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Abstract: Identifying the proper chemical and biological materials as soil amendments is a great
concern because they replace soil properties and subsequently change the soil quality. Hence,
this study was conducted to evaluate the effects of a diverse range of soil amendments including
bentonite (B), talc (T), activated carbon (AC), and cornstarch (CS) in form of sole and composite
on the immobilization and bioavailability of As, Cu, and Zn. The amendments were characterized
by SEM, FT-IR, and XRF, and applied at 2% (w/w) in the experimental pots with an Asteraceae
(i.e., lettuce) for 45 days to monitor plant growth parameters and soil microbial community. Soil
pH from 6.1 ± 0.02 significantly increased in the amended soils with the maximum value found
for TAC (7.4 ± 0.04). The results showed that soil amendments reduced easily in an exchangeable
fractionation of As, Cu, and Zn with the maximum values found for BAC by 66.4%, AC by 84.2%,
and T by 89.7% respectively. Adding B, T, AC, and their composites induced dry biomass of lettuce
>40 wt.%, while CS and its composites did not affect the dry biomass of the plant. The average
content of Cu and Zn in plant tissues decreased >45 wt.% in B, AC, and their composites amended
soils; meanwhile, AC and its composites mitigated As uptake by >30 wt.% in lettuce. The results of
Biolog Ecoplate showed that the amending soils improved the microbial community, especially for
composites (e.g., TCS). The results demonstrated that adding composites amendments provided an
efficient method for the immobilization of metals and metalloids, and also induced plant growth
parameters and microbial community.

Keywords: heavy metals; soil amendments; immobilization; microbial community

1. Introduction

The contamination of soil by potentially toxic metal(loid)s is becoming a major global
concern which may pose a high risk for environmental and human health. Mining ac-
tivities are known as one of the most influential anthropogenic activities leading to land
resource degradation, habitat destruction, and soil and water contamination with heavy
metal(loid)s [1]. Literature reviews showed that an inefficient processing procedure of
mining ores in Korea caused an abundance of heavy metal(loid)s residues in mine tailings
which may leach into to the farmland soils around the mining sites [2,3]. Recently, the
general shortage of arable land in Korea was considered as the reason for increasing the
cultivation of farmland around mining sites that could make a significant contribution to
Korean food production, but that may later cause human health problems [4]. Both essen-
tial and non-essential metals can be toxic to living organisms at excessive concentrations
and may adversely affect soil quality, human health, and ecosystems.

Over the past decades, varieties of physical, chemical, and biological techniques
have been employed for remediating heavy metal(loid)s contaminated soils, such as soil
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excavation, soil washing, solidification/stabilization, phytoremediation, etc. [5–9]. Im-
mobilization technology for the remediation of heavy metals in contaminated soils has
been popular for its effectiveness and low cost. Immobilization technology using soil
amendments can decrease the heavy metals fractions or change their redox states, and
thus effectively decrease the mobility, bioavailability, and toxicity of the heavy metals with
an improvement in soil properties, thus inducing plant growth parameters [10]. Many
studies have been reported on the application of different soil amendments to immobilize
heavy metals in contaminated soils such as calcareous materials, phosphates, clay minerals,
and so on [1,11,12]. Indeed, choosing an appropriate soil amendment is a big challenge
because it changes soil properties, which can result in adverse impacts on soil quality
and microorganisms.

Bentonite clays and activated carbon as cost-effective amendments have attracted
much attention for the immobilization of heavy metals in soil because of their ready
availability, isomorphic substitution, permanent negative charges at surfaces as well as
their environmental compatibility [13–18]. Besides, talc as a composite silicate with the
chemical formula Mg3Si4O10(OH)2 seems to be a practical and potential amendment to soil
contamination [19]. Cornstarch, as a biopolymer, has been known as a soil conditioning
agent, in that it reduces the frequency of irrigation, erosion, and evaporation of water in
the soil, and also improves soil quality by lowering soil degradation [20].

Besides, soil microbes play an essential role in an agricultural ecosystem as an active
component. Microorganisms react to soil heavy metals and microbial metabolisms can
mediate pollutants’ speciation change [21]. Soil microbial activities are related to the type of
content of pollutants, and the physicochemical characteristics of soil regulate the chemical
behavior of pollutants in soil and thus pollutants’ bioavailability. Soil microbial activities
are recognized as markers of any disturbance occurring in the soil ecosystem. However,
soil microbial activities are difficult to gauge using a single monitoring approach. Therefore,
the purpose of this study was to examine the effect of varying types of soil amendments,
including activated carbon, bentonite, talc, cornstarch, and a combination of them on
mitigating soil heavy metal mobility and plant bioavailability. Using this approach, this
study examined the hypothesis that soil microbial activity would vary with changes in soil
properties after adding the amendment and explored the effect of the amendments on the
soil environment.

2. Materials and Methods
2.1. Soil Samples and Amendments Preparation

Contaminated soil was sampled from surface soil (<20 cm from depth) of a farmland
site nearby the vicinity of the abandoned Indae mine (35◦42′37′′ N and 127◦21′22′′ S)
located in the Republic of Korea. About 50 kg of contaminated soil was collected, stored
in plastic bags, and transferred to the laboratory for future experiments. After that, soil
samples were dried and sieved to have particle size fractions <2 mm.

Two groups of organic and inorganic amendments were considered for the current
study. Bentonite (B) and talc (T), as inorganic soil amendments, with activated carbon (AC)
and cornstarch (CS), as organic amendments, were purchased from Daejung Chemical
Company. Soil amendments were applied solely (i.e., B, T, AC, and CS) and in the form
of composites (i.e., BAC, BCS, TAC, and TCS) for soil remediation. Composites of the
amendments were prepared with equally mixing (1/1 wt./wt.) a pair of amendments
together. It is hypothesized that combining amendments may provide more binding sites
for stabilizing heavy metal(loid)s in soil. Hence, the composites of soil amendments were
prepared for further study on the effect of multiplex amendments on the soil quality.

2.2. Greenhouse Experiment

A leaching pot experiment was carried out in a greenhouse in the Sejong University,
located in Seoul, the Republic of Korea, to explore the effect of the aforementioned amend-
ments and their composites on heavy metal immobilization and plant growth. A mixture
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of washed sand and contaminated soil with a ratio of 1/3 (w/w) was added to each pot.
Soil amendments (solus and composites) were added to the experimental pots at rates
of 2 wt.%., and thoroughly mixed to obtain homogeneity. Before planting, the soil was
incubated in the dark for 8 weeks and left to be equilibrated. The average temperature
in the greenhouse was 23 ◦C with a humidity of 65%. A control soil sample was also
prepared following the same procedure without adding amendments. All treatments were
performed in three replicates. After the equilibration finished, two lettuce seedlings from
unpolluted soils were translocated in each experimental pot and watered three times a
week (100 mld−1) with distilled water (DW). Forty-five days after planting, the lettuce was
harvested, and soil was sampled for further analysis. The harvested plants were separated
into groups of root and shoot samples. Plant samples were rinsed with DW, oven-dried
(45 ◦C), ground, and stored in a plastic bag at room temperature before analysis. Moreover,
soil samples were collected and stored in a refrigerator at −70 ◦C before analysis.

2.3. Samples Analysis

The pH of the soil and amendments was measured in a solid to solution ratio of 1:5
using a pH meter (Orion StarTM A211 pH Benchtop Meter, Waltham, MA, USA). The total
concentration of As, Cu, and Zn in soil and amendment samples was measured by flame
atomic absorption spectrometry (AAS, AA240, Varian, Australia), after the digestion of
samples using an aqua regia method [22]. The sequential extraction method for As was
measured based on [23], while for Cu and Zn, the method of [24] was applied. These
methods are demonstrated in Table 1.

Table 1. The procedure of sequential extraction methods.

