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ARTICLE INFO ABSTRACT

Keywords: Layered double hydroxides (LDH-D) and their calcined counterparts, using dolomite as a source of
Dolomite magnesium, were utilized for the immobilization of chromium (Cr(VI)) in soil. The results indi-
Cr

cate that LDH-D, both with and without varying calcination temperatures, can effectively

f;ﬁzlljitllijalﬁon immobilize Cr(VI) in soil. Among the different calcination temperatures tested, LDH-D subjected
Soil to calcination at 500 °C (LDH-D-500) showed particularly high efficacy. Long-term TCLP ex-
LDHs periments demonstrated the inhibition of soil-to-plant transmission of Cr(VI), thereby high-

lighting the long-lasting immobilization capacity of LDH-D and its calcined derivatives.
Furthermore, the analysis of the microbial community’s adaptation in post-remediation soil
confirmed the durability and bioavailability of LDH-D-500 for Cr immobilization. Examination of
the material’s morphology and structure after immobilization shed light on the mechanism of
immobilization in soil. The results revealed that interlayer anion exchange and surface adsorption
were the main factors responsible for the effective immobilization of LDH-D and LDH-D-300. On
the other hand, LDH-D-900, with a dominant spinel (MgAl;04) structure, faced challenges in
returning to its original layered configuration, making surface adsorption the primary mechanism
for immobilization. LDH-D-500 primarily relied on the structure memory effects of LDHs to
immobilize Cr(VI) through structural recovery processes, facilitated by electrostatic attraction
and surface adsorption. It is also important to note that CaCOs plays an important role in
adsorption. Additionally, a portion of Cr(VI) was converted to Cr(III) through phenomena such as
isomer substitution and complexation adsorption. The proficiency of LDH-D-500 in immobilizing
Cr, its ability for instantaneous separation, and the potential for regeneration make it a promising
material for remediation of heavy metal-contaminated soil. The investigations suggest that the
use of dolomite to create hydrotalcite and calcining it at 500 °C could effectively render envi-
ronmental Cr inactive, thereby optimizing resource utilization.
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1. Introduction

Modern industries such as those related to chemicals, steel, and leather often utilize chromium and its derivatives extensively. The
presence of this element in groundwater, surface water, and soil has surfaced as a major environmental concern [1], marked by the
United States Environmental Protection Agency (USEPA) as one of the most detrimental pollutants. Chromium is primarily found as Cr
(VI) and Cr(III) in nature, with Cr(VI) noted to be compatively more mobile and considerably a hundred times more toxic than Cr(III)
[2]. The swift growth experienced in the chemical industry in recent years has led to a significant discharge of chromium-infused
wastewater and waste residues into the environment, and this has consequently initiated severe chromium pollution in certain
water bodies and regions of soil [3]. Cr(VI), attributed with high water solubility, potent oxidizing characteristics, and carcinogenic
properties, poses a significant threat to both human health and the ecological environment [4]. Chromium, once it enters the soil, can
be easily absorbed by crops and plants, creating a potential hazard to human health through the food chain [5]. This has led to
numerous research efforts focusing on the effective remediation of soils contaminated with chromium.

In modern sectors such as the chemical, steel, and leather industries, chromium and its derivatives feature prominently. This usage
has converted chromium pollution in groundwater, surface water, and soil into a pressing environmental matter. According to the
United States Environmental Protection Agency (USEPA), chromium is among the most harmful pollutants. It primarily manifests in
two forms in nature: Cr(VI) and Cr(III), with Cr(VI) being 100 times more mobile and toxic than Cr(III). Given the rapid proliferation of
the chemical industry in recent times, a vast volume of chromium-laden wastewater and waste by-products have been expelled into the
environment, causing serious chromium contamination of soil, groundwater, and surface water. Notably, Cr(VI), with its high water-
solubility, potent oxidative properties, and carcinogenicity, poses a grave risk to both the ecological environment and human health
[6]. When introduced into the soil, chromium can be readily absorbed by plants and crops via the food chain, thereby posing a risk to
human health. Thus, numerous studies have concentrated efforts on devising efficient strategies for the remediation of
Cr-contaminated soils [7].

In recent years, cost-effective clay minerals have gained popularity as passivation agents [8]. Layered double hydroxides (LDHs), a
form of affordable and diverse clay minerals, have become increasingly utilized for the immobilization of various metals in soil [9-11].
The chemical composition of LDHs is [M(ID);_xM(III),(OH);1*"(A"™) x/n-mH,0, in which M(II) and M(III) denote the divalent and
trivalent metal cations found respectively on the primary laminate [12].

