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1. Introduction

Heavy metal pollution of farmland has emerged as a pressing global environmental
challenge, which threatens food security, ecological integrity, and human health [1]. Innovative
strategies for the safe utilization of heavy metals and the ecological restoration of farmland
are required to combat the persistence, mobility, and bioaccumulation of heavy metals such as
cadmium (Cd), lead (Pb), and copper (Cu) in agricultural ecosystems [2]. This Special Issue
consolidates eight original research articles that address key aspects of heavy metal polluted
farmland management, covering contamination characterization, remediation technologies,
microbial responses, and predictive modeling. The collected studies provide valuable insights
into the complex interactions between heavy metals, soil, plants, and microorganisms, offering
practical solutions for sustainable farmland management.

Over the past decades, research on heavy metal pollution control has developed from
single-factor remediation to comprehensive ecological restoration. Traditional physical and
chemical remediation methods are often costly and environmentally disruptive, highlight-
ing the need for eco-friendly alternatives [3,4]. Phytoremediation, soil amendment, and
microbial regulation have emerged as promising approaches, but their effectiveness varies
with pollution types, soil properties, and regional conditions [5]. This Special Issue aims
to consolidate cutting-edge research findings, identify knowledge gaps, and guide future
directions in the field of heavy metal polluted farmland restoration.

2. Overview of Published Contributions

2.1. Contamination Characterization and Source Apportionment

Three studies focused on the temporal and spatial variation in heavy metal pollution
and source identification, providing a scientific basis for targeted remediation.

Cao et al. (Contribution 1) investigated the temporal and spatial variation in eight
toxic metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Zn) in cultivated soil in Jiaxing, Zhejiang Province.
The results demonstrated that compared with the early 1990s, Cd, Zn, Cu, Pb, Ni, and Cr
concentrations increased by 86.2%, 27.2%, 41.1%, 45.6%, 4.94%, and 21.1%, respectively.
Using local soil background values as the standard, all elements reached mild pollution
levels, with Cd and Hg being the most severely contaminated. Industrialization, urbaniza-
tion, and the use of metal-containing feed were identified as the main drivers of temporal
variation, while soil types and crop cultivation methods dominated spatial differences.

Chen et al. (Contribution 2) employed principal component analysis (PCA) and
positive matrix factorization (PMF) to identify sources of potentially toxic elements (PTEs)
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in agricultural soils of Yingtan City, Jiangxi Province. The average concentrations of Zn, Cu,
Pb, Mo, and Cd exceeded local background values, with Cu and Cd showing the highest
pollution levels. Four main sources were identified: mining activities, natural sources,
copper smelting, and agricultural practices. The integration of PCA-PMF with field surveys
effectively pinpointed pollution sources and specifically highlighted the role of mixed
fertilizer application in Cd and Cu accumulation.

Wang et al. (Contribution 3) proposed a modified PCA-MLRD model integrated with
grouped principal component analysis (GPCA) and GeoDetector for quantitative source
apportionment in the Chang-Zhu-Tan region, Hunan Province. The study found that
Cd and As were the main over-standard elements, with Cd exceeding the standard by
1.8 times on average and with an over-standard rate of 90%. Metal manufacturing factories
contributed 30–44% to Cd pollution and 42–58% to As pollution, while soil parent material
was the primary source of Pb (37–61%). Pollution pathways— such as atmospheric deposi-
tion, irrigation water, traffic emissions, and irrigation water—showed a more pronounced
effect within 1000 m. The modified model improved accuracy by accounting for pollution
processes, providing technical support for precise pollution control.

2.2. Phytoremediation and Plant Tolerance

Three articles explored the potential of phytoremediation using different plant species,
emphasizing the selection of high-efficiency remediation plants and optimization of reme-
diation effects.

Lu et al. (Contribution 4) conducted a two-year field trial on 23 chrysanthemum
cultivars in Cd-contaminated soil in Zhejiang Province. Six cultivars (including marigolds)
showed high Cd accumulation (average >0.6 mg per plant), with rhizosphere soil re-
mediation taking only 4–5 years. Fourteen cultivars exhibited good multiple-cropping
characteristics, and five (e.g., QX-yz) demonstrated high heavy metal tolerance. The ap-
plication of bamboo vinegar significantly promoted Cd absorption in chrysanthemums,
and an economic benefit analysis showed that planting dominant cultivars could generate
income slightly higher than the local average.

Xu et al. (Contribution 5) compared the Pb tolerance and accumulation capacity of
two industrial hemp varieties (Yunma1 (YM) and Shaanxi Industrial Hemp (SM)) under Pb
stress. Pb mainly accumulated in the roots of both varieties (70–80%), with YM showing
twice the Pb accumulation capacity of SM at high concentrations (5000 mg/kg). YM
retained 70% of absorbed Pb in roots and exhibited strong tolerance (tolerance index > 90%)
even at Pb concentrations exceeding 4000 mg/kg; whereas SM showed obvious toxicity
symptoms. This research demonstrated the potential of industrial hemp to remediate
Pb-contaminated mining soils.

Wang et al. (Contribution 6) evaluated the combined effects of Cd and F on lettuce
growth and soil bacterial communities in co-contaminated yellow soil. Low concentrations
of Cd and F had no significant effect on lettuce growth, but synergistic negative effects were
observed when F exceeded 300 mg/kg and Cd exceeded 1.0 mg/kg. Lettuce accumulated
Cd and F mainly in roots, with translocation factors (TrF) ranging from 0.313–0.941 to
0.499–0.754, respectively. This study highlighted the importance of considering combined
pollution in remediation practices.

2.3. Soil Amendment and Immobilization Technologies

Two studies focused on soil amendment technologies, exploring the potential of
waste-derived materials to immobilize heavy metal.

Cecire et al. (Contribution 7) investigated the use of rice husk as a sustainable amend-
ment for heavy metal immobilization. Rice husk showed high retention capacities for
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Cu (100%), Cd (64%), and Mn (18%) under optimal conditions (particle size 90–300 μm,
pH > 5.5, low buffer concentration). Pot experiments demonstrated that rice husk reduced
heavy metal uptake by Lactuca sativa and Spinacia oleracea by 40–60% for Mn and Zn,
and nearly 100% for Cr, Cu, Ni, Cd, and Pb. Factors such as abundance, low cost, and
environmental friendliness make the material a promising option for soil remediation.

Rashid et al. (Contribution 8) developed machine learning models to predict Cd
transformation and immobilization in biochar-amended soils. Three models (LSTM, Bi-
GRU, and 5-layer CNN) were tested, with the 5-layer CNN achieving the highest accuracy
(R2 = 0.956) in biochar-amended soils. Key factors that were identified as influencing Cd
immobilization were as follows: soil pH, organic carbon (OC), cation exchange capacity
(CEC), electrical conductivity (EC), and clay content. Biochar effectively reduced Cd avail-
ability by altering soil properties, providing a data-driven approach for the optimization of
biochar application.

2.4. Microbial Responses and Ecological Restoration

One article focused on the response of soil microbial communities to heavy metal
stress, shedding light on the ecological mechanisms of soil restoration.

Wang et al. (Contribution 6) studied the effect of Cd, F, and their combination on soil
bacterial communities in lettuce rhizosphere. Proteobacteria was the dominant phylum
(33.42–44.10%), and compartment (rhizosphere vs. bulk soil) was the primary factor driving
community variation, followed by pollutant stress. F and Cd showed synergistic effects
on bacterial communities, with the rhizosphere enriching specific taxa (e.g., Oxyphoto-
bacteria, Subgroup 6) to enhance plant resistance. This study emphasized the role of soil
microorganisms in mediating plant–pollutant interactions during remediation.

