by LDHa and LDHb materials.
Fig. 5a and b demonstrate that both LDHa and LDHb exhibited near-total
dissolution under the initial pH of 2. At pH 3, 91.5% of Ca ions were leached
from LDHa, and even with subsequent pH increase, the leaching of Ca
remained notably high, whereas the leaching of Al gradually increased, and a
significant portion of Mg ions remained in the solid phase. This phenomenon is
likely attributed to Cd displacing Ca under low pH conditions and solid-phase
transformation at higher pH levels (Shan et al., 2015). When the initial pH of the
solution was adjusted to 4 or higher, the solution's pH after LDHa adsorption
substantially increased to above 10.2, resulting in the almost complete removal
of Cd(ll) from the aqueous phase (Fig. 5a, b). At initial pH values ranging from
2 to 12, LDHa exhibited As(V) removal efficiencies between 75.5% and 97.3%,
while LDHb displayed removal efficiencies between 89.3% and 98.6% (Fig. 5c,
d). Overall, LDHb exhibited superior adsorption performance for As(V) across
different initial solution pH conditions. Monitoring of ion intensity and pH in the
solution after reaching adsorption equilibrium revealed that LDHb had a lower
leaching rate of Al ions compared to LDHa, and the adsorption process caused
an increase in solution pH. This effect can be attributed to the release of OH"
and COs? from the interlayer of LDH during the adsorption process (Cavani et

al., 1991).
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Fig. 5. (a), (b) Effect of pH on Cd(ll) adsorption and element release, (c), (d)

effect of pH on As(V) adsorption and element release.

The adsorption isotherms of Cd(ll) and As(V) at 298K are presented in Fig. 6a

and c, respectively. Table S5 provides the relevant parameters and correlation

coefficients for the Langmuir and Freundlich models. The Langmuir model (R?

of 0.895 and 0.977) better described the experimental data for Cd(ll) adsorption

on LDH indicating monolayer coverage on the homogeneous surface sites of

these materials during adsorption (Wang et al., 2020b). On the other hand, the

adsorption data of As(V) on LDH were better fitted with the Freundlich model
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(R? of 0.950 and 0.913), suggesting a more complex heterogeneous surface
adsorption process (Lu et al., 2018). The maximum adsorption capacities (Qmax)
of As(V) by LDHa and LDHy were 104 and 126 mg/g, respectively, while the
maximum adsorption capacities of Cd(Il) for LDHa and LDHb, were 567 and 422
mg/g, respectively. In comparison to various types of LDH synthesized using
purified chemical reagents, green-synthesized LDH exhibits outstanding
adsorption capabilities, particularly in the removal of Cd(ll) from aqueous
solutions (Table S7).

Fig. 6b and d displays the adsorption of Cd(ll) and As(V) in aqueous solutions
over time, and the corresponding model fitting parameters of PFO (Pseudo First
Order), PSO (Pseudo Second Order), and Elovich are summarized in Table S6.
At an initial Cd(Il) concentration of 100 mg/L, as depicted in Fig. 6(a), LDHa
removed 92.2% of Cd(Il) within 1 h, achieving >99% removal at equilibrium in
less than 3 h. In comparison, LDHb» removed 81.1% of total Cd(ll) within 1 h,
and it took approximately 24 h to reach equilibrium with over 90% Cd removal.
The kinetic data of Cd(Il) adsorption demonstrated a good fit to the PSO model.
As for As(V) adsorption, as shown in Fig. 6(d), LDHa and LDHb immobilized
28.6% and 62.0% of the total As(V), respectively, with both materials requiring
48 h to reach equilibrium and achieving an As(V) removal rate of approximately
99%. Generally, the PSO model provided a better fit to the kinetic data
compared to other models, with R? values of 0.972 and 0.950. The calculated

k, values from the PSO model followed the order LDHb > LDHoa.
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Fig. 6. (a) Cd(ll) adsorption isotherm, (b) Cd(ll) adsorption kinetics, (c) As(V)
adsorption isotherm, and (d) As(V) adsorption kinetics of LDH. Modeling

parameters are provided in Table S5 and Table S6.

3.3 Immobilization performances

Emboldened by the remarkable performance demonstrated in removing Cd(ll)
and As(V) ions from solution, the green-synthesized LDH were pursued as
promising candidates for the remediation of Cd and As-contaminated soils.
Stabilization experiments were conducted using contaminated farmland soil