Due to the unique advantages, more and more researchers are applying LDHs in soil remediation. In 2018, He et al. found out that
the Cr(VI) in the soil could be immobilized and reduced by Fe-Al-LDHs [13]. Huang et al. using LDHs for different heavy metals
remvoal in the soil and proved that the adsorption capacities of heavy metals with the presence of microplastics are more obvious

Fig. 1. SEM images of (a) LDH-D, (b) LDH-D-300, (¢) LDH-D-500, and (d) LDH-D-900 before reaction.
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microplastics [14]. Also, Liu et al. reported synthesized CaFe-layered double hydroxide can provide various active sites for the
simultaneous removal of Cd2+, Ast’, and Pb*t with high removal efficiencies within 60 min [15].

Various techniques have been employed in the preparation of LDHs [16]. The main precursors in LDH synthesis are divalent and
trivalent metal ions or metal oxides. In an effort to reduce costs, materials such as dolomite, magnesite, oxides, as well as magnesium
and aluminium hydroxides, have been primarily used as affordable alternatives to expensive chemical reagents [17]. Dolomite, due to
its global accessibility and economical price, is a strong contender. Post calcination, dolomite yields a certain quantity of MgO which
can be harnessed as a foundational magnesium source in LDH synthesis [18]. By taking advantage of dolomite as a divalent metal
source, LDHs have recently been engineered and efficaciously utilized for anion adsorption in various solutions [19].

Alongside this, calcination emerges as a generally applied method aimed at enhancing the adsorption efficiency of LDHs. Findings
have shown that after calcination, LDHs display a significantly amplified adsorption capacity for pollutants compared to the coun-
terparts that have not undergone calcination [20]. This is predominantly attributed to the structural memory effect [21]. Furthermore,
LDHs calcined at different temperatures show diverse adsorption mechanisms, regardless of the calcination temperature exceeding
that necessary for the structural memory effect [22]. Despite these advancements, there is a dearth of studies exploring the application
of calcined LDHs, derived from dolomite, for treating heavy metals in contaminated soil.

This work scrutinizes the impacts of various calcination temperatures on LDHs derived from dolomite, specifically focusing on the
immobilization of Cr(VI) in contaminated soils. Different influences on the immobilization performance of LDHs were studied and the
immobilization mechanism linked to LDHs calcined at diverse temperatures is scrutinized. Lastly, the post-remediation leachability of
Cr(VI) from the soil, its subsequent accumulation in plants, and its potential effects on the native soil microorganisms are explored.

2. Methods

The detail methods can be found in the support information. All experiments were carried out three times, and the average value
was shown in the figures. The properties of the soil have been added into the support information in Table S1 and Fig. S1. Leaching of
Cr from the artificially contaminated soil was also supplied in Table S2.

3. Results and discussion
3.1. Characterizations

Fig. 1 shows SEM images of uncalcined LDH-D as well as LDH-D calcined at 300 °C, 500 °C, and 900 °C. Before calcination, Fig. 1a
reveals the presence of square and sheet structures on the surface. Upon calcination at varying temperatures, these hexagonal sheets
have been thoroughly damaged, resulting in a coarse surface riddled with small particles due to high-temperature decomposition of the
structure (see Fig. 1b-d). Fig. 2 exhibits the FTIR spectra of LDH-D, both pre- and post-calcination. Vibration peaks emerging in the
3300-3500 cm ! range are accredited to the O-H stretching involving hydrogen bonds [23]. Peaks at 1620 cm ™! arise from bending
vibrations of interlayer water molecules [24]. Intensity of these peaks dwindles as the calcination temperature escalates, signaling the
gradual evaporation of water molecules (interlayer and surface) from LDH-D. Remarkably, uncalcined LDH-D bears a sharp
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Fig. 2. FTIR spectra of (a) LDH-D, (b) LDH-D-300, (c) LDH-D-500, and (d) LDH-D-900 before reaction.
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characteristic absorption peak at 1356 cm ™}, attributable to the C-O bond vibration of CO3~. After calcination, this along with another
peak significantly weakens due to the disapperance of the interlayer anion [25]. Peaks falling within the range of 500-800 cm™*
majorly signify lattice vibrations of the M — O bond (where M = Mg, Ca, Al). The absorption peak at 787 em™ !, attributed to Al-OH,
gradually transforms into Mg-O, Ca-O, and Al-O as the calcination temperature increases [26].