3. Key Insights and Future Directions

This Special Issue showcases the diversity and depth of research in heavy metal
polluted farmland management and offers several key insights:

First, accurate source identification is the premise of effective remediation. The combi-
nation of multivariate statistical methods (PCA, PMF) and field surveys proves effective
in distinguishing natural and anthropogenic sources, providing targeted guidance for
pollution control. Second, phytoremediation demonstrates great potential when selecting
appropriate plant species and optimizing cultivation strategies. Chrysanthemums and
industrial hemp demonstrate both high remediation efficiency and economic benefits,
addressing the long-standing problem of low profitability in phytoremediation. Third, soil
amendments derived from agricultural waste (e.g., rice husk, biochar) offer sustainable
and cost-effective options for heavy metal immobilization, aligning with the principles of
circular economy. Fourth, the response of soil microbial communities to heavy metal stress
plays a crucial role in ecological restoration; manipulation of rhizosphere microorganisms
could further enhance remediation efficiency.

Despite these advances, several challenges and future directions remain:

1. Combined pollution remediation: Most studies focused on single or a few heavy
metals, despite the fact that farmland is often contaminated by multiple PTEs. Fu-
ture research should explore the mechanisms of combined pollution and develop
synergistic remediation technologies [6].

2. Long-term field validation: Many studies are conducted under controlled conditions;
long-term field trials are needed to verify the stability and durability of remediation
effects under natural environmental fluctuations [7].

https://doi.org/10.3390/toxics14020154
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3. Integration of multiple technologies: The combination of phytoremediation, microbial
remediation, and soil amendment could improve remediation efficiency. For example,
the co-application of biochar and hyperaccumulators shows promising results [8].

4. Risk assessment and safe utilization: More research is needed to establish thresholds
for the safe utilization of polluted farmland, integrating crop quality, soil health, and
human health risks [9].

5. Digitalization and intelligent management: Machine learning models and digital tools
should be further developed to optimize remediation strategies, predict pollution
trends, and promote the traceability of agricultural products from polluted areas [10].

4. Conclusions

This Special Issue provides a comprehensive overview of the latest research progress
in the safe utilization and ecological restoration of heavy metal polluted farmland. The
collected studies cover contamination characterization, source identification, phytoreme-
diation, soil amendment, microbial responses, and digital modeling, offering practical
solutions and theoretical support for addressing this global challenge.

Notably, all studies are based on case studies from China, a country facing severe
farmland heavy metal pollution due to rapid industrialization and intensive agriculture.
The research findings not only contribute to solving local environmental problems but
also provide valuable references for other regions with similar challenges. This Special
Issue highlights the importance of an all-encompassing approach to the management of
heavy metal polluted farmland, by integrating ecological principles, economic benefits,
and technological innovations.

As we move forward, continuous research and innovation are essential to develop
more efficient, sustainable, and cost-effective remediation technologies. It is also crucial to
strengthen policy support, promote interdisciplinary collaboration, and enhance public
awareness to achieve the dual goals of environmental protection and food security. We
hope this Special Issue will inspire more researchers and practitioners to contribute to the
safe utilization and ecological restoration of heavy metal polluted farmland, advancing
towards a more sustainable and resilient agricultural system.
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Abstract: Current source apportionment models have successfully identified emission sources and
quantified their contributions. However, when being utilized for heavy metal source apportion in soil,
their accuracy needs to be improved, regarding migration patterns. Therefore, this work intended to
improve the pre-existing principal component analysis and multiple linear regression with distance
(PCA-MLRD) model to effectively locate pollution pathways (traffic emissions, irrigation water,
atmospheric depositions, etc.) and achieve a more precise quantification. The dataset of soil heavy
metals was collected from a typical area in the Chang-Zhu-Tan region, Hunan, China in 2021. The
identification of the contribution of soil parent material was accomplished through enrichment factors
and crustal reference elements. Meanwhile, the anthropogenic emission was identified with principal
component analysis and GeoDetector. GeoDetector was used to accurately point to the pollution
source from a spatial differentiation perspective. Subsequently, the pollution pathways linked to the
identified sources were determined. Non-metal manufacturing factories were found to be significant
anthropogenic sources of local soil contamination, mainly through rivers and atmospheric deposition.
Furthermore, the influence of irrigation water on heavy metals showed a more pronounced effect
within a distance of 1000 m, became weaker after that, and then gradually disappeared. This model
may offer improved technical guidance for practical production and the management of soil heavy
metal contamination.

Keywords: heavy metals; source apportionment; receptor model; grouped principal components;
GeoDetector

1. Introduction

The rapid industrial and economic developments worldwide have led to significant
challenges concerning heavy metals contamination [1,2]. Nearly 20% of farmlands in China
exhibit varying degrees of contamination by Cd and Pb [3,4]. The first step to address the
soil heavy metals pollution is the identification and regulation of contaminants sources.
Currently, soil heavy metal pollution source analysis can be categorized into qualitative and
quantitative approaches. Among the quantitative analyses, principal component analysis
and multiple linear regression (PCA-MLR), positive principal matrix decomposition (PMF),
and the absolute principal component score are commonly employed [5]. In our recent
study, we introduced a distance variable to the receptor model and proposed a modified
receptor model based on principal component analysis (PCA) and multiple linear regression
with distance (MLRD) [6]. The model follows the fact that the spread of heavy metals
from emission sources to soil diminishes as the distance increases, and the extent of this
contribution can be quantified with the distance between sampling sites and the sources.

Toxics 2024, 12, 382. https://doi.org/10.3390/toxics12060382 https://www.mdpi.com/journal/toxics6
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This novel model efficiently identifies the precise pollution sources and quantifies their
respective contributions. Previously, a number of studies have employed this model. For
instance, Zeng et al. [7] used PCA-MLRD to conduct a source analysis of soil heavy metals
near a multifunctional industrial park in Anhui Province, China. This approach successfully
identified the possible source locations and source types, thereby reducing the subjectivity
of potential source screening. However, this model still has two unsolved issues; firstly,
it failed to account for the vertical migration of heavy metals, and secondly, it could not
identify pollution processes related to each source.

In addressing the issue of source identification, it is worth noting that principal
component analysis has been commonly employed in previous studies. However, it is
important to note that the resulting explanatory elements of the factors tend to exhibit a
certain degree of similarity. To cope with this issue, researchers have proposed the concept
of grouped principal component analysis (GPCA), which extends the application of PCA
and enables the categorization of components into distinct groups of similar characteristics,
thus allowing for more precise observations [8]. Regarding matching of emission sources
to obtained factors, previous researchers used typical indicators for different types of
emissions (for example, Pb for traffic emissions, Cd for industrial activities, and so on),
which may lead to inaccurate results due to the overly subjective judgment. Furthermore,
various factories may display variability in the release of different kinds of heavy metals.
For example, the production of clothing involves the utilization of raw materials with
high levels of Ni and Cr [9]. Soils near chlor-alkali factories carry high levels of Hg [10],
while lead smelters are associated with high levels of Pb contamination in top soils [11].
Therefore, it is necessary to make accurate judgments of potential emissions instead of
identifying natural or industrial source types.