Methods Target Phase Reagents

Wenzel et al., 2001 for As fractionation
Fraction I. Exchangeable Easily exchangeable 0.05 M (NH4)2SO4; 4 h

Fraction II. Bound to carbonates Phosphate competes with adsorbed As 0.05 M (NH4)H2PO4; 16 h

Fraction III. Bound to Fe and Mn oxides Oxalate competes with adsorbed As on
amorphous Fe oxides

0.2 M NH4-oxalate buffer,
pH 3.25 in dark; 4 h

Fraction IV. Bound to organic matter Associated with crystalline Fe oxides 0.2 M NH4-oxalate buffer + 0.1 M
ascorbic acid, pH 3.25; 30 min/96 ◦C

Fraction V. Residual Bound to silicates HCl/HNO3 3/1 v/v
Tessier et al., 1979 for Cu and Zn

fractionation
Fraction I. Exchangeable Adsorbed metals 1 g sample, 0.5 M MgCl2; 20 min

Fraction II. Bound to carbonates Specially adsorbed metals as well as
carbonate-bound fractions 1 M NaOAc, pH 5.0 with HOAc; 5 h

Fraction III. Bound to Fe and Mn oxides Extraction of reducible Fe and Mn oxides 0.04 M NH2·OH·HCl in 25% (v/v) HOAC;
6 h/96 ◦C

Fraction IV. Bound to organic matter Bound to various forms of organic matter
and sulfide minerals

0.02 M HNO3 30% H2O2, pH 2.0 with
HNO3, 3.2 M NH4OAc in 20% (v/v)

HNO3; 3 h/85 ◦C

Fraction V. Residual
Detrital silicate minerals, resistant
sulfides, and a small quantity of

refractory organic material
HCl/HNO3 3/1 v/v

Total concentrations of heavy metal(loid)s in plant tissues were measured using AAS
after digestion of plant tissue samples (1 g) in the solution of 5 mL HNO3 (70% w/w) for 1 h
at 120 ◦C and a subsequent addition of 1 mL H2O2.

The specific surface area (SSA) of the amendments was measured by N2 adsorption
using the Micrometrics BET method by Tristar 3000, UK [25]. The morphology of each
amendment as well as the elemental composition were examined using a scanning electron
microscopy (SEM-EDS) Coxem S-100 production microscope (COXEM, Daejeon, Korea).
Fourier transform infrared spectroscopy (FT-IR) was used to determine functional groups
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of the amendments. The chemical composition of inorganic amendments (B and T) was
determined using X-ray fluorescence (micro-XRF, M4 Tornado, Bruker).

2.4. Microbial Metabolic Activity

Biolog EcoPlate™ (Biolog, Inc., Hayward, CA, USA) was used to identify the metabolic
characteristics of microbial communities present in the soil samples based on the utilized
carbon source, before and after soil amending. Biolog EcoPlate™ is a quick, effective, and
low-cost method to detect the dynamic variation of microbial metabolic and community
diversity in soil [26]. Biolog EcoPlate™ is composed of 31 carbon sources (10 carbohydrates,
4 polymers, 9 carbonxylic and ketonic acids, 6 amino acids, and 2 amines/amides) and
a control. It contains three replicates of the carbon source and control which became a
total of 96 wells. A multichannel pipette was applied in the microplate to dispense the
rhizosphere soil diluent into the 96 wells (150 µL per hole) under aseptic conditions. A
redox dye (tetrazolium violet) was added to each well, which turned purple when the
carbon source used by the microbial communities was present in the sample. For this, 5 g
soil was suspended in 0.85% sterile organic salt (NaCl) solution (1:9 v/v) and then rotated
for 30 min at 150 rpm. After settling down the suspension for 10 min, 1 mL extractant was
diluted in 9 mL of tetrazolium violet solution. About 0.125 µL of the diluted solution was
added to the plate wells. Plates were incubated at 28 ◦C for 5 days in a dark place. To
identify metabolic diversity, the well absorbance was read automatically every day by the
computerized MicroStation™ system [27].

The capability of microorganisms to utilize different carbon sources in microbial com-
munities was calculated by average well-color development (AWCD) [28]. Samples with
larger variation were considered as higher carbon source utilization capability and indi-
cated to higher abundance of microorganisms [29]. AWCD was calculated as follows [28]:

AWCD = ∑(Ci − R)/31 (1)

where Ci is the absorbance value of each reaction well at 590 nm in each carbon source well
at time t and R is the absorbance value of the control well at time t.

SAWCD (Substrate Average Well-Color Development) was calculated with the
same equation:

SAWCD = ∑(Ci − R)/(number of substrate) (2)

where Ci is the absorbance value of substrate within the substrate category [30].

2.5. Statistical Analysis

The experimental data were calculated from triple replicates experiments. The data
were statistically analyzed by one–way analysis of variance (ANOVA) and Tukey’s test
(p < 0.05) via SPSS version 20.0. Origin software version 9.1 was applied to figure out the
data. The heatmap for monitoring microbial metabolism activities was plotted using a web
tool for visualizing clustering of multivariate data https://biit.cs.ut.ee/clustvis/.

3. Results and Discussions
3.1. Physicochemical Properties of Initial Soil and Amendments

The initial soil texture was of loamy sand with slightly acidic (pH 5.9 ± 0.01), and
contaminated with total concentrations of As, Cu, and Zn at 39.5 ± 1.3, 33.6 ± 1.5, and
108.5 ± 1.3 mg/kg, respectively (Table 2). These levels are much higher than the average
in the world [31]. The soil was rich in organic matter content (2.9 wt.%) compared to
the average value (2–3 wt.%) of the cultivable soils in Korea [32]. However, the soil was
nutrient-poor with only 0.15 mg/kg of T-N.

https://biit.cs.ut.ee/clustvis/
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Table 2. Physicochemical properties of the initial soil.

Sample pH As
(mg/kg)

Cu
(mg/kg)

Zn
(mg/kg)

T-N
(mg/kg)

T-P
(mg/kg)

T-K
(mg/kg)

OM
(%) Texture

Soil 5.9 ± 0.01 39.45 ± 0.38 33.60 ± 0.52 108.5 ± 0.91 0.15 56.8 880.1 2.9 Loamy sand

T-N: total Nitrogen, T-P: total Phosphorus, T-K: total Potassium, OM: organic matter contents.

As shown in Table 3, soil amendments had alkaline pH with average values of
7.8 ± 0.04, 8.8 ± 0.02, 7.2 ± 0.04, 8.2 ± 0.01 for B, T, AC, and CS, respectively. A small
amount of heavy metal(loid)s was found in the soil amendments (Table 3). Thus, from a
heavy metal(loid)s contamination viewpoint, these amendments are safe to apply for soil
treatment. Among soil amendments, a high SSA was found for AC with an average value
of 1082 m2/g, which was a good match with previous studies [33,34]. In contrast, a small
value of SSA was found for T (1.8 m2/g) and CS (0.15 m2/g). The results of XRF analysis
showed that SiO2 and Al2O3 are the major components of bentonite with average contents
of 67.8 wt.% and 15.8 wt.%, respectively (Table 4). Meanwhile, the major components of
talc included SiO2, MgO, and CaO with the average contents of 35.3 wt.%, 34.9 wt.%, and
26.9 wt.%, respectively.

Table 3. Physicochemical properties of amendments.

Sample pH As (mg/kg) Cu (mg/kg) Zn (mg/kg) SSA(m2/g)

B 7.8 ± 0.04 0.56 ± 0.01 33.20 ± 0.05 35.22 ± 0.04 60.56
T 8.8 ± 0.02 0.69 ± 0.02 1.40 ± 0.01 29.50 ± 0.06 1.80

AC 7.2 ± 0.04 9.06 ± 0.01 4.6 ± 0.03 1.12 ± 0.02 1081.9
CS 8.2 ± 0.01 0.44 ± 0.005 0.01 ± 0.002 0.58 ± 0.006 0.15

B: bentonite, T: talc, AC: activated carbon, CS: cornstarch, SSA: specific surface area.

Table 4. Chemical composition (wt.%) of inorganic amendments using XRF.