Fig. 3 exhibits the XRD patterns for LDH-D and calcined at diverse temperatures. Prior to calcination, the XRD pattern of LDH-D
reveals peaks at 11.45° (003) and 23.29° (006). These can be credited to the formation of Mg—Al-LDH, displaying a layer spacing
of about 7.8 A [27]. Since the interlayer of CO3~ rests at approximately 7.65 A [28], it can be deduced that the predominant anion in
LDH-D is primarily CO%". Besides the LDHs, the pattern also highlights the presence of CaCOs, courtesy of the observed peaks at
29.87°, 40.02°, and 49.31° [29]. Moreover, by using the Maud software, the weight contents of CaCOj3 in the LDH-D were found to be
77.6 % [30]. Due to the loss of interlayer water during calcination at 300 °C, the peaks, which include (003) and (006), became
broader. With calcination at 500 °C, the (003) and (006) peaks linked to MgAl-LDH vanish, while new peaks surface at 43.42°, which
are characteristic indicators of MgO [31]. This suggests a collapse of the LDHs structure, prompted by the significant loss of water
molecules and the CO3™ interlayer anion. Additionally, the freshly-emerged MgO peaks are broader, denoting their amorphous
bimetallic oxide nature and the partial replacement of Mg?* ions in MgO by AI** ions. Upon elevating the temperature to 900 °C,
CaCO3 undergoes decarbonation, and the peak of MgO sharpens due to the formation of spinel [17].

3.2. Influence of the calcination temperature on the immobilization of Cr in the soil

In Fig. 4, without any form of treatment, the soil leached out 63.17 mg/L of Cr(VI). After the added of LDH-D into the soil, the
immobilization efficiency plateaued at around 45.19 % post 48 h. At a calcination temperature of 300 °C, the immobilization efficiency
was 46.46 %, which nearly paralleled the efficiency of the un-calcinated one. This could be attributed to the fact that at this specific
calcination temperature, the only changes in the LDHs compared to the calcined material pertained to adsorbed water, while their
fundamental structure stayed intact. The most pronounced boost in immobilization was observed at 500 °C, with an efficiency of 62.82
% for Cr(VI) in the first 6 h of the reaction time, which then escalated to 85.05 % at the 48 h. This could be due to the disappearance of
both water and anions in the interlayer of the LDHs, the collapse of the lamellar structure, and exposure of adsorption sites after
calcination at 500 °C. Moreover, when calcined at this temperature, the bimetallic oxides born from the calcination of LDHs exhibited a
structure memory effect, enabling the reversion of the structure to a layered state during immobilization, leading to high immobili-
zation efficiency. Nevertheless, the adsorption efficiency decreased as the calcination temperature was elevated to 900 °C. After 48 h of
reaction, the immobilization efficiency for Cr in the soil was merely 30.01 %. Upon calcination at 900 °C, the material morphed into a
spinel structure, which was unable to revert to its original layered structure, rendering its Cr adsorption significantly less effective.

3.3. Influence of the dosage on the remediation performance

Fig. 5 (a-d) illustrates the leachability of Cr(VI) in soil post-treatment using both calcined and uncalcined LDH-D. As time evolved
and with various dosages, LDH-D’s ability to confine Cr(VI) heightened. Among all the materials tested under equal dosage, LDH-D-
500, which was calcined at 500 °C, demonstrated a superior immobilization efficacy for Cr(VI) in soil. This finding aligns well with the
previously discovered patterns. In an instance with a dosage of 0.03 g, this material achieved an immobilization rate of 85.05 % at the
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Fig. 3. XRD patterns of (a) LDH-D, (b) LDH-D-300, (c) LDH-D-500, and (d) LDH-D-900.



D. Zhang and Z. Liu

Heliyon 10 (2024) e34664

100

80

60

20 A

Immobilization efficiency/%

~@- LDH-D-300
<>~ LDH-D-500
[~ LDH-D-900
/A~ LDH-D

’@

v4

og ;
0 500

1000

T T

1500

Time/min

2000

2500

3000 3500

Fig. 4. Immobilization efficiency of LDH-D calcined at different temperatures for Cr-containing soils with a dosage of 0.03 g, initial Cr concentration

of 600 mg/kg.

a

100 4 (a)

¥

%

= 804

=

o

% 60

B ]

2

-

§ s ?