Heavy metals from pollution sources are released through sewage discharge, solid
waste, and exhaust gases, which can pollute the soil through water irrigation and atmo-
spheric deposition, as well as solid waste diffusion [12–15]. Atmospheric deposition is a
global problem with serious implications for the environment and human health [16–18].
Previous studies have emphasized the significance of atmospheric deposition as a major
contributor to heavy metals accumulation in soils [19,20]. It is well established that a
reduction in atmospheric heavy metals input into agricultural soils can effectively decrease
the concentration of metals in crops [21]. Researchers analyzing the sources of heavy metals
in French farmland soils found that atmospheric deposition is the main input for Cu, Ni,
Pb, and Zn accumulation in soils [22]. Atmospheric deposition is the main source for
heavy metals accumulation in farmland in England and Wales, accounting for between
25% and 85% of the total input [23]. In recent years, developing countries have gradually
begun to pay attention to the pollution problems caused by atmospheric deposition. In
China, industrialization has made atmospheric deposition an intermediate pathway for the
migration of heavy metals, leading to more severe heavy metal pollution in the soil [24]. It
has been reported that atmospheric deposition was an important source for heavy metals
input in agricultural soils in Hunan Province, which accounted for 51.24–94.74% of the total
input [25,26]. However, a limited number of studies have included atmospheric depositions
into receptor models. Therefore, it is necessary to determine the pollution pathways of
sources contributing to heavy metals accumulation in soils, and to achieve more accurate
source apportionment.

To solve the aforementioned issues, this research introduced modifications to the
PCA-MLRD model through utilizing the GPCA method and GeoDetector. The study
was designed to accomplish the following three tasks: (1) identification of sources and
quantification of the emission contributions, (2) identifying the pollution pathways while
quantifying the impacts, (3) comparing the accuracy with previously existing models.
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2. Materials and Methods

2.1. Overview of the Research Area

The study area consists of several townships belonging to 6 connected cities in Hunan
Province, China, with a total area of 1333 km2, located at 27◦24′–28◦50′ N and 111◦10′–114◦15′ E. The
study region features a subtropical monsoon climate characterized by prevailing southeast
winds during summer and northeast winds in winter. The average annual temperature
range is 16 ◦C–28 ◦C, with an average annual humidity of 70~80%, and an average annual
precipitation estimate ranging from 1400 to about 1700 mm. The distribution maps of
lithology, soil type, land use, and water are listed in Figure 1 (http://www.geodata.cn;
accessed on 27 September 2022). The sampling sites were all located in paddy fields, which
were dependent on the third- and fourth-grade rivers for irrigation. The study area contains
six types of soils, yellow earths, latosols, weakly developed red earths, red earths, yellow
red earths, and paddy soils.

Figure 1. Spatial distribution map of soil types (a), land use (b), lithology (c), and water systems (d).

2.2. Sampling and Analysis

In this study, a total of 109 soil samples were collected from the cultivated layer
(0–15 cm) of paddy fields. Each sampling location was recorded using a portable global
positioning system (GPS), and the spatial distribution of the sampling points is illustrated
in Figure 2. At the same time, a set of forty-nine dustfall cylinders (height: 30 cm; diam-
eter: 16 cm) were placed on the roofs of residential buildings near the sampling sites to
capture atmospheric depositions. The atmospheric deposition samples were collected four
times throughout the year, once in each of the four seasons. During the sample collec-
tion process, the dust adhering to the bottom and inner wall of the cylinder was carefully
brushed using a nylon test tube brush and thoroughly mixed with the liquid sample present
in the cylinder. The resulting samples were collected in PET plastic bottles (1 L) following
the addition of 10 mL of highly pure HNO3 and subsequently transported to the laboratory
for analysis.
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Figure 2. The map of the study area and locations of sampling points.

All soil samples were dried naturally, and the larger plants and animal residues were
removed from the soil samples using plastic tweezers. Then, the soil samples were ground
and passed through a 100-mesh polyethylene sieve (0.15 mm). About 0.200 g of soil was
weighed and subjected to digestion on a hot plate by mixing with HNO3-H2O2-HF (6:3:3).
Analytically pure (AR)-grade reagents were used for digestion and were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) The atmospheric deposition
samples were separated into dry and aqueous ones through filtration. Dry samples were
air-dried and digested in the same way as the soil samples. The aqueous samples were
extracted at 50 mL and acidified by hydrochloric acid, then digested with 2 mL HNO3 and
1 mL HCl at 85 ◦C until the samples evaporated to 20 mL. The concentrations of different
elements including Cd, Ni, Cu, Zn, Cr, As, Pb, Mg, and Ca in the digested solution were
detected using inductively coupled plasma mass spectrometry (ICP-MS, model NEXION
350 X; PerkinElmer, Waltham, MA, USA). To ensure the accuracy of the chemical analysis,
three replicate tests, and blank reagents, as well as standard reference materials (GBW07429,
China National Reference Material Research Center for Reference Materials, Beijing, China)
were set up for the determination, and the recoveries of all analyses fell within the range
between 90 and 110%.

2.3. Model Hypothesis

This study assumed that heavy metals in soil come from the parent materials and
anthropogenic emissions. The anthropogenic emissions can be divided into point sources,
such as factories, and non-point sources, such as traffic emissions, irrigation water, and
atmospheric deposition. The main types of factories include chemical factories (cement
factories, fireworks factories) that mainly emit Cd, Pb [27–29]; metal manufacturing fac-
tories (steel factories, electroplating factories) mainly emit Cu, As, Zn [30,31]; non-metal
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manufacturing factories (textile factories) mainly emit As, Cr, and Ni [32,33]. The contribu-
tions of parent materials were calculated with the enrichment factor and crustal reference
element. All point sources (factories) in this area could directly emit heavy metals as sewage
discharge, solid waste, and exhaust gases. In the meantime, all rivers and roads could pro-
vide channels to transfer heavy metal from the source to the sink (soil) as irrigation water
and traffic emissions, where the influence becomes weaker with the increase in distance.
Therefore, in the data collection, the distribution of all factories and rivers and roads was
investigated. The distance refers to the shortest Euclidean distance from sampling site to
factory, river, or road. In detail, traffic emissions and irrigation water are not regarded
as emission sources; with the ban on leaded petrol, heavy metals from traffic emissions
come mainly from the transport of industrial products and solid waste [34,35]. Therefore,
to better reflect the impact of roads, traffic emissions are used as the pollutant pathway.
Heavy metals in irrigation water come from industrial emissions and are, therefore, also
set as a pollution pathway [36]. It has been shown that the vast majority of heavy metals
in the atmosphere originate from industrial activities; they then enter the soil by means
of atmospheric deposition [15,37]. Atmospheric deposition is, therefore, also studied as a
pathway of industrial pollution, rather than as a source of pollution. Overall, the model
includes soil-forming parent material sources and anthropogenic sources, including point
and non-point sources, in its calculations.

2.4. Quantification of the Contribution of Soil Parent Material

Differences in lithology and soil parent material are a major cause of spatial hetero-
geneity of heavy metal in soils. Meanwhile, soil parent material is also thought to be the
most important source of heavy metals. Therefore, the lithology of the study area was ana-
lyzed, and the contribution of soil parent material was firstly quantified with enrichment
factors and crustal reference elements as the following:

EF =
( [M]
[C]

)
Soil

( [M]
[C]

)
Crust

(1)

[M]excessive = [M](soil) − [C](Soil)(
[M]

C
)

Crust
(2)

where EF: enrichment factors; [M]: the content of trace element; [C]: content of crustal
reference element; ( [M]

[C]
)

Soil
: the ratio of concentrations of trace elements in collected soil

samples to crustal reference elements; ( [M]
[C]

)
Crust

: the ratio of background values of each
trace element to crustal reference elements.

2.5. Identification of Anthropogenic Sources and Their Potential Pathways with GPCA
and GeoDetector

The application of principal component analysis (PCA) for grouping purposes some-
times encounters difficulties in identifying complex factors, particularly when dealing with
a large number of elemental species, so the repetition of factor-loading elements can lead to
inaccurate judgments. Therefore, in order to achieve a comprehensive division of mixed
sources, the grouped principal component analysis (GPCA) method is preferred over the
principal component analysis (PCA) method.