Sample SiO2 Al2O3 Fe2O3 K2O MgO CaO TiO2 MnO SO3 P2O5

B 67.8 15.8 6.94 2.60 2.13 2.12 0.66 0.25 0.1 0.07
T 35.3 0.65 1.59 0.03 34.9 26.9 0.1 0.06 0.02 0.05

B = bentonite, T = talc.

Scanning electron microscopy was conducted to compare the morphology of B, T, AC,
and CS. The different morphology of amendments was shown in Figure 1. Bentonite tended
to aggregate and formed large size particles as white squares in Figure 1a [35]. Figure 1b
reveals that the particle size of talc was very heterogeneous and angular. Figure 1c shows
the morphology of AC was an angular and irregular material, and also had micro pores [36].
Cornstarch in this research had a sphere shape, and homogeneous size particle distribution
as shown in Figure 1d [37].

Figure 2 showed the FT-IR spectrum of the bentonite samples. The absorption band at
3619 cm−1 is belong to structural OH groups of the bentonite. The band at 691 cm−1 is due
to the deformation and bending modes of the Si-O bond. The very strong absorption band
at 991 cm−1 is due to Si-O bending vibration [38]. The band at 3629 cm−1 is responsible for
free uncompleted hydroxyls, and the band at 1654 cm−1 is responsible for bending H-O-H
vibration in water.

The FT-IR spectrum for talc powder is shown in Figure 2, where wave numbers of 3675;
1427; 1004; 876; and 667 cm−1 dominate. The siloxane group (Si-O-Si) stretching vibrational
bands is for peaks at 476 and 1040 cm−1, respectively, while the band at 667 cm−1 reflects
the Si-O-Mg bond [39]. The bands 3676 cm−1 are ascribed to the vibrations of hydroxyl
groups linked to Si (Si-OH) and Mg (MgOH), respectively [40]. The talc used in this study
was not pure as confirmed in XRF results with including CaO as Table 4. The results from
FT-IR showed the same results when the appearance of bands of 1427; 875; and 712 cm−1

referred to calcite [41,42].
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FT-IR spectra of AC could be attributed to the antisymmetric stretching vibration of the
nonsymmetric vibration absorption of C = O (at 1996 to 2085 cm−1) [43]. The absorbance
peak at 2328 cm−1 implied the presence of uncommon CO2, which might result from the
measuring conditions [44].

The FT-IR spectra of cornstarch are described in Figure 2. In the spectrum absorbance
of CS, the band at 3293 cm−1 and 2931 cm−1 were allocated to the O–H stretching and the



Minerals 2021, 11, 1143 7 of 19

C–H stretching vibrations, respectively. Meanwhile, the bands at 1149, 1077, and 993 cm−1

were characteristic of the C–O stretching vibrations [45,46].
Generally, the results of amendment characterization reveal that they offer the poten-

tial application of heavy metal immobilization in soil due to their capacity to adsorb and
co-precipitate contaminants.

3.2. Effects of Amendments on Soil Properties

The studied soil from farmlands nearby the mining area was slightly acidic (Table 2).
As shown in Figure 3, pH of soil significantly (p < 0.05) increased in the amended soil
especially for T, TAC, and TCS amended soils from 6.1 ± 0.02 to 7.3 ± 0.01, 7.4 ± 0.04,
and 7.3 ± 0.04 after planting. The maximum increase value of pH in soil was found for
treatment with TAC. Soil pH also increased slightly for the soil applied with AC, CS, and
BCS from 6.1 ± 0.02 to 6.6 ± 0.02, 6.5 ± 0.04, and 6.5 ± 0.05 after 45 days from planting,
respectively. Moreover, no significant difference in soil pH was found in B and BAC
amended soils compared to control soil.
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carbon, CS: cornstarch).

Soil pH is an important factor that affects the behavior of metals in soil and directly or
indirectly changes their mobility and toxicity to plants and microorganisms. Our results
showed high efficiency for increasing soil pH using T and its composites. Indeed, T
typically contains calcite as confirmed with the characterization of talc using the FT-IR and
XRF results in Figure 2 and Table 4. The calcite and H+ in soil colloids could be replaced
with Ca2+ and subsequently released into the soil solution and increase soil pH. Besides,
Ca2+ may further react with HCO3 to form CO2 and H2O which led to an increase in the
pH of soil [47].

An increase in soil pH amended with AC and CS is mainly attributed to the existence
of the carbonaceous materials and the surface oxygen-containing functional groups such
as carboxyl and hydroxyl groups [48].

3.3. Effects of Amendments on As, Cu, and Zn Fractional Distribution in Soil

The chemical formation of metal(loid)s in the treated/non-treated soils after 45 days
of planting was explored using a sequential extraction method (Figure 4). In general,
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sequential extraction methods still have limitations due to loss and/or gain in the extraction
process. They relatively reflect the heavy metal(loid) concentrations in soils existing in
chemical forms. Nevertheless, the results from sequential extraction play an important role
in assessing the correlation and variation of chemical speciation in soils with amendments.

Based on the sequential extraction results, As was mainly distributed in the organic
matter, Fe and Mn oxides, and carbonate fractions with the average values of 50, 25, and
18 wt.%, respectively (Figure 4a). No significant change was found for these fractions of
As after amending soil. However, As was related more with exchangeable fraction in the
control soil than treated soils. Comparing to the control soil, an exchangeable fraction of
As was reduced by 36.8, 25.6, 54.4, 45.6, 66.4, 57.6, 23.2, and 40.8 wt.%, after amending
soil with B, T, AC, CS, BAC, BCS, TAC, and TCS, respectively. Arsenic in soils can be
associated with several reactive components. Although the total As concentration may
manifest the overall level of As in soils, it does not provide information regarding the
chemical form or potential mobility and bioavailability of a particular element. Indeed,
the bioavailability of heavy metal(loid)s relates to their easily leachable fractions (e.g.,
exchangeable and carbonate) [10]. A promising result for As immobilization through a
reduction in the exchangeable fraction was found in the amended soils especially for AC
and its composites.

As it is shown in Figure 4b, Cu was mainly distributed in the un-bioavailable forms
of residual (60 wt.%) and organic matter (33 wt.%) fractions. Adding soil amendments
showed a significant increase (p < 0.05) in the organic matter fractions of Cu with the
maximum values for AC (55 wt.%) amended soils. In contrast, a significant decrease
in the bioavailable form of an exchangeable fraction of Cu was found after amending
soil. Compared to the control soil, the exchangeable fraction of Cu was reduced by 84.2,
79.7, and 74.4 wt.%, after amending soil with AC, BAC, and TAC, respectively. Among
soil amendments, AC and its composite were the most effective agents to change the
distribution of the Cu in soil.

Minerals 2021, 11, x FOR PEER REVIEW 9 of 19 
 

 

Arsenic and Cu are more related to an organic compound, which is why AC showed 
a more significant effect on As and Cu immobilization. Meanwhile, Zn is related more to 
inorganic compounds, and T originated from clay minerals with high pH, showing more 
efficiency to immobilize Zn.  

In detail, according to the results of amendment characterization, AC had the highest 
specific surface area (1082 m2/g) that shows the potential capacity for heavy metal adsorp-
tion. The effect of activated carbon on As, Cu, Zn, and Cd immobilization has been re-
ported in the previous study and also concurred with the results of this study [33,34,49]. 
In addition, activated carbon includes C = O functional group, which can induce heavy 
metal immobilization via cation exchange and functional group complexation.  

In the case of bentonite, XRF results showed that bentonite had a high percent 
amount of SiO2 which is the most abundant component in nature and plays an important 
role as As storage mineral. Arsenic can be incorporated into mineral structure as impuri-
ties and adsorbed onto a mineral surface [50]. Bentonite also had a functional group as O-
H can immobilize heavy metals like Cu and Zn via adsorption, functional group complex-
ation, and surface precipitation, as confirmed by other research works [51,52]. 