=

=

S

E 20 - —-@— 0.03g

= —O— 0.05g
—— 0.07g

0§ . : : T . .
0 500 1000 1500 2000 2500 3000 3500
Time/min

100

80

60

Immobilization efficiency/%

40
20
0§ T T T T T
0 500 1000 1500 2000 2500
Time/min

3000

3500

Immobilization efficiency/%

Immobilization efficiency/%

100 - () —0— 0.03g
—O— 0.05g
—— 0.07g
80 4
60
o— —0
40 4 9
20 4
0Q . . . . ; .
0 500 1000 1500 2000 2500 3000 3500
Time/min
100 - (d)
—@— 0.03g
—O— 0.059
80 —7— 0.07g
60
444_{3
40
]
20 4
v, ; ; ; . . ;
¢ 500 1000 1500 2000 2500 3000 3500
Time/min

Fig. 5. Immobilization efficiency of LDH-D calcination at different temperatures for Cr-containing soils with different dosages: (a) LDH-D, (b) LDH-
D-300, (c¢) LDH-D-500, and (d) LDH-D-900 (initial Cr concentration of 600 mg/kg in soil).

48-h mark. Furthermore, the efficiency for Cr(VI) in soil ascended to 100 % upon augmenting the dosage to 0.07 g, merely 6 h after the
addition. An up-tick in curing efficiency is attributable to the expansion of adsorption sites resultant from dosage increase. Also worth
noting, the material calcined at 300 °C had an immobilization rate practically indistinguishable from that of the non-calcined sample
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across distinct dosages [32]. At an application rate of 0.03 g, both materials exhibited an immobilization efficiency for Cr of 46.46 %.
Further elevation of the dosage led to a substantial upswing in the efficiency, peaking at 66.30 % at a usage level of 0.07 g. Consistent
with prior results, the sample calcined at 900 °C manifested the most inferior immobilization, with an efficiency meriting a mere 52.38
% when the dosage was boosted to 0.07 g.

3.4. Influence of initial concentration on remediation performance

Fig. 6 illustrates how the initial Cr(VI) concentration in the soil influences the effectiveness of Cr(VI) immobilization. As the Cr
concentration in soil escalated from 400 to 1000 mg/kg, there was a noticeable decline in the efficacy of LDH-D immobilization. For
non-calcined samples, immobilization efficiency depreciated to 52.86 %, eventually sinking to 19.04 %. Meanwhile, the immobili-
zation efficiency of the material calcined at 500 °C dwindled from 97.08 % to a moderate 66.62 %. A plausible explanation for these
diminishing trends could be the deficiency in binding sites [33].

3.5. Impact of initial pH on remediation performance

According to Fig. 7, at a pH of 3, LDH-D and LDH-300 demonstrated almost identical Cr immobilization efficiencies, with 28.21 %
and 28.07 % respectively. LDH-D-500 exhibited an astonishing efficiency of 92.52 %, whereas LDH-D-900 maintained the lowest
efficacy, delivering a meager 16.37 %. The immobilization efficiency generally decreased when the pH was 10. To illustrate, the
efficiency of LDH-D dropped to 23.65 %, and that of LDH-D-500 stood at 89.21 %. The declining efficiency under alkaline conditions
can be attributed to the antagonism from OH™ ions that occupied the adsorption site in the interlayer [29].

3.6. TCLP leaching results

The TCLP leaching tests were widely utilized to assess the effectiveness of the method used to immobilize toxic metals in
contaminated soils [22]. Fig. 8 presents the highest amount of Cr (32.34 mg/L) leached from untreated soil. After treatment, there was
a decrease in Cr leaching in the soils where different LDHs initiated fixation, implying that Cr can be immobilized in the soil by LDH-D
at different calcination temperatures. Cr(VI) leaching from soils treated with LDH-D, LDH-D-300, LDH-D-500, and LDH-D-900 was
22.32mg/L, 21.01 mg/L, 16.16 mg/L, and 24.21 mg/L respectively at 0.03 g. When the dose was increased to 0.07 g, the Cr leaching
from soil dropped to 13.72 mg/L, 12.62 mg/L, 6.659 mg/L, and 15.262 mg/L after a 48 h reaction. These findings showed that LDH-D,
especially at a 500 °C calcination temperatureand, could immobilize Cr in soil and were relatively stable.