GeoDetector is a novel statistical method utilized to identify spatial heterogeneity
and unveil the driving factors behind it [38–40]. Therefore, in this study, GeoDetector was
utilized as a tool to find out the main pollution pathways of each anthropogenic source.
The GeoDetector model examines the relationships between dependent variables such as
heavy metal contents in soil and the explanatory variables, which include atmospheric
deposition, altitude, distance to factories, and distance to roads and rivers. The altitude data
corresponds to the elevation at each sampling point and was collected from the geospatial
data cloud platform (http://www.gscloud.cn/; accessed on 27 September 2022). On the
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other hand, the distance factor represents the minimum Euclidean distance to the pollution
source as well as nearby roads and rivers. It is worth noting that the explanatory variables
used in GeoDetector are categorical variables. Specifically, the distance to the road, the dis-
tance to the river, the distance to the factory were discretized as classification variables, and
the continuous variables should be discretized. The distances were categorized based on
equal intervals of 200 m, while the elevation and atmospheric deposition were discretized
into 10 categories by natural breaks. Based on the above explanatory variables and the
dependent variable Y for factor detection and interaction detection, the factor detector
uses the q value to measure the extent of the impact that factor (X) has on the dependent
variable Y. The q values fall within the range [0, 1], with a larger q value indicating stronger
explanatory power [41], and its calculation process is presented in Equation (3).

q = 1 − ∑L
h=1 NRh

σ2
Rh

NRσ
2
R

(3)

where NRh and NR represent the grid numbers of the Rh partition and the entire study area
R, respectively. σ2

Rh
and σ2

R are the variances of elemental heavy metal accumulation within
the Rh partition and the complete study area R, respectively.

For the interaction detector, when q(X1∩X2) > q(X1) + q(X2) for two explanatory
variables, it indicates that the two factors exhibit a nonlinear connection with each other. In
this study, the pollution path of the source is determined by the two explanatory variables
with higher q values of nonlinear enhancement following interaction with different types
of factories.

2.6. Quantification of the Contributions from Anthropogenic Emissions

On the basis of the PCA-MLRD model [6], the influence of pollution pathways was
added to the modified model. And the modification will enhance the simulation of the
pollution processes associated with emission sources. The calculation process is shown in
Equation (4):

[M]excessive = ∑p
j=1 BinPnmDmk (4)

where [M]excessive represents the cumulative content of heavy metals; Dmk represents
the distance from the source to the sampling point ; Pnm represents the main pollution
pathways of source n; Bin is the regression coefficient; n is the number of pollution sources.
The mathematical transformations used in this study include logarithmic and exponential
transformations for the distances matrix to find the best form of fit. In order to avoid
collinearity, the stepwise regression method is used to obtain fitting parameters in multiple
linear regression.

In order to maintain the accuracy of the model, samples (109) were divided into
two sets: fitting sets and test sets, with the proportion of 80% (87) and 20% (22), respectively.
It should be noted that the selection of fitting set and test set data was not done manually,
but was carried out by using the random selection function in Excel. Moreover, four team
members individually conducted the modeling separately from the start of the dataset,
including the selection of crustal reference elements and model fitting. This process helps
greatly reduce the subjectivity brought by artificial screening and improves the credibility
of the model. Moreover, R2 > 0.5 was set as a basis for the test in the test set data.

2.7. Data Analysis

The pre-processing and statistical analysis were carried out using Microsoft Excel 2003.
Graphs were created in Origin 2019 and ArcGIS 10.6. Principal component analysis and
multiple linear regression for soil heavy metals were computed using SPSS 19.0 software,
with the principle of eigenvalues > 1 (Kaiser criterion) to filter the principal components,
while factor loadings were determined with varimax rotation [42]. ArcGIS 10.6 was used for
spatial distribution mapping and shortest Euclidean distance calculation, and the inverse
distance weighting (IDW) interpolation method was used for spatial analysis.
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3. Results

3.1. The Statistical Analysis of Soil Heavy Metals and Quantification of Natural Sources

Descriptive statistics of soil are displayed as the maximum concentration of all the
heavy metals that exceeded the standard values, with notably elevated levels of Cd and
As, which exceed the standard values by 8.3 and 2.1 times, respectively (Table 1). The
average concentration of heavy metals including As, Cd, Cr, Cu, Ni, Pb, Zn, Ca, and Mg
in the study area were observed to be 26.47, 0.70, 87.07, 29.37, 28.41, 43.94, 133.78, 1471.28,
and 4600.78 mg/kg, respectively. It was found that the mean Cd concentration exceeded
the standard by 1.8 times. The ranking of heavy metals according to their coefficients of
variation (CV) followed the order of Cd (57.21%), As (51.27%), Cr (42.05%), Pb (35.57%),
Cu (33.99%), Ni (31.59%), and Zn (26.83%). The elemental exceedance rates were highest
for Cd at 90% and smallest for Ni at 2%.

Table 1. Descriptive statistics of heavy metals contents in soil of the study area (mg/kg).

Element As Cd Cr Cu Ni Pb Zn Ca Mg

Minimum (mg/kg) 5.85 0.20 16.33 13.33 10.78 17.85 73.48 642.73 2662.55
Median (mg/kg) 26.72 0.54 81.89 27.42 27.8 40.35 131.97 1254.23 4444.38

Maximum (mg/kg) 83.81 2.48 219.75 65.46 71.95 95.85 305.63 5966.32 10,447.30
Mean (mg/kg) 26.47 0.70 87.07 29.37 28.41 43.94 133.78 1471.28 4600.78

Skewness 1.04 1.38 1.07 1.34 1.47 0.93 1.13 2.84 1.53
Kurtosis 2.21 2.69 1.42 2.57 5.19 0.84 3.86 10.84 3.85

SD a 13.57 0.40 36.61 9.98 8.98 15.63 35.9 851.34 1323.58
CV% b 51.27 57.21 42.05 33.99 31.59 35.57 26.83 57.86 28.77

Risk screening (mg/kg) 40.00 0.30 150.00 50.00 60.00 70.00 200.00 - -
Background c (mg/kg) 12.80 0.14 150.00 25.00 27.80 30.00 84.20 1300.00 4000.00

Excess rate d 16% 90% 8% 5% 2% 9% 5% - -

Note: a SD means standard deviation; b CV means coefficient of variation; c background values of heavy metals
in Hunan Province; d percentage of points with soil heavy metal contents exceeding background values in
Hunan Province.

3.2. Analysis of Potential Pollution Sources by GPCA and Distributions of Factories

PCA analysis identified three principal components, which collectively accounted
for 63.85% of the total variance. Elemental loads greater than 0.7 are considered major
load elements. The main interpretive elements of PCA1 include As, Cd, Pb, while those of
PCA2 are Ni and Cr, and that of PCA3 is Mg (Figure 3a). However, out of the three factors
mentioned above, PCA1 had four loading elements that were repeated, and the remaining
two factors did not show repeated elements. Moreover, the GPCA method was used to
further decompose the PCA1. The main explanatory elements of PCA1-1 are Cd (0.83), Pb
(0.90), while those of PCA1-2 include As and Zn (Figure 3b). Therefore, by combining both
PCA and GPCA methods, a total of four sources were identified, namely PCA1-1, PCA1-2,
PCA2, PCA3.