In this study, talc had a high chemical composition of MgO (34.9%) and CaO (26.9%) 
which could increase the pH in soil lead to a corresponding increase in the net negative 
charge of variably charged colloids in soils and sediments, such as clays, organic matter, 
and Fe and Al oxides [53]. That is the reason why the soil treated with talc showed the 
highest pH which led to the increase the heavy metal sorption, especially for Zn. The 
mechanism of surface complexation on talc surface can be explained as follows [54]:  

≡POH + Zn2+ = ≡ POZn+ + H+(pH < 6.0) (3)

≡PO−+ Zn2+ = ≡ POZn+ (7.5 < pH < 9.0) (4)

≡CaOH + Zn2+ = ≡ CaOZn+ + H+(pH > 10.5) (5)

In this study, cornstarch also showed a high pH value (8.2) which also has a potential 
capacity for heavy metal immobilization in soil via adsorption, inner-sphere surface com-
plexation, and precipitation techniques. Besides, the functional group of cornstarch as O-
H, C-O also played an important role for Cu, Zn, and Cd adsorption, surface precipitation 
as other research works confirmed [55,56]. 

 
(a) 

Figure 4. Cont.



Minerals 2021, 11, 1143 9 of 19
Minerals 2021, 11, x FOR PEER REVIEW 10 of 19 
 

 

 
(b) 

 
(c) 

Figure 4. Arsenic, Cu, and Zn fractionation by sequential extraction of soil with different treatments 
after 45 days planting lettuce (Arsenic extracted by Wenzel et al., 2001, Cu and Zn extracted by 
Tessier et al. 1979, CTR: control, B: bentonite, AC: activated carbon, CS: cornstarch). Data are mean ± 
 standard deviation (n  =  3). (a) Arsenic fractionation, (b) Copper fractionation, (c) Zinc fractiona-
tion. 

3.4. Effects of Amendments on Plant Growth Index and Phytotoxicity 
The study revealed that the response of plant to amendment application varied be-

tween amendment types (Figure 5). Amending soil, except for CS and its composites, sig-
nificantly (p < 0.05) induced plant growth index after 45 d planting. Compared with the 

Figure 4. Arsenic, Cu, and Zn fractionation by sequential extraction of soil with different treatments
after 45 days planting lettuce (Arsenic extracted by Wenzel et al., 2001, Cu and Zn extracted by
Tessier et al. 1979, CTR: control, B: bentonite, AC: activated carbon, CS: cornstarch). Data are mean ±
standard deviation (n = 3). (a) Arsenic fractionation, (b) Copper fractionation, (c) Zinc fractionation.

Based on the sequential extraction results, Zn was associated mostly with a residual
fraction with an average value of 75 wt.% (Figure 4c). Amending soil did not change
the share of the residual fraction of Zn. However, a slight increase in the organic matter
fractionation of Zn was observed after adding to soil with AC and its composites (from 17
to 20 wt.%). A significant reduce in the easily leachable fractions (i.e., exchangeable and
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carbonate) of Zn was found after amending soil amendments. For Zn immobilization, T
and its composites showed higher efficiency than other treatments. In detail, T, TAC, and
TSC reduced the Zn mobility in the exchangeable phase by 89.7%, 86.7%, and 82.3%.

Generally, B and AC showed promising results to immobilize As and Cu in the soil
through a reduction in the bioavailable forms, while T and CS were more effective in
mitigating the bioavailability of Zn.

Arsenic and Cu are more related to an organic compound, which is why AC showed a
more significant effect on As and Cu immobilization. Meanwhile, Zn is related more to
inorganic compounds, and T originated from clay minerals with high pH, showing more
efficiency to immobilize Zn.

In detail, according to the results of amendment characterization, AC had the highest
specific surface area (1082 m2/g) that shows the potential capacity for heavy metal ad-
sorption. The effect of activated carbon on As, Cu, Zn, and Cd immobilization has been
reported in the previous study and also concurred with the results of this study [33,34,49].
In addition, activated carbon includes C = O functional group, which can induce heavy
metal immobilization via cation exchange and functional group complexation.

In the case of bentonite, XRF results showed that bentonite had a high percent amount
of SiO2 which is the most abundant component in nature and plays an important role as
As storage mineral. Arsenic can be incorporated into mineral structure as impurities and
adsorbed onto a mineral surface [50]. Bentonite also had a functional group as O-H can
immobilize heavy metals like Cu and Zn via adsorption, functional group complexation,
and surface precipitation, as confirmed by other research works [51,52].

In this study, talc had a high chemical composition of MgO (34.9%) and CaO (26.9%)
which could increase the pH in soil lead to a corresponding increase in the net negative
charge of variably charged colloids in soils and sediments, such as clays, organic matter,
and Fe and Al oxides [53]. That is the reason why the soil treated with talc showed the
highest pH which led to the increase the heavy metal sorption, especially for Zn. The
mechanism of surface complexation on talc surface can be explained as follows [54]:

≡POH + Zn2+ = ≡POZn+ + H+ (pH < 6.0) (3)

≡PO− + Zn2+ = ≡POZn+ (7.5 < pH < 9.0) (4)

≡CaOH + Zn2+ = ≡CaOZn+ + H+ (pH > 10.5) (5)

In this study, cornstarch also showed a high pH value (8.2) which also has a potential
capacity for heavy metal immobilization in soil via adsorption, inner-sphere surface com-
plexation, and precipitation techniques. Besides, the functional group of cornstarch as O-H,
C-O also played an important role for Cu, Zn, and Cd adsorption, surface precipitation as
other research works confirmed [55,56].

3.4. Effects of Amendments on Plant Growth Index and Phytotoxicity

The study revealed that the response of plant to amendment application varied
between amendment types (Figure 5). Amending soil, except for CS and its compos-
ites, significantly (p < 0.05) induced plant growth index after 45 d planting. Compared
with the control samples (19.75 ± 0.25 cm), lettuce height significantly increased in B
(24.5 cm ± 0.5 cm), T (23.75 cm ± 0.75 cm), AC (29.5 cm ± 0.7 cm), BAC (25.5 cm ± 0.5 cm),
TAC amended soils (26.25 cm± 0.55 cm). Adding soil amendments meaningfully increased
the dry mass of lettuce from 1.73 ± 0.13 g in the control samples to 2.86 ± 0.46, 3.18 ± 0.07,
3.37 ± 0.12, 2.8 ± 0.02, 2.98 ± 0.13 g, in B, T, AC, BAC, and TAC, respectively. Previous
studies showed that AC, T, and/or B can induce plant growth parameters mainly due to
nutrient supply by these amendments [33]. Noteworthy, no significant change in the plant
growth index was found using CS and its composites. This may be attributed to a decrease
in soil respiration by the decomposition of CS which later reduces plant growth [57].
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are not significantly different from each other under different amendment treatments according to
Tukey’s test (p < 0.05, n = 3) (CTR: control, B: bentonite, AC: activated carbon, CS: cornstarch).

Figure 6 shows concentrations of heavy metal(loid)s in lettuce tissues after 45 days of
planting. In Figure 6a, a small amount of As was observed in the plant shoots after amend-
ing soil with B (0.075± 0.008 mg/kg), AC (0.051± 0.007 mg/kg), BAC (0.05 ± 0.005 mg/kg),
T (0.107 ± 0.008 mg/kg), and TAC (0.113 ± 0.005 mg/kg) compared with the control sam-
ples (0.156 ± 0.005 mg/kg), while the other treatments did not affect As accumulation in
roots. Amending soil samples did not affect as uptake by plant shoots after 45 days of
planting. Our study concurred with previous work that found an effect of AC and B on
reducing the plant uptake of heavy metal contaminated in soil [16,34].