collected from Southwest China, and contaminated soil from an ore processing
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site in Southwest China. After the addition of LDH, both types of soils exhibited
an increase in soil pH. Moreover, as the dosage of LDH increased, the soil pH
showed a gradual rise, a phenomenon known as the liming effect (Error!
Reference source not found.a, b) (Wang et al., 2023b; Yu et al., 2023). This
pH increase can be attributed to the gradual dissolution of hydroxyl groups and
alkali metal ions from LDH during the immobilization process (Zhang et al.,
2022b). The rise in soil pH contributes to the reduction of metal mobility, as the
increased negative surface charges enhance the adsorption of metal cations
by soil particles and promote metal precipitation (Yi et al., 2017). However, the
pH-induced immobilization effect, referred to as the liming effect, is not stable
in the long term due to the absence of chemical bond formation (Wang et al.,
2020a). In comparison to LDHb, LDHa led to a more noticeable increase in soll
pH in the initial days after application, but this was followed by a more significant
decrease (Fig. 7a, b). By the 14th day, the soil pH of the LDHa-treated soil at
the same dosage was lower than that of the LDHb-treated soil. This finding is
consistent with the earlier analysis, indicating that LDHa exhibits higher activity

and reacts more rapidly in the soil environment.
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Fig. 7. Changes in soil pH following LDH amendment. (a) amended

agricultural soil; (b) amended industrial site soil.

The immobilization effects of LDH on Cd and As in soil contaminated with these
metals were assessed using the water extraction method and TCLP.
Additionally, the impact of LDH on the bioavailability of Cd and As in the
contaminated soil was evaluated using the DTPA extraction method. This
method, commonly employed in soil research, allowed for the evaluation of
extractable concentrations of Cd and As ions, which were found to be directly
proportional to the availability of these elements to plants in the soil (Dai et al.,
2004; Reyhanitabar and Gilkes, 2010; Zhao et al., 2022). The immobilization
performance of LDH in two different types of contaminated soils was found to
be limited under water leaching conditions, and in some cases, it even exhibited
activation of Cd in the soil. However, at higher LDH dosages, a significant
reduction in the leaching of bioavailable Cd was observed in the amended soils
compared to the unamended soils (Fig. 8 and Fig. 9). For instance, after 3 days

of remediation with 5% LDHa, the bioavailable Cd in the contaminated farmland
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soil decreased by 37.2%, while the group with 5% LDHb showed a reduction of
24 1%. Considering that water leaching only accounts for a small fraction of
bioavailable Cd, the immobilization effect of LDH on Cd was demonstrated to
be present. As shown in Fig. 8e and Fig. 9e, the remediation effects of 3% and
5% LDHa on both the contaminated farmland soil and industrial site soil were
evident after three days of treatment, but the immobilization effect decreased
slightly after seven days and became ineffective by day 14. Encouragingly, for
the farmland soil treated with 5% LDHb, although there was a decline in
immobilization effect, the BDR remained stable, being 17.3% on day 7 and 16.6%
on day 14. The industrial site soil exhibited a similar trend, attributed to the
greater stability of LDHbr compared to LDHa (section 3.1). The results of the
TCLP leaching experiments (Fig. 8c and Fig. 9c) indicated a significant
reduction in the concentration of leached Cd in the farmland soil remediated
with LDH at higher addition rates. The immobilization performance of LDH» was
superior to LDHa, and the stabilization effect increased gradually during the
short-term immobilization process. For example, on day 14, the IR of Cd (25.9%)
was higher than on day 3 (19.6%), similar to the results obtained with other
types of remediation agents for stabilizing heavy metal-contaminated soils in
TCLP experiments. This finding suggests that the immobilization of Cd by LDH
is a gradually evolving process (Wang et al., 2020a; Wang et al., 2022a).
Furthermore, LDHa did not exhibit a stabilization effect in the industrial site sail,

while LDHb showed an IR of 9.75-11.6% at 5% addition rate.
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A discernible pattern is observed in the concentration of bioavailable Cd in the
soil and soil pH (Fig. 7). After a 3-day incubation, the pH of the amended soil
increases with the dosage of LDH, concurrently enhancing the remediation
effect on bioavailable Cd in soil. Due to its higher reactivity, LDHa caused a
rapid increase in soil pH upon amendment, exhibiting a significant Cd
stabilization effect (BDR reaching 37.2% and 29.8% at a 5% dosage for
agricultural and industrial soils, respectively). However, with the increasing
incubation time, the soil underwent a pH decline which gradually led to a
weakening of the Cd immobilization effect. In contrast, soils treated with LDHb
showed only a marginal decline in pH over time, possibly attributed to a more
robust liming effect. Concurrently, the bioavailable Cd concentration remained
relatively stable. At a 5% dosage, the bioavailable Cd concentrations in
agricultural and field soils on days 3, 7, and 14 are 3.42, 3.44, 3.40 mg/kg, and
2.06, 2.02, 1.96 mg/kg, respectively. Previous studies indicate that the elevation
of pH following soil amendment is a primary mechanism for immobilizing
cationic metals in soil (Yang et al., 2022; Guo et al., 2023; Zong et al., 2023).
For instance, the study by Lyu et al. (2023) used CaMgAI-LDH for the
remediation of soil contaminated with Cd, and Pb, which found a significant
negative correlation (P < 0.05) between pH and the extractable content of Cd
and Pb. The study by Zhang et al. (2022a) explored the immobilizaiton

mechanisms of CaAl-LDH and MgAI-LDH toward Cd immobilization in a
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polluted soil, which observed that soil pH increased after LDH treatment,
leading to the precipitation of exchangeable Cd into CdCOas(s) in soil. In this
study, the increase in soil pH induced by the addition of LDH likely represents

the primary stabilization mechanism toward Cd.