Figure 3. Rotated component matrices obtained by PCA (a) and GPCA (b).
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Figure 4 shows the spatially interpolated maps of factor scores derived from the GPCA
model and spatial distribution maps of different types of factories in the studied region.
The study area is predominantly characterized by the presence of cement manufacturers
and fireworks factories, which were densely dispersed in the eastern and central parts.
Additionally, the factor scores of PCA1-1 exhibited higher scores in the central and east-
ern parts of the spatial interpolation map. Meanwhile, metal manufacturing factories
were predominant in the northern and central regions of the study area, aligning with
higher PCA1-2 factor scores. In addition, locations with relatively high factor scores for
PCA2-1 were found to have non-metal manufacturing factories, including textile factories.
In general, there exists a positive relevance between higher factor scores with a denser
distribution of factories and regions with large factories. The comparison revealed that the
spatial interpolation of PCA1-1, PCA1-2, and PCA2 factor scores had similar patterns to
the spatial distribution of chemical factories, non-metal manufacturing factories, and metal
manufacturing factories in the study area.

 
Figure 4. Comparison of the spatial distribution of three different types of factories (a) with the
spatial interpolation of factor scores of the decomposed PCA model (b).

3.3. Analysis of Pollution Source Pathways Based on GeoDetector

As shown in Figure 5, the distance to chemical plants in PCA1-1 has the highest degree
of explanation (0.43); the distance to metal manufacturing plants in PCA1-2 has the highest
degree of explanation (0.56) and is significantly higher than the rest of the variables; the
distance to non-metal manufacturing plants in PCA2 has the highest degree of explanation
(0.47); the soil type in PCA3 has the highest degree of explanation (0.47), and the land use
type also has a some degree of explanation (0.26).

In order to identify potential contamination pathways, a combination of the factor
detection and interaction detection modules of GeoDetector was employed. The identifica-
tion of influencing factors was executed through GeoDetector (Figure 6a), while Figure 6b
portrays the results of multiple-factor interaction detections. A large number of q values
after the interaction confirmed the increment compared to the factor detection results in
Figure 5. For Cd, the distance to non-metal manufacturing factories had a significant inter-
action with atmospheric deposition and roads, as evidenced by q values of 0.52 and 0.44,
respectively. These findings suggest that Cd emissions from non-metal manufacturing
factories facilitated the soil’s contamination by two pollution pathways, including atmo-
spheric deposition and irrigation water. Similarly, the interactions between the distance
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of the chemical factories and the roads’ distance and atmospheric deposition indicated
that traffic emissions and atmospheric deposition are the main pollution pathways for Cd
emissions from chemical factories. Meanwhile, Cd pollution caused by emissions from
metal manufacturing factories was affected by atmospheric deposition. In addition, the
same analytical approach was employed to assess the major pollution paths of Pb and
As emissions from different factories. For example, Pb pollution from non-metal manu-
facturing factories was influenced by atmospheric deposition, while chemical and metal
manufacturing factories were primarily influenced by traffic emission and irrigation water.
Concerning As pollution, non-metal manufacturing factories were linked to irrigation
water and atmospheric deposition, chemical factories were associated with traffic emission,
and metal manufacturing factories demonstrated a connection with traffic emission and
irrigation water.

Figure 5. Identification results (q values) of principal component factor types using GeoDetector.
Note: NMMI: non-metal manufacturing factory; CI: chemical factory; MMI: metal manufacturing
factory; CLUC: classification of land use.

Figure 6. Analysis of paths by factor detectors (a) and interaction detectors (b). Note: NMMI: non-
metal manufacturing factory; CI: chemical factory; MMI: metal manufacturing factory; H: altitude;
AD: atmospheric deposition.
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3.4. The Quantification of Contribution from Anthropogenic Sources

As shown in Table 2, four models were conducted separately by four team members.
In detail, Mg was used as a crustal element, and the national background values were
used in model 1; Zn and Mg were used as crustal elements and the background values for
different soil types were used in model 2 and model 3 (Background values for different
soil types are shown in Table S1), respectively. Model 4 is the model obtained by fitting
using PCA-MLRD. The conversion of the distance matrix and regression processes were
both carried out separately. Equations (5)–(7) represent the regression of model 3 for Cd,
As, and Pb. It can be seen that, despite the variation in contribution, the identification
of sources was nearly the same. The values of R2 and RMSE all showed a better fitting
of modified models than the original PCA-MLRD (Table 2). Based on the fitting results,
it can be seen that the three anthropogenic pollution sources were finally found by the
modified PCA-MLRD model, and together with the contribution of the background values,
the contribution of each source was calculated separately (Figure 7). The Cd pollution was
primarily caused by metal manufacturing factories (30–44%), non-metal manufacturing
factories (25–35%), chemical factories (12–20%), and soil parent material (16–23%). The
soil parent material sector stands out as the major contributor to Pb, reaching the largest
contribution of 37–61%, while non-metal manufacturing factories had a significantly lower
contribution, accounting for only 1–13%. Moreover, it was found that metal manufacturing
factories were the primary source of As contamination, contributing 42–58%, while the
contribution of soil parent material and non-metal manufacturing factories accounted for
14–22%, 10–17%.
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where the subscript ‘NMMI’ represents the non-metal manufacturing factory; ‘CI’ means the
chemical factory; ‘MI’ represented the metal manufacturing factory, and ‘AD’ represented
the atmospheric deposition.

Table 2. Contributions from sources and their ranges, calculated by the three models.

Element NMMI CI MMI
Soil Parent

Material

Model 1
Cd 25% 19% 33% 23%
As 17% 24% 42% 17%
Pb 13% 24% 17% 46%

Model 2
Cd 28% 12% 44% 16%
As 11% 14% 61% 14%
Pb 1% 17% 21% 61%

Model 3
Cd 35% 20% 30% 15%
As 10% 11% 58% 22%
Pb 7% 24% 32% 37%

Model 4
Cd 54% 1% 8% 37%
As 33% 47% 17% 3%
Pb 17% 32% 41% 10%

Range
(Models 1, 2, 3)

Cd 25–35% 12–20% 30–44% 16–23%
As 10–17% 11–24% 42–58% 14–22%
Pb 1–13% 17–24% 17–32% 37–61%

Note: NMMI: non-metal manufacturing factory; CI: chemical factory; MMI: metal manufacturing factory.
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Figure 7. Comparison of fitting effect between four model fitting sets (a) and test sets (b).

3.5. Effect of Pollution Pathways on Heavy Metal Accumulation in Soil

The effect of the pollution pathway on soil heavy metals was quantified using the
model obtained above (Figure 8). It was found that two factors, including altitude and
atmospheric deposition, had a positive effect on heavy metals in soil. A change in the
altitude level by 1 m resulted in a significant increase in the concentration of As and Cd, with
values of 0.11 mg/kg and 0.003 mg/kg, respectively. It was also observed that an increment
in concentration of Cd, Pb, and As in the atmospheric deposition by 0.1 μg/m2/day led to
elevated levels of the corresponding elements in the soil by 0.027 mg/kg, 0.016 mg/kg, and
0.04 mg/kg, respectively. In contrast, the three heavy metals displayed a nonlinear inverse
relationship with both traffic emissions and irrigation water, whereas the magnitude of the
effect diminished progressively as the distance increased. Specifically, for every 1000 m
increase in road distance, the contents of Cd, Pb, and As in soil decreased by 0.034 mg/kg,
0.27 mg/kg, and 2.94 mg/kg, respectively. A similar trend was observed with the distance
to rivers, showing decreasing heavy metals contents with an increase in distance to rivers,
presenting values of 0.042 mg/kg/1000 m, 0.28 mg/kg/1000 m, and 2.11 mg/kg/1000 m,
for Cd, Pb, and As, respectively. Meanwhile the amount of change in Pb increases instantly
as the distance to the road increases to 1900 m. In general, the impact of roads and rivers
progressively diminished and reached a state of stability as the distance extended beyond a
specific threshold.
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Figure 8. Effect of the amount of variation in different pollution pathway factors on soil heavy
metals concentrations.