The results also showed that adding amendments reduced Cu uptake by both plant
roots and shoots (Figure 6b). Amending soil with AC significantly (<0.05) reduced
Cu uptake by plant root (4.76 ± 0.13 vs. 12.08 ± 0.12 mg/kg in control) and shoot
(3.78 ± 0.03 vs. 7.28 ± 0.31 mg/kg in control). Although no consistency was found be-
tween soil amendments and Zn uptake by root and shoot, the concentration of Zn in
plant tissues decreased after amending soil samples (Figure 6c). A great decrease in Zn
uptake by root (6.09 ± 0.05 vs. 10.88 ± 0.07 mg/kg in control) and shoot (4.76 ± 0.04 vs.
6.28 ± 0.11 mg/kg in control) was found in the amended soils with BCS. The low level of
Zn uptake by plants could be explained by the low Zn mobility in soil when applied CS
and its composites, which are presented in Figure 4.

3.5. Effect of Amendments on Metabolic Function of Soil Microbial Communities

The capability of carbon source utilization is a satisfactory factor to describe the
metabolic profile of microorganisms and the quality of soil environmental because it
reflects the potential of microbes to respond promptly to changes in the environment.
Biolog Ecoplate is a rapid, efficient, and inexpensive method used to detect the dynamic
variation of microbial metabolism and community diversity in soil. The metabolic activity
of microorganisms in the soil was assessed by the AWCD of Biolog Ecoplate; a higher
AWCD shows a higher microbial metabolic activity [27–29].

Among these treatments, Figure 7 shows that the AWCD of treatments with B, AC,
BAC was stabilized at 1.47, 1.34, and 1.50, respectively, and had no significant difference
compared to the control; the AWCD of the control was 1.43 after 120 h incubation time.
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Meanwhile, the AWCD of treatments with T, CS, TAC, TCS showed a significant difference
compared to the control at 1.66, 1.68, 1.52, 1.70, respectively. Generally, the AWCD was
slightly inhibited with the presence of B, AC, and BAC in the soil; meanwhile, T, CS,
TAC, and TCS promoted microorganism activity by improving the AWCD index. These
results concurred with other research on the effects of B and AC on microbial community.
For example, Yuebing Sun showed that bentonite had a negative effect on a microbial
community when applied to soil [58]. Wei Que also showed that the microbial community
was destroyed when AC was applied to the sediment [33].
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The SAWCD value is presented in Figure 8. When comparing the distribution of
SAWCD for each amendment treatment, we can see that by applying the amendments, the
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amino acid SAWCD value decreased compared to the untreated soil, while all of these soils
increased the amines/amides SAWCD value up to 0.7 units in TCS; however, the increases
of B, AC, and BAC were not significantly different from the control soil. In the polymers,
carbohydrates, and carboxylic acid utilization, the control soil showed a lower value of
SAWCD than most of the treatments, excepting B, AC, BCS.
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In Figure 9, the heatmap analysis with cluster dendrogram presents in more detail
the effect of various amendment treatments on soil microbial community. It can be seen
that the groups B, AC, and BAC were similar to the control response to carbon sources
utilization compared to T, CS, and TCS. Furthermore, the groups of carbon sources utilized
by microbes such as A3, C4, E3, D3, G4, H4, F1, H1, G3, E1, and H2 were the most affected
when applying amendments. For the addition of B, AC, and CS, these carbon sources
had no significant different change compared to the control; in contrast, T, CS, and TCS
increased the carbon source utilization. Other carbon sources had fluctuating changes
compared to the control soil when the amendments were added.

A large number of research works have shown the influence of changing soil properties
such as pH on soil microbial [59,60]. Most microorganisms had the intracellular pH around
neutral, which is why increasing or decreasing pH is sufficient to impose stress and likely
affects microbial diversity [61]. In this study, B, AC, and BAC applied to soil slightly
changed pH but not significantly different than the control while T, CS, TCS increased
the soil pH nearly neutrally. That is the reason why the microbial community in soil
treated with T, CS, and TCS was more diverse than B, AC, and BAC. On the other hand,
the available Zn content also played an important factor in the microbial community
structure [62]. Zn is known as one of the necessary micronutrients for cell metabolism,
but Zn content above a specific threshold can be toxic to living organisms, especially
soil microbes, and largely affects the functional groups of microbial communities [63].
Our results agree with this, as T and CS showed a higher efficiency of immobilizing
Zn compared to B and AC. Furthermore, talc is easily loaded with microorganisms and
cornstarch has amylose and amylopectin, which can be fermented by bacteria [64,65]. This
might explain the microbial diversity in these amendment treatments.
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Table 5. Biolog EcoplateTM carbon source substrate category [66].

Well Number Carbon Source Category

B1 Pyruvic acid and methyl ester Carbohydrates
G1 D-Cellobiose Carbohydrates
H1 α-D-Lactose Carbohydrates
A2 β-Methyl-D-glucoside Carbohydrates
B2 D-Xylose Carbohydrates
C2 i-Erythritol Carbohydrates
D2 D-Mannitol Carbohydrates
E2 N-Acetyl-D-glucosamine Carbohydrates
G2 Glucose-1-phosphate Carbohydrates
H2 D,L-α-Glycerol phosphate Carbohydrates
C1 Tween 40 Polymers
D1 Tween 80 Polymers
E1 α-Cyclodextrin Polymers
F1 Glycogen Polymers
F2 D-Glucosaminic acid Carboxylic and ketonic acids
A3 D-Galactonic acid-γ-lactone Carboxylic and ketonic acids
B3 D-Galacturonic acid Carboxylic and ketonic acids
C3 2-Hydroxybenzoic acid Carboxylic and ketonic acids
D3 4-Hydroxybenzoic acid Carboxylic and ketonic acids
E3 γ-Hydroxybutyric acid Carboxylic and ketonic acids
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Table 5. Cont.

Well Number Carbon Source Category

F3 Itaconic acid Carboxylic and ketonic acids
G3 α-Ketobutyric acid Carboxylic and ketonic acids
H3 D-Malic acid Carboxylic and ketonic acids
A4 L-Arginine Amino acids
B4 L-Asparagine Amino acids
C4 L-Phenylalanine Amino acids
D4 L-Serine Amino acids
E4 L-Threonine Amino acids
F4 Glycyl-L-glutamic acid Amino acids
G4 Phenylethylamine Amines/amides
H4 Putrescine Amines/amides

4. Conclusions

The remediation of contaminated soil using soil amendments for heavy metals immo-
bilization has been studied for many years; however, there still is a gap in the research to
find appropriate amendments for immobilizing metals and metalloids at the same time
without negatively affect plant growth and microorganism activities. Therefore, this study
was conducted to simultaneously examine the effect of various soil amendments on metals
bioavailability and its subsequent influence on the phytotoxicity and microbial diversity in
contaminated farmland.

Our results indicated that the soil amendments and their composites significantly
affected the soil, plant, and microbial metabolic functions as follows:

(1) Amending soil-induced pH caused a heavy metal(loid)s immobilization.
(2) Among soil amendments, B and AC and their composites show a higher efficiency for As

and Cu immobilization in soil with a great reduction in their easily bioavailable fractions.
(3) T, CS, and their composites showed a great effect on Zn immobilization in soil.
(4) The lettuce grew well in B, AC, and their composites amended soils with the minimum

amount of As and Cu found in its tissue, while Zn concentration in plant tissue
was higher.

(5) No significant change in the microbial communities was found for the B, AC, and
their composite amended soils, while T, CS, and their composites induced soil
microbial diversity.

Our study suggested that using the composites of amendments has the most beneficial
effects on soil, plants, and microbial metabolic functions.

Author Contributions: Experiment set-up, investigation, writing—original preparation, T.N.Q.;
writing—review and editing, Z.D.N. and T.N.Q.; supervision, M.C.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by Korea Environmental Industry & Technology Institute (KEITI)
through the “Establishment of clean-up soil recycling management systems linked to soil health”
project funded by Korea Ministry of Environmental (MOE) (Project number: 202000248004).

Data Availability Statement: Not applicable.