3.7. Cr(VID)-containing soil phytotoxicity tests

At the commencement of the incubation phase, all the mung beans germinated successfully (Fig. 9). Nevertheless, as the incubation
period extended, only a small fraction of the beans fully developed roots and leaves. At the end of this phase, the pure soil showcased
the best growth, achieving a 100 % survival rate. Extremely toxic Cr(VI) led to a mere 13.33 % survival rate of mung beans in the
untreated soil contaminated with Cr. On treating the soil with LDH-D-500, the growth of mung beans improved significantly with a
survival rate reaching 100 % (Table 1). An observable growth in roots, stems, and leaves was also noted (Fig. 10 and Table 2). LDH-D-
500 effectively reduced the Cr content in the plant without adversely affecting the growth of mung beans. Root, stem, and leaf lengths
of mung bean seedlings treated with LDH-D-500 expanded to 31.14, 65.07, and 16.14 mm, respectively, compared to the control
during germination. Mung bean seeds treated with LDH-D-500 demonstrated better growth than contaminated samples. Table 2
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Fig. 6. Immobilization efficiency of LDH-D and for Cr-containing soils with different Cr concentrations, with a loading for Cr of 0.03 g/g, 1 g of soil
and a shaking time for Cr immobilization of 2880 min.
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g/g, 1 g of soil and a shaking time for Cr immobilization of 2880 min.

e [0 Untreated
3 LDH-D
. 35 I [E=3 LDH-D-300
[ LDH-D-500

S | o [ LDH-D-900
20 30 |
g
=
O 25 T
b LT
g 20 4
: I
«
= 151
=
g
g 10 -
S

5 =

0 T T T

0.03 0.05 0.07
Dosage/g

Fig. 8. TCLP leachability of Cr before and after the soil samples were treated, with an initial Cr concentration of 600 mg/kg, 1 g of soil and a shaking
time for Cr immobilization of 2880 min.

showcased the biomass of mung beans cultivated in various soil types. Although lower than that of the minimally contaminated
samples, the biomass of plants treated with LDH-D-500 increased compared to the contaminated samples. Table 3 depicted the total Cr
content within plant tissues. The plant tissues from uncontaminated soil had the lowest overall Cr concentration. The Cr(VI) content in
mung beans under diverse conditions was examined. It was found that LDH-D-500 treatment managed to considerably reduce the Cr
(VI) content in all parts of the mung beans. This established that LDH-D-500 effectively removed Cr(VI) from chromium-contaminated
soil and obstructed Cr(VI) uptake by plants.

3.8. Soil microbial community after treatment in different time

To determine the effect of LDHs-M on soil microbiota, we employed Illumina MiSeq platform for 16 S rRNA gene sequencing to
analyze microbial diversity over time. Table 4 illustrates the changes in OTU number and community diversity index of soil micro-
organisms following the application of LDH-D-500 passivator to chromium-contaminated soil across varying incubation periods. The
high-throughput sequencing coverage for each treatment exceeded 99 %, indicating robust detection of species within the samples.
Overall, differences in incubation time were found to impact the diversity of soil microbial communities, with the application of this
passivator consistently leading to increased community diversity indices with prolonged incubation. The Chaol and ACE indices are
indicative of the actual number of species present in the microbial community, with higher values suggesting greater community
richness. Meanwhile, Simpson’s index is more sensitive to the community’s evenness and the dominance of specific OTUs. Regarding
microbial community richness, both the ACE and Chaol indices of soils treated with this passivator increased with prolonged incu-
bation, indicating subsequent enhancement of microbial community richness. In terms of microbial community diversity, the Shannon
index demonstrated an increase with prolonged incubation following the application of LDH-D-500, peaking after one month with the



D. Zhang and Z. Liu Heliyon 10 (2024) 34664

Without Cr

Cr

LDH-D-500

=

600 mg/ke

Day 1

Day 2

Day 3

Day 7

Fig. 9. Photographs of the cultivation process of plants in different soil samples for one week.

Table 1
Survival rate of seeds in differently treated soil".
Clean soil Contaminated soil Treated with LDH-D-500
Mung beans 100 % 30 % 100 %

@ The results are calculated based on the number of survivals.

highest community diversity observed. Thus, it can be speculated that extending the incubation time may augment both the richness
and homogeneity of microbial communities. Furthermore, the Rarefaction curve (Fig. 11) for various incubation times subsequent to
the application of the two passivators all plateaued as the number of sequences increased, suggesting that the number of OTUs was
adequate to represent the diversity of the current samples.