4. Discussion

The majority of the existing studies on pollution source analysis and identification
primarily focused on the source type without identifying the actual situation of anthro-
pogenic emissions. For example, Guan et al. (2018) employed a positive matrix factorization
(PMF) model to identify the sources of soil heavy metals contamination in the Hexi Cor-
ridor region of China. In their assessment, the factors primarily explained by Cr and Ni
were directly attributed to industrial sources [43]. However, the assessment technique
demonstrates a significant level of subjectivity, and fails to adequately analyze the distinct
categories of industrial sources. In addition, it is worth noting that other apportionment
models such as principal component analysis and multiple linear regression (PCA-MLR)
and Unmix also encounter similar problems [44,45]. Furthermore, a number of models
can only characterize the sources into four broad categories, such as agriculture, factories,
transportation, and natural sources, offering limited benefits for effectively controlling
heavy metals in real practice. Therefore, our study aimed to improve the precision of
specific sources, by considering the scale, type, and actual location of factories in the region.
Instead of relying solely on the subjective assessment of key explanatory factors, the final
analysis findings are better aligned with the actual pollution conditions in the study area.

During the source identification stage, the potential pollution sources were determined
using GPCA along with the spatial distribution of the factories. The main explanatory
factors of PCA1-1 included As, Cd, Pb, and Zn, and its factor scores interpolation de-
picted noteworthy similarities with the spatial distribution of chemical factories. Cd is
a commonly used raw material in fireworks manufacturing. Pb has been identified as a
distinctive component of traffic emissions in previous studies. However, with the prohi-
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bition of the usage of Pb in gasoline in China, traffic emission was no longer considered
the main factor for Pb pollution [46]. The primary types of chemical factories in the study
area include cement factories and fireworks factories. Previous studies have reported
that As, Pb, and Cd in the raw materials of cement factories have the tendency to easily
evaporate and release into the atmosphere alongside exhaust gases from cement kilns [13],
while Zn is commonly used as a colorant in the production of firecrackers [31]. Further
identification and comparison of pollution sources through GeoDetector found that the
distance to the chemical plant had the highest degree of explanation for PCA1-1, and
some studies have shown that the distance factor can reflect the degree of influence of
pollution sources [47–49]. Therefore, the aforementioned conclusions can be combined to
conclude that PCA1-1 serves as a source for chemical factories. The spatial distribution of
PCA1-2 factor score interpolation showed similarities to the spatial distribution of metal
manufacturing factories. The survey has revealed that the metal manufacturing factories in
the study area are primarily composed of electroplating factories and steel factories. The
main explanatory elements of PCA1-2 are As and Zn, which are widely used in the manu-
facturing of alloys, lead batteries, and semiconductor electronic devices to prepare stainless
steel and corrosion-resistant alloys [44,50]. The results of GeoDetector also indicated that
PCA1-2 corresponds to metal manufacturing factories. In the meantime, PCA2 mainly
explained the presence of Cr and Ni, which are the main pollutants produced by garment
and leather factories [32,33]. Similarly, the spatial distribution of non-metal manufacturing
factories (garment factories) in the study area also showed similar characteristics to the
factor scores of PCA2 in terms of the distribution of the high-value points. Therefore, PCA2
was identified as non-metal manufacturing factories. The main load elements of PCA3 are
Ca and Mg and are considered to be unique elements of the soil matrix formation [51,52].
The simultaneous GeoDetector results indicate that soil type and land use type are highly
explanatory for PCA3, thus identifying PCA3 as a source of soil-forming parent material.

Among the factor detector modules of the GeoDetector, it was observed that distance
to roads had significant impact on As, which was further enhanced after the interaction
with chemical factories. Therefore, it can be assumed that the accumulation of As in soil due
to chemical factories is mainly associated with the transportation process. The results of the
interaction detector module indicate that irrigation water served as the main contamination
pathway for Cd and As emissions originating from non-metal manufacturing factories.
The field survey revealed that the non-metal manufacturing factories were dominated by
textile factories. The textile factories, being a significant contributor to wastewater, release
substantial quantities of organic and inorganic pollutants into the river and atmosphere
during the fabric manufacturing process [53–55]. Atmospheric deposition interaction
analyses with non-metal manufacturing factories in the case of Cd, As and Pb showed a
non-linear enhancement effect, which indicates that atmospheric deposition is the main
pollution pathway from non-metal manufacturing factories in the study area. The above
results on the pathways combined with the actual situation affirm the accuracy of the model
in determining the potential sources of pollution. The PCA-MLRD model was employed
to investigate the impact of pollution pathways on soil heavy metal concentrations. It
was shown that when the distance from sampling sites to roads and rivers increased, the
contents of heavy metals exhibited a significant exponential decline, which aligns with
previous research [35,56]. Further comparisons between the PCA-MLRD model and the
modified PCA-MLRD model revealed that the modified PCA-MLRD model had a greater
accuracy, probably due to the following reasons: (1) Utilization of GPCA yielded a precise
determination of types and locations of potential contamination sources, which accurately
identified the actual sources of soil heavy metals contamination. (2) The original model
only considered the location information of the contamination sources and relied only on
distance as a representation of these contamination sources. However, the modified model
added the factor of pollution pathways (traffic emissions, irrigation water, atmospheric
deposition, and vertical migration) to the original model, which better simulated the
contamination process of pollutants and ultimately enhanced the accuracy of results.
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5. Conclusions

This study proposes a novel approach to heavy metal source apportionment in soil.
Compared with the original PCA-MLRD, the modified model provided a more precise
direction toward and basis for source identification. In addition to anthropogenic point
sources, the model also accounted for non-point sources such as irrigation water, atmo-
spheric emissions, and traffic emissions as pollution pathways. The accuracy of the model
was improved, leading to more realistic results. The results indicated that metal factories
had the highest contribution to Cd and As accumulations in soil, reaching 30–44% and
42–58%, respectively, and the highest contribution to Pb came from soil parent material,
reaching 37–61%. The extent of the influence of pathway factors on soil heavy metals was
also quantified. In terms of application scenarios, the model is more useful for promoting
regional pollution control and precise management, specifically in areas with diverse pollu-
tion emission sources, such as urban–rural areas, or areas with diverse pollution pathways
and dense river networks. Although the model needs further refining, this study provided
a new perspective on source apportionment analysis for other researchers.
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10. Relić, D.; Sakan, S.; And̄elković, I.; Popović, A.; Ðord̄ević, D. Pollution and Health Risk Assessments of Potentially Toxic Elements
in Soil and Sediment Samples in a Petrochemical Industry and Surrounding Area. Molecules 2019, 24, 2139. [CrossRef]

11. Adnan, M.; Xiao, B.; Xiao, P.; Zhao, P.; Li, R.; Bibi, S. Research Progress on Heavy Metals Pollution in the Soil of Smelting Sites in
China. Toxics 2022, 10, 231. [CrossRef] [PubMed]

12. Feng, W.; Guo, Z.; Xiao, X.; Peng, C.; Shi, L.; Ran, H.; Xu, W. Atmospheric Deposition as a Source of Cadmium and Lead to
Soil-Rice System and Associated Risk Assessment. Ecotoxicol. Environ. Saf. 2019, 180, 160–167. [CrossRef] [PubMed]