Acknowledgments: I want to express my gratefulness to my wife Ngoc Yen Le who help me to
analyze the Biolog Ecoplate. She always encourages me on the path of scientific research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Derakhshan Nejad, Z.; Rezania, S.; Jung, M.C.; Al-Ghamdi, A.A.; Mustafa, A.E.-Z.M.A.; Elshikh, M.S. Effects of fine fractions of

soil organic, semi-organic, and inorganic amendments on the mitigation of heavy metal(loid)s leaching and bioavailability in a
post-mining area. Chemosphere 2021, 271, 129538. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2021.129538


Minerals 2021, 11, 1143 17 of 19

2. Li, C.; Zhou, K.; Qin, W.; Tian, C.; Qi, M.; Yan, X.; Han, W. A Review on Heavy Metals Contamination in Soil: Effects, Sources,
and Remediation Techniques. Soil Sediment Contam. Int. J. 2019, 28, 380–394. [CrossRef]

3. Govarthanan, M.; Lee, G.-W.; Park, J.-H.; Kim, J.S.; Lim, S.-S.; Seo, S.-K.; Cho, M.; Myung, H.; Kamala-Kannan, S.; Oh, B.-T.
Bioleaching characteristics, influencing factors of Cu solubilization and survival of Herbaspirillum sp. GW103 in Cu contaminated
mine soil. Chemosphere 2014, 109, 42–48. [CrossRef] [PubMed]

4. Kim, J.-Y.; Kim, K.-W.; Lee, J.-U.; Lee, J.-S.; Cook, J. Assessment of As and Heavy Metal Contamination in the Vicinity of Duckum
Au-Ag Mine, Korea. Environ. Geochem. Health 2002, 24, 213–225. [CrossRef]

5. Yao, Z.; Li, J.; Xie, H.; Yu, C. Review on Remediation Technologies of Soil Contaminated by Heavy Metals. Procedia Environ. Sci.
2012, 16, 722–729. [CrossRef]

6. Derakhshan-Nejad, Z.; Jung, M.C. Remediation of multi-metal contaminated soil using biochars from rice husk and maple leaves.
J. Mater. Cycles Waste Manag. 2019, 21, 457–468. [CrossRef]

7. Liu, L.; Li, W.; Song, W.; Guo, M. Remediation techniques for heavy metal-contaminated soils: Principles and applicability. Sci.
Total Environ. 2018, 633, 206–219. [CrossRef]

8. Fan, J.; Cai, C.; Chi, H.; Reid, B.J.; Coulon, F.; Zhang, Y.; Hou, Y. Remediation of cadmium and lead polluted soil using
thiol-modified biochar. J. Hazard. Mater. 2020, 388, 122037. [CrossRef] [PubMed]

9. Chen, X.; Dai, Y.; Fan, J.; Xu, X.; Cao, X. Application of iron-biochar composite in topsoil for simultaneous remediation of
chromium-contaminated soil and groundwater: Immobilization mechanism and long-term stability. J. Hazard. Mater. 2021,
405, 124226. [CrossRef]

10. Palansooriya, K.N.; Shaheen, S.M.; Chen, S.S.; Tsang, D.C.W.; Hashimoto, Y.; Hou, D.; Bolan, N.S.; Rinklebe, J.; Ok, Y.S. Soil
amendments for immobilization of potentially toxic elements in contaminated soils: A critical review. Environ. Int. 2020,
134, 105046. [CrossRef]

11. Govarthanan, M.; Park, S.-H.; Park, Y.-J.; Myung, H.; Krishnamurthy, R.R.; Lee, S.-H.; Lovanh, N.; Kamala-Kannan, S.; Oh, B.-T.
Lead biotransformation potential of allochthonous Bacillus sp. SKK11 with sesame oil cake extract in mine soil. RSC Adv. 2015, 5,
54564–54570. [CrossRef]

12. Govarthanan, M.; Selvankumar, T.; Mythili, R.; Srinivasan, P.; Ameen, F.; AlYahya, S.A.; Kamala-Kannan, S. Biogreen remediation
of chromium-contaminated soil using Pseudomonas sp. (RPT) and neem (Azadirachta indica) oil cake. Int. J. Environ. Sci. Technol.
2019, 16, 4595–4600. [CrossRef]

13. Zaitan, H.; Bianchi, D.; Achak, O.; Chafik, T. A comparative study of the adsorption and desorption of o-xylene onto bentonite
clay and alumina. J. Hazard. Mater. 2008, 153, 852–859. [CrossRef] [PubMed]

14. Gilmour, C.C.; Riedel, G.S.; Riedel, G.; Kwon, S.; Landis, R.; Brown, S.S.; Menzie, C.A.; Ghosh, U. Activated carbon mitigates
mercury and methylmercury bioavailability in contaminated sediments. Environ. Sci. Technol. 2013, 47, 13001–13010. [CrossRef]

15. Meynet, P.; Hale, S.E.; Davenport, R.J.; Cornelissen, G.; Breedveld, G.D.; Werner, D. Effect of activated carbon amendment on
bacterial community structure and functions in a PAH impacted urban soil. Environ. Sci. Technol. 2012, 46, 5057–5066. [CrossRef]
[PubMed]

16. Xie, Y.; Xiao, K.; Sun, Y.; Gao, Y.; Yang, H.; Xu, H. Effects of amendments on heavy metal immobilization and uptake by Rhizoma
chuanxiong on copper and cadmium contaminated soil. R. Soc. Open Sci. 2018, 5, 181138. [CrossRef] [PubMed]

17. Gomez-Eyles, J.L.; Yupanqui, C.; Beckingham, B.; Riedel, G.; Gilmour, C.; Ghosh, U. Evaluation of biochars and activated carbons
for in situ remediation of sediments impacted with organics, mercury, and methylmercury. Environ. Sci. Technol. 2013, 47,
13721–13729. [CrossRef]

18. Wu, B.; Cheng, G.; Jiao, K.; Shi, W.; Wang, C.; Xu, H. Mycoextraction by Clitocybe maxima combined with metal immobilization
by biochar and activated carbon in an aged soil. Sci. Total Environ. 2016, 562, 732–739. [CrossRef]

19. Li, Y.; Liang, X.; Huang, Q.; Xu, Y.; Yang, F. Inhibition of Cd accumulation in grains of wheat and rice under rotation mode using
composite silicate amendment. RSC Adv. 2019, 9, 35539–35548. [CrossRef]

20. León, O.; Soto, D.; González, J.; Piña, C.; Muñoz-Bonilla, A.; Fernandez-García, M. Environmentally Friendly Fertilizers Based on
Starch Superabsorbents. Materials 2019, 12, 3493. [CrossRef]

21. Bolan, N.; Kunhikrishnan, A.; Thangarajan, R.; Kumpiene, J.; Park, J.; Makino, T.; Kirkham, M.B.; Scheckel, K. Remediation of
heavy metal(loid)s contaminated soils—To mobilize or to immobilize? J. Hazard. Mater. 2014, 266, 141–166. [CrossRef] [PubMed]

22. Derakhshan Nejad, Z.; Jung, M.C. The effects of biochar and inorganic amendments on soil remediation in the presence of
hyperaccumulator plant. Int. J. Energy Environ. Eng. 2017, 8, 317–329. [CrossRef]

23. Walter, W.; Kirchbaumer, N.; Prohaska, Y.; Stingeder, G.; Lombi, E.; Domy, A. Arsenic fractionation in soils using an improved
sequential extraction procedure. Anal. Chim. Acta 2001, 436, 309–323.