The immobilization performance of LDH on As in contaminated soil was more
pronounced, in contrast to their performance on Cd in contaminated soil. As
shown in Fig. 8 b, d, f and Fig. 9 b, d, f, the stabilization effect of LDH exhibited
consistent variations with different raw material ratios, dosages, and
modification durations in both types of soil. Overall, with an increase in dosage,
LDH demonstrated a significant enhancement in immobilizing As. For instance,
at 1%, 3%, and 5% dosage, LDHa achieved 55.4%, 76.3%, and 83.8% BDR
(bioavailable As) in the farmland soil on the 14th day after application.
Importantly, under neutral environmental conditions (water extraction and DTPA
extraction), LDHa exhibited a significantly superior As immobilization
performance compared to LDHb, which was quite different from LDH' adsorption
behavior towards As in water. This may be attributed to the differences in the
chemical properties and reaction mechanisms of LDH under different
environmental conditions. In water, the chemical reaction rate is faster, and the
adsorption process is mainly controlled by surface adsorption (Shen et al., 2019;
Zhang et al., 2020a). LDHb exhibited strong adsorption capabilities of As in

water, which was primarily attributed to the provision of active hydroxyl for the
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complexation of As anions (Section 3.2) (Nguyen et al., 2022; Shao et al., 2023).
However, during As immobilization in soil, besides the aqueous-phase
adsorption, As also interacts with oxides and organic matter on the soil particle
surfaces, forming stable complexes or precipitates. Additionally, after LDH are
added to the soil, the porous structure is disrupted, promoting stronger
interaction of LDHa with other components in the soil and inducing more efficient
immobilization reactions on the soil particle surfaces (Wang et al., 2020b; Wang
et al., 2022a). On the other hand, when the soil environment is under acidic
conditions (TCLP), the immobilization effects of both LDHa and LDH» are
roughly similar and significantly superior to those under neutral conditions. For
example, at 5% dosage, the IR of LDHa and LDH» after 14 days of water
extraction are 89.6% and 62.0%, respectively, while the BDR after DTPA
extraction are 83.8% and 54.8%, respectively, and both IR increase to 95.2%

and 95.4% after TCLP extraction.

Different from Cd immobilization which was predominantly driven by soil pH
variations, the immobilization efficacy of LDHa for As did not fade with
decreasing pH over time. LDH» demonstrated an enhanced immobilization
effect toward As as pH gradually decreases. For instance, the BDRs of As in
agricultural soil amended with LDHb were 28.8%, 30.5%, and 39.5% on days 3,
7, and 14, respectively, at a 3% application dosage. This trend was also found

for a higher dosage of 5%. Numerous studies have confirmed that the addition
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of alkaline stabilization agents will increase soil pH, thus increasing the surface
charge negativity of soil particles. This phenomenon will lead to the mobilization
of oxyanion As due to electrostatic repulsion (Bandara et al., 2020; Zhong et al.,
2021; Yang et al., 2022). Due to its positively charged cationic layered structure,
LDH exhibits the ability to impede further migration of As, even in scenarios
where soil pH increases, thereby reducing arsenic leaching. This is achieved
through electrostatic adsorption (Wang et al., 2018; Shuang Xu, 2020).
Additionally, previous research have frequently reported that interlayer ion
exchange is the primary mechanism by which LDH removes free As anions
(Huang et al., 2015; Liu et al., 2019). Besides, surface complexation reactions
also played a role in As immobilization. We found that LDHa possessed more
hydroxyl functional groups on its surface and interlayers, while LDH» had a

richer carbonate content (Section 3.1).

Table S8 provides a comprehensive overview of studies employing LDH as
amendments for immobilizing Cd or As in soil. The effectiveness of Cd
remediation in soils using LDH prepared through green synthesis method were
comparable or lower than LDH synthesized using purified chemical reagents. It
is important to highlight that the As remediation effectiveness of green-

synthesized LDH surpasses that reported in the majority of the literature.
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4 Conclusions

In this study, a green synthesis method of layered double hydroxides (LDH)
aimed for heavy metal adsorption was proposed, utilizing industrial waste
GGBS from iron-making industry, and naturally abundant material MgO. The
synthesized products with various raw material compositions were
comprehensively characterized through a series of analytical techniques. The
evidence showed that the addition of 20% MgO in the raw materials for LDH
synthesis (LDHb) improved its stability compared to LDH synthesized solely
from pure GGBS (LDHa). Batch adsorption experiments demonstrated the
superior adsorption characteristics of the green-synthesized LDH towards As(V)
and Cd(ll). Experimental results on the stabilization of Cd and As in
contaminated farmland and industrial site soils revealed that both materials
exhibited a immobilization effect, making them promising green remediation

materials for stabilizing soil heavy metals.
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