13. Krishna, A.K.; Satyanarayanan, M.; Govil, P.K. Assessment of Heavy Metal Pollution in Water Using Multivariate Statistical
Techniques in an Industrial Area: A Case Study from Patancheru, Medak District, Andhra Pradesh, India. J. Hazard. Mater. 2009,
167, 366–373. [CrossRef] [PubMed]

14. Yang, X.; Yang, Y.; Wan, Y.; Wu, R.; Feng, D.; Li, K. Source Identification and Comprehensive Apportionment of the Accumulation
of Soil Heavy Metals by Integrating Pollution Landscapes, Pathways, and Receptors. Sci. Total Environ. 2021, 786, 147436.
[CrossRef] [PubMed]

15. Zhang, Z.; Lu, Y.; Li, H.; Tu, Y.; Liu, B.; Yang, Z. Assessment of Heavy Metal Contamination, Distribution and Source Identification
in the Sediments from the Zijiang River, China. Sci. Total Environ. 2018, 645, 235–243. [CrossRef] [PubMed]

16. Jafari, F.; Khademi, H. Spatial and Temporal Distribution of Heavy Metals Concentration in Atmospheric Dust in Kerman City.
J. Environ. Stud. 2014, 40, 361–373. [CrossRef]

17. Sobhanardakani, S. Ecological and Human Health Risk Assessment of Heavy Metal Content of Atmospheric Dry Deposition, a
Case Study: Kermanshah, Iran. Biol Trace Elem Res 2019, 187, 602–610. [CrossRef] [PubMed]

18. Zhu, Z.; Xu, Z.; Peng, J.; Fei, J.; Yu, P.; Wang, M.; Tan, Y.; Huang, Y.; Zhran, M.; Fahmy, A. The Contribution of Atmospheric
Deposition of Cadmium and Lead to Their Accumulation in Rice Grains. Plant Soil 2022, 477, 373–387. [CrossRef]

19. Liao, S.; Jin, G.; Khan, M.A.; Zhu, Y.; Duan, L.; Luo, W.; Jia, J.; Zhong, B.; Ma, J.; Ye, Z.; et al. The Quantitative Source
Apportionment of Heavy Metals in Peri-Urban Agricultural Soils with UNMIX and Input Fluxes Analysis. Environ. Technol.
Innov. 2021, 21, 101232. [CrossRef]

20. Zhou, Y.; Jiang, D.; Ding, D.; Wu, Y.; Wei, J.; Kong, L.; Long, T.; Fan, T.; Deng, S. Ecological-Health Risks Assessment and Source
Apportionment of Heavy Metals in Agricultural Soils around a Super-Sized Lead-Zinc Smelter with a Long Production History,
in China. Environ. Pollut. 2022, 307, 119487. [CrossRef]

21. Zhou, J.; Du, B.; Liu, H.; Cui, H.; Zhang, W.; Fan, X.; Cui, J.; Zhou, J. The Bioavailability and Contribution of the Newly Deposited
Heavy Metals (Copper and Lead) from Atmosphere to Rice (Oryza sativa L.). J. Hazard. Mater. 2020, 384, 121285. [CrossRef]
[PubMed]

22. Azimi, S.; Cambier, P.; Lecuyer, I.; Thevenot, D. Heavy Metal Determination in Atmospheric Deposition and Other Fluxes in
Northern France Agrosystems. Water Air Soil Pollut. 2004, 157, 295–313. [CrossRef]

23. Nicholson, F.A.; Smith, S.R.; Alloway, B.J.; Carlton-Smith, C.; Chambers, B.J. An Inventory of Heavy Metals Inputs to Agricultural
Soils in England and Wales. Sci. Total Environ. 2003, 311, 205–219. [CrossRef] [PubMed]

24. Zhang, Y.; Zhang, S.; Zhu, F.; Wang, A.; Dai, H.; Cheng, S.; Wang, J.; Tang, L. Atmospheric Heavy Metal Deposition in
Agro-Ecosystems in China. Environ. Sci. Pollut. Res. 2018, 25, 5822–5831. [CrossRef] [PubMed]

25. Yi, K.; Fan, W.; Chen, J.; Jiang, S.; Huang, S.; Peng, L.; Zeng, Q.; Luo, S. Annual Input and Output Fluxes of Heavy Metals to
Paddy Fields in Four Types of Contaminated Areas in Hunan Province, China. Sci. Total Environ. 2018, 634, 67–76. [CrossRef]

26. Yu, E.; Liu, H.; Tu, Y.; Gu, X.; Ran, X.; Yu, Z.; Wu, P. Superposition Effects of Zinc Smelting Atmospheric Deposition on Soil Heavy
Metal Pollution Under Geochemical Anomaly. Front. Environ. Sci. 2022, 10, 777894. [CrossRef]

27. Al-Khashman, O.A.; Shawabkeh, R.A. Metals Distribution in Soils around the Cement Factory in Southern Jordan. Environ. Pollut.
2006, 140, 387–394. [CrossRef]

28. Hua, S.; Tian, H.; Wang, K.; Zhu, C.; Gao, J.; Ma, Y.; Xue, Y.; Wang, Y.; Duan, S.; Zhou, J. Atmospheric Emission Inventory
of Hazardous Air Pollutants from China’s Cement Plants: Temporal Trends, Spatial Variation Characteristics and Scenario
Projections. Atmos. Environ. 2016, 128, 1–9. [CrossRef]

29. Cao, X.; Zhang, X.; Tong, D.Q.; Chen, W.; Zhang, S.; Zhao, H.; Xiu, A. Review on Physicochemical Properties of Pollutants
Released from Fireworks: Environmental and Health Effects and Prevention. Environ. Rev. 2018, 26, 133–155. [CrossRef]

30. Liu, Y.; Huang, H.; Sun, T.; Yuan, Y.; Pan, Y.; Xie, Y.; Fan, Z.; Wang, X. Comprehensive Risk Assessment and Source Apportionment
of Heavy Metal Contamination in the Surface Sediment of the Yangtze River Anqing Section, China. Environ. Earth Sci. 2018,
77, 493. [CrossRef]

31. Chen, Y.-F.; Shi, Q.-Y.; Qu, J.-Y.; He, M.-X.; Liu, Q. A Pollution Risk Assessment and Source Analysis of Heavy Metals in Sediments:
A Case Study of Lake Gehu, China. Chin. J. Anal. Chem. 2022, 50, 100077. [CrossRef]

32. Sanyal, T.; Kaviraj, A.; Saha, S. Deposition of Chromium in Aquatic Ecosystem from Effluents of Handloom Textile Industries in
Ranaghat–Fulia Region of West Bengal, India. J. Adv. Res. 2015, 6, 995–1002. [CrossRef]

33. Ahsan, M.A.; Satter, F.; Siddique, M.A.B.; Akbor, M.A.; Ahmed, S.; Shajahan, M.; Khan, R. Chemical and Physicochemical
Characterization of Effluents from the Tanning and Textile Industries in Bangladesh with Multivariate Statistical Approach.
Environ. Monit. Assess. 2019, 191, 575. [CrossRef] [PubMed]

34. Qiang, L.; Yang, W.; Jingshuang, L.; Quanying, W.; Mingying, Z. Grain-Size Distribution and Heavy Metal Contamination of
Road Dusts in Urban Parks and Squares in Changchun, China. Environ. Geochem. Health 2015, 37, 71–82. [CrossRef] [PubMed]

20



Toxics 2024, 12, 382

35. Yan, G.; Mao, L.; Jiang, B.; Chen, X.; Gao, Y.; Chen, C.; Li, F.; Chen, L. The Source Apportionment, Pollution Characteristic and
Mobility of Sb in Roadside Soils Affected by Traffic and Industrial Activities. J. Hazard. Mater. 2020, 384, 121352. [CrossRef]