24. Tessier, A.; Campbell, P.G.C.; Bisson, M. Sequential extraction procedure for the speciation of particulate trace metals. Anal. Chem.
1979, 51, 844–851. [CrossRef]

25. Chen, C.-X.; Huang, B.; Li, T.; Wu, G.-F. Preparation of phosphoric acid activated carbon from sugarcane bagasse by mechanochem-
ical processing. BioResources 2012, 7, 5109–5116. [CrossRef]

26. Gryta, A.; Frac, M.; Oszust, K. The application of the Biolog EcoPlate approach in ecotoxicological evaluation of dairy sewage
sludge. Appl. Biochem. Biotechnol. 2014, 174, 1434–1443. [CrossRef]

http://doi.org/10.1080/15320383.2019.1592108
http://doi.org/10.1016/j.chemosphere.2014.02.054
http://www.ncbi.nlm.nih.gov/pubmed/24873705
http://doi.org/10.1023/A:1016096017050
http://doi.org/10.1016/j.proenv.2012.10.099
http://doi.org/10.1007/s10163-018-0805-7
http://doi.org/10.1016/j.scitotenv.2018.03.161
http://doi.org/10.1016/j.jhazmat.2020.122037
http://www.ncbi.nlm.nih.gov/pubmed/31951992
http://doi.org/10.1016/j.jhazmat.2020.124226
http://doi.org/10.1016/j.envint.2019.105046
http://doi.org/10.1039/C5RA06945A
http://doi.org/10.1007/s13762-018-2136-6
http://doi.org/10.1016/j.jhazmat.2007.09.070
http://www.ncbi.nlm.nih.gov/pubmed/17977653
http://doi.org/10.1021/es4021074
http://doi.org/10.1021/es2043905
http://www.ncbi.nlm.nih.gov/pubmed/22455603
http://doi.org/10.1098/rsos.181138
http://www.ncbi.nlm.nih.gov/pubmed/30225089
http://doi.org/10.1021/es403712q
http://doi.org/10.1016/j.scitotenv.2016.04.079
http://doi.org/10.1039/C9RA07137G
http://doi.org/10.3390/ma12213493
http://doi.org/10.1016/j.jhazmat.2013.12.018
http://www.ncbi.nlm.nih.gov/pubmed/24394669
http://doi.org/10.1007/s40095-017-0250-8
http://doi.org/10.1021/ac50043a017
http://doi.org/10.15376/biores.7.4.5109-5116
http://doi.org/10.1007/s12010-014-1131-8


Minerals 2021, 11, 1143 18 of 19

27. Feigl, V.; Ujaczki, E.; Vaszita, E.; Molnar, M. Influence of red mud on soil microbial communities: Application and comprehensive
evaluation of the Biolog EcoPlate approach as a tool in soil microbiological studies. Sci. Total Environ. 2017, 595, 903–911.
[CrossRef]

28. Garland, J.L.; Mills, A.L. Classification and characterization of heterotrophic microbial communities on the basis of patterns of
community-level sole-carbon-source utilization. Appl. Environ. Microbiol. 1991, 57, 2351–2359. [CrossRef]

29. Ge, Z.; Du, H.; Gao, Y.; Qiu, W. Analysis on Metabolic Functions of Stored Rice Microbial Communities by BIOLOG ECO
Microplates. Front. Microbiol. 2018, 9, 1375. [CrossRef] [PubMed]

30. Kenarova, A.; Radeva, G.; Traykov, I.; Boteva, S. Community level physiological profiles of bacterial communities inhabiting
uranium mining impacted sites. Ecotoxicol. Environ. Saf. 2014, 100, 226–232. [CrossRef]

31. Bowen, H.J.M. Environmental Chemistry of the Elements; Academic Press: New York, NY, USA, 1979; p. 333.
32. Jo, I.S.; Koh, M.H. Chemical changes in agricultural soils of Korea: Data review and suggested countermeasures. Environ. Geochem.

Health 2004, 26, 105–117. [CrossRef]
33. Que, W.; Zhou, Y.-H.; Liu, Y.-G.; Wen, J.; Tan, X.-F.; Liu, S.-J.; Jiang, L.-H. Appraising the effect of in-situ remediation of heavy

metal contaminated sediment by biochar and activated carbon on Cu immobilization and microbial community. Ecol. Eng. 2019,
127, 519–526. [CrossRef]

34. Oliveira, L.M.; Suchismita, D.; Gress, J.; Rathinasabapathi, B.; Chen, Y.; Ma, L.Q. Arsenic uptake by lettuce from As-contaminated
soil remediated with Pteris vittata and organic amendment. Chemosphere 2017, 176, 249–254. [CrossRef]

35. Bejarano, A.; Sauer, U.; Mitter, B.; Preininger, C. Parameters influencing adsorption of Paraburkholderia phytofirmans PsJN onto
bentonite, silica and talc for microbial inoculants. Appl. Clay Sci. 2017, 141, 138–145. [CrossRef]

36. Benedetti, V.; Patuzzi, F.; Baratieri, M. Characterization of char from biomass gasification and its similarities with activated carbon
in adsorption applications. Appl. Energy 2018, 227, 92–99. [CrossRef]

37. Ciesielskia, Y.; Lii, C.-y.; Yen, M.T.; Tomasikc, T. Interactions of starch with salts of metals from the transition groups. Carbohydr.
Polym. 2003, 51, 47–56. [CrossRef]

38. Zhirong, L.; Azhar Uddin, M.; Zhanxue, S. FT-IR and XRD analysis of natural Na-bentonite and Cu(II)-loaded Na-bentonite.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2011, 79, 1013–1016. [CrossRef]

39. Ossman, M.E.; Mansour, M.S.; Fattah, M.A.; Taha, N.; Kiros, Y. Peanut shells and talc powder for removal of hexavalent chromium
from aqueous solutions. Bulg. Chem. Commun. 2014, 46, 629–639.

40. Lagdic, L.; Mitchell, M.K.; Payne, B.D. Highly effective adsorption of heavy metal ions by a thiolfunctionalized magnesium
phyllosilicate clay. Environ. Sci. Technol. 2001, 35, 84–90.

41. Jovanovski, G.; Stefov, V.; Šoptrajanov, B.; Boev, B. Minerals from Macedonia. IV. Discrimination between some carbonate
minerals by FTIR spectroscopy. Neues Jahrb. Mineral.-Abh. 2002, 177, 241–253. [CrossRef]

42. Bayat, M.; Nasernejad, B.; Falamaki, C. Preparation and characterization of nano-galvanic bimetallic Fe/Sn nanoparticles
deposited on talc and its enhanced performance in Cr(VI) removal. Sci. Rep. 2021, 11, 7715. [CrossRef] [PubMed]

43. Xie, Z.; Guan, W.; Ji, F.; Song, Z.; Zhao, Y. Production of Biologically Activated Carbon from Orange Peel and Landfill Leachate
Subsequent Treatment Technology. J. Chem. 2014, 2014, 1–9. [CrossRef]

44. Abdullah, A.H.D.; Chalimah, S.; Primadona, I.; Hanantyo, M.H.G. Physical and chemical properties of corn, cassava, and potato
starchs. IOP Conf. Ser. Earth Environ. Sci. 2018, 160, 012003. [CrossRef]

45. Pal, S.; Mal, D.; Singh, R.P. Cationic starch: An effective flocculating agent. Carbohydr. Polym. 2005, 59, 417–423. [CrossRef]
46. Wang, Y.; Xie, W. Synthesis of cationic starch with a high degree of substitution in an ionic liquid. Carbohydr. Polym. 2010, 80,

1172–1177. [CrossRef]
47. Warton, B.; Matthiessen, J.N. The crucial role of calcium interacting with soil pH in enhanced biodegradation of metam-sodium.