The relative abundance analysis (Fig. 12) revealed that the dominant phyla in the LDH-D-500 treated group after various incu-
bation periods included Actinobacteria, Proteobacteria, Chloroflexi, and Acidobacteria, collectively constituting relative abundances
ranging from 80.74 % to 82.94 %. Notably, Actinobacteria and Ascomycetes exhibited the most pronounced changes in relative
abundance, while Chloroflexi and Acidobacteria remained relatively stable. The relative abundance of the Actinobacteria phylum
gradually increased from 33.87 % to 43.06 % with prolonged incubation time. Studies have demonstrated a significant negative
correlation between the Actinobacteria phylum and the total amount of heavy metals. Actinobacteria are frequently found in soils
contaminated with heavy metals, and this group can supplant more vulnerable fungi as the primary decomposers in soil [34].
Furthermore, their relative abundance tends to increase with decreasing pollutant concentrations. Thus, we speculate that extending
the incubation time may also lead to a reduction in the concentration of Cr(VI) in the soil. Conversely, the relative abundance of
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Table 2
Dry biomass of the seeding grown in differently treated soils. Note that the results are calculated in mg.
Mung bean (mg) Free soil Polluted soil LDH-D-500
Root 7.01 +0.29 2.61 +£0.33 5.28 £ 0.15
Stem 23.22 + 0.95 8.12 + 0.89 18.74 + 0.53
Leaf 7.25 + 0.35 0.74 £ 0.27 5.13 £ 0.57
Table 3

Cr distribution in root, stem, and leaf of plants grown in different Cr(VI)-containing soil samples. Note that the results are calculated in mg
of Cr per g of dry plant tissue.

Mung bean (mg/g) Free soil Polluted soil LDH-D-500
Root 0.55 £+ 0.02 177.70 + 6.08 27.11 + 2.28
Stem 0.49 £0.11 41.78 + 2.29 67.26 + 2.73
Leaf 0.43 £+ 0.06 245.69 + 3.33 19.59 + 1.94
Table 4
Soil Microbial Community Diversity after treatment with LDH-D-500 in different times.
Time Coverage % OTUs ACE Chaol Shannon
CaAl-500°C-1D 99.78 870 870.21 897.10 5.51
CaAl-500°C-1W 99.85 978 991.89 1033.37 5.57
CaAl-500°C-2W 99.56 1028 1060.22 1098 5.60
CaAl-500°C-1M 99.83 1160 1172.77 1191.03 5.68

Ascomycota exhibited a declining trend with prolonged incubation time, decreasing from 33.26 % to 26.82 %. Previous research has
shown the presence of robust metal resistance genes in Ascomycetes and Thickettsia [35], aligning with our findings and providing a
rationale for the decreased abundance of Ascomycetes and Thickettsia with decreasing heavy metal concentrations. In some studies, it
was observed that uncontaminated or less contaminated sites exhibited similar phylum-level characteristics, with Actinobacteria,
Aspergillus, and Green Bay phylum being the most abundant phyla present [36-38]. Similar findings were corroborated in the current
study. Additionally, Gemmatimonadetes, Myxococcota, and Thermoproteota were present in all soils, albeit with low relative abun-
dance and no significant fluctuations in the relative abundance of other bacterial phyla.

The results of PCoA analysis are depicted in Fig. 13. The closer the proximity of sample points in the PCoA analysis plot representing
the microbial community of soil samples, the more similar the community structure. In the LDH-D-500 treatment group, the contri-
bution of the first principal component (PCoA1l) to sample variation was 42.26 %, while the second principal component (PCoA2)
contributed 31.04 %, indicating that different incubation times influenced the structure of the soil microbial community. Samples
subjected to 1 and 2 weeks of incubation exhibited closer proximity, suggesting a similarity in microbial community structure between
these two treatment groups. The abundance heatmap of species serves to visually represent the differences in abundance between
communities. A redder color indicates greater abundance, signifying a larger disparity between communities, while a bluer color
suggests lower abundance. Soil microorganism species abundance at the genus level was examined following incubation of LDH-D-500
remediated soil for various durations. The top 50 species, based on total abundance, were selected, plotted on heatmap diagrams, and
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Fig. 11. Rarefaction curve analysis of diversity index for all groups (Treat with LDH-D-500 after one day (1D), one week (1 W), two weeks (2 W)
and one month (1 M)).
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(2 W) and one month (1 M)).