Pest Manag. Sci. 2005, 61, 856–862. [CrossRef]
48. Zhu, J.; Gao, W.; Ge, L.; Zhao, W.; Zhang, G.; Niu, Y. Immobilization properties and adsorption mechanism of nickel(II) in soil by

biochar combined with humic acid-wood vinegar. Ecotoxicol. Environ. Saf. 2021, 215, 112159. [CrossRef] [PubMed]
49. Brendova, K.; Zemanova, V.; Pavlikova, D.; Tlustos, P. Utilization of biochar and activated carbon to reduce Cd, Pb and Zn

phytoavailability and phytotoxicity for plants. J. Environ. Manag. 2016, 181, 637–645. [CrossRef] [PubMed]
50. Alam, M.S.; Wu, Y.; Cheng, T. Silicate Minerals as a Source of Arsenic Contamination in Groundwater. Water Air Soil Pollut. 2014,

225, 2201. [CrossRef]
51. Huang, D.; Li, B.; Wu, M.; Kuga, S.; Huang, Y. Graphene Oxide-Based Fe-Mg (Hydr)oxide Nanocomposite as Heavy Metals

Adsorbent. J. Chem. Eng. Data 2018, 63, 2097–2105. [CrossRef]
52. Yi, X.; Sun, F.; Han, Z.; Han, F.; He, J.; Ou, M.; Gu, J.; Xu, X. Graphene oxide encapsulated polyvinyl alcohol/sodium alginate

hydrogel microspheres for Cu(II) and U(VI) removal. Ecotoxicol. Environ. Saf. 2018, 158, 309–318. [CrossRef]
53. Zhang, Y.; Zhang, H.; Wang, M.; Zhang, Z.; Marhaba, T.; Sun, C.; Zhang, W. In situ immobilization of heavy metals in contaminated

sediments by composite additives of hydroxyapatite and oxides. Environ. Earth Sci. 2019, 78, 94. [CrossRef]
54. Wu, L.; Forsling, W.; Schindler, P.W. Surface complexation of calcium minerals in aqueous solution: 1. Surface protonation at

fluorapatite—water interfaces. J. Colloid Interface Sci. 1991, 147, 178–185. [CrossRef]
55. Pourbeyram, S. Effective Removal of Heavy Metals from Aqueous Solutions by Graphene Oxide-Zirconium Phosphate (GO-Zr-P)

Nanocomposite. Ind. Eng. Chem. Res. 2016, 55, 5608–5617. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2017.03.266
http://doi.org/10.1128/aem.57.8.2351-2359.1991
http://doi.org/10.3389/fmicb.2018.01375
http://www.ncbi.nlm.nih.gov/pubmed/30018600
http://doi.org/10.1016/j.ecoenv.2013.11.012
http://doi.org/10.1023/B:EGAH.0000039573.05245.cc
http://doi.org/10.1016/j.ecoleng.2018.10.005
http://doi.org/10.1016/j.chemosphere.2017.02.124
http://doi.org/10.1016/j.clay.2017.02.022
http://doi.org/10.1016/j.apenergy.2017.08.076
http://doi.org/10.1016/S0144-8617(02)00108-X
http://doi.org/10.1016/j.saa.2011.04.013
http://doi.org/10.1127/0077-7757/2002/0177-0241
http://doi.org/10.1038/s41598-021-87106-0
http://www.ncbi.nlm.nih.gov/pubmed/33833296
http://doi.org/10.1155/2014/491912
http://doi.org/10.1088/1755-1315/160/1/012003
http://doi.org/10.1016/j.carbpol.2004.06.047
http://doi.org/10.1016/j.carbpol.2010.01.042
http://doi.org/10.1002/ps.1095
http://doi.org/10.1016/j.ecoenv.2021.112159
http://www.ncbi.nlm.nih.gov/pubmed/33799133
http://doi.org/10.1016/j.jenvman.2016.06.042
http://www.ncbi.nlm.nih.gov/pubmed/27544477
http://doi.org/10.1007/s11270-014-2201-9
http://doi.org/10.1021/acs.jced.8b00100
http://doi.org/10.1016/j.ecoenv.2018.04.039
http://doi.org/10.1007/s12665-019-8085-7
http://doi.org/10.1016/0021-9797(91)90145-X
http://doi.org/10.1021/acs.iecr.6b00728


Minerals 2021, 11, 1143 19 of 19

56. Huang, Q.; Chen, Y.; Yu, H.; Yan, L.; Zhang, J.; Wang, B.; Du, B.; Xing, L. Magnetic graphene oxide/MgAl-layered double
hydroxide nanocomposite: One-pot solvothermal synthesis, adsorption performance and mechanisms for Pb2+, Cd2+, and Cu2+.
Chem. Eng. J. 2018, 341, 1–9. [CrossRef]

57. Mizuta, K.; Taguchi, S.; Sato, S. Soil aggregate formation and stability induced by starch and cellulose. Soil Biol. Biochem. 2015, 87,
90–96. [CrossRef]

58. Sun, Y.; Sun, G.; Xu, Y.; Liu, W.; Liang, X.; Wang, L. Evaluation of the effectiveness of sepiolite, bentonite, and phosphate
amendments on the stabilization remediation of cadmium-contaminated soils. J. Environ. Manag. 2016, 166, 204–210. [CrossRef]

59. Deng, L.; Zeng, G.; Fan, C.; Lu, L.; Chen, X.; Chen, M.; Wu, H.; He, X.; He, Y. Response of rhizosphere microbial community
structure and diversity to heavy metal co-pollution in arable soil. Appl. Microbiol. Biotechnol. 2015, 99, 8259–8269. [CrossRef]
[PubMed]

60. Hmid, A.; Al Chami, Z.; Sillen, W.; De Vocht, A.; Vangronsveld, J. Olive mill waste biochar: A promising soil amendment for
metal immobilization in contaminated soils. Environ. Sci. Pollut. Res. Int. 2015, 22, 1444–1456. [CrossRef]

61. Wang, M.; Chen, S.; Han, Y.; Chen, L.; Wang, D. Responses of soil aggregates and bacterial communities to soil-Pb immobilization
induced by biofertilizer. Chemosphere 2019, 220, 828–836. [CrossRef]

62. Wu, W.; Wu, J.; Liu, X.; Chen, X.; Wu, Y.; Yu, S. Inorganic phosphorus fertilizer ameliorates maize growth by reducing metal
uptake, improving soil enzyme activity and microbial community structure. Ecotoxicol. Environ. Saf. 2017, 143, 322–329. [CrossRef]

63. Navarrete, A.A.; Mellis, E.V.; Escalas, A.; Lemos, L.N.; Junior, J.L.; Quaggio, J.A.; Zhou, J.; Tsai, S.M. Zinc concentration affects the
functional groups of microbial communities in sugarcane-cultivated soil. Agric. Ecosyst. Environ. 2017, 236, 187–197. [CrossRef]

64. Choubey, S.; Kulkarni, A.; Awale, K.; Godbole, S. Microbiological quality of different brands of talcum powder in India. World J.
Pharm. Med. Res. 2017, 8, 206–211.

65. Wang, X.; Conway, P.L.; Brown, I.L.; Evans, A.J. In vitro utilization of amylopectin and high-amylose maize (Amylomaize) starch
granules by human colonic bacteria. Appl. Environ. Microbiol. 1999, 65, 4848–4854. [CrossRef]

66. Weber, K.P.; Legge, R.L. One-dimensional metric for tracking bacterial community divergence using sole carbon source utilization
patterns. J. Microbiol. Methods 2009, 79, 55–61. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cej.2018.01.156
http://doi.org/10.1016/j.soilbio.2015.04.011
http://doi.org/10.1016/j.jenvman.2015.10.017
http://doi.org/10.1007/s00253-015-6662-6
http://www.ncbi.nlm.nih.gov/pubmed/26062530
http://doi.org/10.1007/s11356-014-3467-6
http://doi.org/10.1016/j.chemosphere.2018.12.214
http://doi.org/10.1016/j.ecoenv.2017.05.039
http://doi.org/10.1016/j.agee.2016.12.009
http://doi.org/10.1128/AEM.65.11.4848-4854.1999
http://doi.org/10.1016/j.mimet.2009.07.020
http://www.ncbi.nlm.nih.gov/pubmed/19647767

	Introduction 
	Materials and Methods 
	Soil Samples and Amendments Preparation 
	Greenhouse Experiment 
	Samples Analysis 
	Microbial Metabolic Activity 
	Statistical Analysis 

	Results and Discussions 
	Physicochemical Properties of Initial Soil and Amendments 
	Effects of Amendments on Soil Properties 
	Effects of Amendments on As, Cu, and Zn Fractional Distribution in Soil 
	Effects of Amendments on Plant Growth Index and Phytotoxicity 
	Effect of Amendments on Metabolic Function of Soil Microbial Communities 

	Conclusions 
	References