subjected to clustering analysis. The results are illustrated in Fig. 14. The relative abundance of Nocardioides, IMCC26256, Lysobacter,
and Acidimicrobiia significantly increased with prolonged incubation time, with the highest relative abundance of Nocardioides and
IMCC26256 strains observed after one month of incubation. This suggests that these microorganisms exhibit high resistance to heavy
metals [39]. Conversely, the relative abundance of other flora was lower and not significantly different.
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Fig. 13. PCoA analysis of microbial communities (Treat with LDH-D-500 after one day (1D), one week (1 W), two weeks (2 W) and one month
1 M)).
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3.9. Mechanism analysis

Considering that LDH-D and its calcined products were in powder form, it posed a significant challenge in sample collection. In
order to delve into the precise reaction mechanism, we applied the soil solution method. The sample was subjected to a reaction
process within a soil solution, followed by the use of SEM, XRD, and XPS to unravel the mechanism behind the passivation of Cr(VI) in
the soil.

Fig. 15 displays the SEM images of different materials following their reaction. This figure reveals that the morphological trans-
formations of LDH-D (Fig. 15a) and LDH-D-300 (Fig. 15b) due to adsorption are negligible, in contrast to LDH-D-500, which exhibited
notable morphological changes characterized by the emergence of a lamellar structure. This suggests that the original oxides in LDH-D-
500 (Fig. 15c) were converted into a lamellar configuration prior to calcination as a result of the reaction. The principal structure in
LDH-D-900 (Fig. 15d) is that of a spinel, thus the adsorption process did not markedly alter its morphology. Fig. 16 presents the XRD
spectra of LDH-D and LDH-D-300 after immobilization. It is observed that their XRD characteristic peaks remain virtually unchanged,
signifying that the layered composition of LDHs is preserved during adsorption. Conversely, the XRD pattern of LDH-D-500 post-re-
action shows alterations, with the explicit emergence of LDH characteristic diffraction peaks, and a reduction in the intensity of the
peak linked to Mg(Al)O. This demonstrates that structure of LDH-D-500 shifts back towards its original layered organization post-
reaction, with an interlayer distance approximately at 7.8 nm. However, diffraction peaks in LDH-D-900 remain unaltered post-Cr
(VI) adsorption, indicating the retention of its primary spinel structure. Following an analysis based on these characterization out-
comes and existing literature [21,22], the mechanism through which LDH-D and its calcined derivatives remediate Cr(VI) in soil was
explained. Given that the structures of LDH-D and LDH-D-300 were preserved after reaction, their adsorption of Cr(VI) primarily
occurs through interlayer anion exchange and surface adsorption. On the other hand, LDH-D-500 demonstrates a structural memory
effect. As it reverts to its initial layered structure, CrO%~ and CO%~ are drawn into the interlayers via electrostatic attraction, while the
remainder adhere to the surface. Lastly, LDH-D-900, being predominantly MgAl;04, undergoes no structural changes after reacting.
Consequently, its Cr(VI) adsorption mainly stems from surface adsorption and electrostatic attraction.

However, ion exchange may not be the primary means of adsorption. Before the reaction, the XRD pattern shows characteristic
diffraction peaks of LDH-D at 11.45° (003), 23.29° (006), and 35.51° (009), indicating the formation of Mg—Al-LDH with an interlayer
spacing of 7.8 A. Typically, the interlayer spacing of NOs™ is greater than 8.0 A, while that of COs" is around 7.6 A, suggesting that
carbonate ions have entered the interlayer space, making COs- the predominant anion in LDH-D [40]. The molar ratios of LDHs were
analyzed using CHN analysis and flame atomic absorption spectroscopy. Based on previous report [21], the molar ratios and formulae
of LDH were determined to be Mgo.nAlo.33(0H)z(NOs‘)o.os(COaZ‘)o.21-nHzO, indicating that less nitrate ions remained in the interlayer.

Fig. 15. SEM images of (a) LDH-D, (b) LDH-D-300, (c) LDH-D-500, and (d) LDH-D-900 after reaction.
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Fig. 16. XRD patterns of (a) LDH-D, (b) LDH-D-300, (c) LDH-D-500, and (d) LDH-D-900 after reaction.
Calcination at 300 °C also resulted in a layer spacing of 7.8 A, but calcination at 500 °C and 900 °C caused the layer structure to

disappear. After adsorption, the layer spacing of both LDH-D and LDH-D-300 became 7.7 i\, likely due to a small amount of NOs™ being
exchanged by heavy metals. However, ion exchange may not be the main mode of adsorption due to the presence of carbonate.
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Fig. 17. XPS spectra of LDH-D-500 after the reaction(a) XPS surveys; (b)narrows scan of Cr(VI).
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Meanwhile, the interlayer spacing of the regenerated LDH-D-500 was also 7.8 A, suggesting that some COs%" from the soil entered the
interlayer during the remediation process. Therefore, while ion exchange exists in this process, it is not the primary mechanism. In
addition, it can be seen that all the samples contain CaCOs (Fig. 16), so CaCOs should have an important role in the adsorption process.
According to the reports [41,42], it is suggested that Cr(VI) can be adsorbed by the surface of CaCO3, So, CaCO3 was play an important
role in the immobilization.

In addition, an XPS study was conducted on the high-performance LDH-D-500, and the findings are illustrated in Fig. 17. The XPS
surveys showed that Mg, Al, Ca, and Cr metal elements were present in LDH-D-500 post-reaction (Fig. 17a). Following immobilization,
Cr2p scanning was performed (Fig. 17b). The characteristic binding energy peaks at 579 eV and 588 eV are attributed to Cr(VI), while
those located at 576eV and 585 eV correspond to Cr(III) [43]. It was observed that adsorbed Cr(VI) in the solid was partially reduced to
Cr(III). As found by Li et al. [44], the reduction of Cr(V579 eV and 588 eV are attributed to Cr(VI), while those located at 576eV and
585 eVI) anions to Cr(III) cations occurs due to electron provision by abundant LDH hydroxyl groups. Under standard conditions, Cr
(VI) is easily reduced to Cr(IIl) in acidic media owing to its high redox potential. Additionally, due to the close ionic radius of Cr(III)
and AI(III), some of the AI(III) on LDH laminates could be replaced by Cr(IIl). The adsorption mechanism of Cr by materials of varying
calcination temperatures is summarized in Fig. 18.

4. Conclusion

In this work, we prepared LDH-D based on dolomite, and calcined it at 300 °C, 500 °C, and 900 °C. We then applied it for the
immobilization study of Cr(VI) in soil. The results showed that LDH-D-500 obtained from calcination at 500 °C exhibited the best
immobilization efficiency. Toxicity leaching tests revealed that Cr immobilized by LDH-D-500 was not easily leached out, further
verifying the effectiveness of the material for Cr immobilization. Subsequent plant toxicity and microbial community change exper-
iments also demonstrated that LDH-D-500 could effectively reduce the impact of Cr in the soil on plant growth and microorganisms.
Finally, we discussed the material’s immobilization mechanism by combining XRD and SEM. We found that LDH-D and LDH-D-300
mainly immobilized Cr(VI) through interlayer anion exchange and surface adsorption. In contrast, LDH-D-500 immobilized Cr(VI)
mainly through the unique “structural memory effect” of LDHs. However, for LDH-D-900, due to its primary structure being spinel and
its difficulty in structural regeneration, its adsorption performance was relatively weak. As the discussion, compare this to some
conventional techniques such as FeSO4 remediation, LDHs also have several key advantages in remediating Cr(VI) contaminated soil.
LDHs exhibit higher efficiency in immobilization of Cr(VI) and it could reduce it into the less toxic Cr(IIl) through their strong anion
exchange capacity and abundant active sites in their layered structure. They also provide long-term stability by forming stable Cr(III)-
LDH phases, preventing re-oxidation of Cr(III) back to Cr(VI). Environmentally, LDHs are non-toxic and do not introduce secondary
pollutants, unlike FeSO4, which can increase soil acidity and introduce excess iron. LDHs are versatile, allowing for tailored
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Fig. 18. Immobilization mechanism of Cr(VI) onto LDH-D, LDH-300, LDH-500, and LDH-900.
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compositions to suit specific soil conditions and contaminants, enhancing their remediation efficacy. Additionally, LDHs improve soil
properties by increasing buffering capacity and nutrient retention, promoting plant growth and soil health post-remediation. In
contrast, FeSO4 has limited flexibility and effectiveness, and any unreacted Fe?' can be oxidized, reducing its long-term efficacy.
Overall, LDHs offer a more efficient, stable, and environmentally friendly solution for Cr(VI) remediation in contaminated soils. The
discussion has been added into the revised manuscript.
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