36. Yuan, Z.; Luo, T.; Liu, X.; Hua, H.; Zhuang, Y.; Zhang, X.; Zhang, L.; Zhang, Y.; Xu, W.; Ren, J. Tracing Anthropogenic Cadmium
Emissions: From Sources to Pollution. Sci. Total Environ. 2019, 676, 87–96. [CrossRef] [PubMed]

37. Liu, P.; Wu, Q.; Hu, W.; Tian, K.; Huang, B.; Zhao, Y. Effects of Atmospheric Deposition on Heavy Metals Accumulation in
Agricultural Soils: Evidence from Field Monitoring and Pb Isotope Analysis. Environ. Pollut. 2023, 330, 121740. [CrossRef]
[PubMed]

38. Wang, J.; Li, X.; Christakos, G.; Liao, Y.; Zhang, T.; Gu, X.; Zheng, X. Geographical Detectors-Based Health Risk Assessment and
Its Application in the Neural Tube Defects Study of the Heshun Region, China. Int. J. Geogr. Inf. Sci. 2010, 24, 107–127. [CrossRef]

39. Su, Y.; Li, T.; Cheng, S.; Wang, X. Spatial Distribution Exploration and Driving Factor Identification for Soil Salinisation Based on
Geodetector Models in Coastal Area. Ecol. Eng. 2020, 156, 105961. [CrossRef]

40. Huang, S.; Xiao, L.; Zhang, Y.; Wang, L.; Tang, L. Interactive Effects of Natural and Anthropogenic Factors on Heterogenetic
Accumulations of Heavy Metals in Surface Soils through Geodetector Analysis. Sci. Total Environ. 2021, 789, 147937. [CrossRef]

41. Tao, H.; Liao, X.; Li, Y.; Xu, C.; Zhu, G.; Cassidy, D.P. Quantifying Influences of Interacting Anthropogenic-Natural Factors on
Trace Element Accumulation and Pollution Risk in Karst Soil. Sci. Total Environ. 2020, 721, 137770. [CrossRef]

42. Kaiser, H.F. The Application of Electronic Computers to Factor Analysis. Educ. Psychol. Meas. 1960, 20, 141–151. [CrossRef]
43. Guan, Q.; Wang, F.; Xu, C.; Pan, N.; Lin, J.; Zhao, R.; Yang, Y.; Luo, H. Source Apportionment of Heavy Metals in Agricultural Soil

Based on PMF: A Case Study in Hexi Corridor, Northwest China. Chemosphere 2018, 193, 189–197. [CrossRef]
44. Chen, Z.; Ding, Y.; Jiang, X.; Duan, H.; Ruan, X.; Li, Z.; Li, Y. Combination of UNMIX, PMF Model and Pb-Zn-Cu Isotopic

Compositions for Quantitative Source Apportionment of Heavy Metals in Suburban Agricultural Soils. Ecotoxicol. Environ. Saf.
2022, 234, 113369. [CrossRef] [PubMed]

45. Su, C.; Meng, J.; Zhou, Y.; Bi, R.; Chen, Z.; Diao, J.; Huang, Z.; Kan, Z.; Wang, T. Heavy Metals in Soils from Intense Industrial
Areas in South China: Spatial Distribution, Source Apportionment, and Risk Assessment. Front. Environ. Sci. 2022, 10, 820536.
[CrossRef]

46. Sun, Y.; Zhuang, G.; Zhang, W.; Wang, Y.; Zhuang, Y. Characteristics and Sources of Lead Pollution after Phasing out Leaded
Gasoline in Beijing. Atmos. Environ. 2006, 40, 2973–2985. [CrossRef]

47. Chanchpara, A.; Muduli, M.; Prabhakar, V.; Madhava, A.K.; Thorat, R.B.; Haldar, S.; Ray, S. Pre-to-Post Diwali Air Quality
Assessment and Particulate Matter Characterization of a Western Coastal Place in India. Environ. Monit. Assess. 2023, 195, 413.
[CrossRef] [PubMed]

48. Zhang, P.; Qin, C.; Hong, X.; Kang, G.; Qin, M.; Yang, D.; Pang, B.; Li, Y.; He, J.; Dick, R.P. Risk Assessment and Source Analysis of
Soil Heavy Metal Pollution from Lower Reaches of Yellow River Irrigation in China. Sci. Total Environ. 2018, 633, 1136–1147.
[CrossRef]

49. Qiao, P.; Lei, M.; Yang, S.; Yang, J.; Guo, G.; Zhou, X. Comparing Ordinary Kriging and Inverse Distance Weighting for Soil as
Pollution in Beijing. Environ. Sci. Pollut. Res. 2018, 25, 15597–15608. [CrossRef]

50. Huaiwei, Z.; Xin, H. An Overview for the Utilization of Wastes from Stainless Steel Industries. Resour. Conserv. Recycl. 2011, 55,
745–754. [CrossRef]

51. Bhuiyan, M.A.H.; Parvez, L.; Islam, M.A.; Dampare, S.B.; Suzuki, S. Heavy Metal Pollution of Coal Mine-Affected Agricultural
Soils in the Northern Part of Bangladesh. J. Hazard. Mater. 2010, 173, 384–392. [CrossRef] [PubMed]

52. Luo, Y.; Shi, C.; Yang, S.; Liu, Y.; Zhao, S.; Zhang, C. Characteristics of Soil Calcium Content Distribution in Karst Dry-Hot Valley
and Its Influencing Factors. Water 2023, 15, 1119. [CrossRef]

53. Dung, T.T.T.; Cappuyns, V.; Swennen, R.; Phung, N.K. From Geochemical Background Determination to Pollution Assessment of
Heavy Metals in Sediments and Soils. Rev. Environ. Sci. Biotechnol. 2013, 12, 335–353. [CrossRef]
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Abstract: The toxic metal (As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn) pollution in 250 agricultural soil
samples representing the urban area of Jiaxing was studied to investigate the temporal and spatial
variations. Compared to the early 1990s, the pollution level has increased. Industry and urbanization
were the main factors causing toxic metal pollution on temporal variation, especially the use of feed
containing toxic metals. The soil types and crop cultivation methods are the main factors causing
toxic metal pollution on spatial variation. Although the single-factor pollution indices of all the toxic
metals were within the safe limits, as per the National Soil Environmental Quality Standard (risk
screening value), if the background values of soil elements in Jiaxing City are used as the standard,
the pollution index of all the elements surveyed exceeds 1.0, reaching a level of mild pollution. The
soil samples investigated were heavily contaminated with toxic metal compounds, and their levels
increased over time. This situation poses potential ecological and health risks.

Keywords: agriculture; concentration; safe limits; national risk screening value; pollution

1. Introduction

In recent years, intensive urbanization, industrialization, and agricultural activities
have had negative effects on farmland and agricultural production. In particular, con-
tamination of soil with toxic metals in urban regions is posing a threat to the safety of
agricultural products [1–3]. Toxic metal pollution has the characteristics of universality,
concealment, surface aggregation, and irreversibility. Therefore, the pollution caused by
toxic metals in farmland soil is not easy to find and solve. Based on this fact, the inves-
tigation and evaluation of toxic metal accumulation in farmland soil have been widely
concerned [3].

China is an agriculturally large country with an arable area comprising 8% of the
world’s total arable area and a high food production of 500 million tons per annum [4].
Jiaxing is located in the Hang-Jia-Hu plain, which is the most important agricultural
production base in the Zhejiang Province of China. The farmland area in Jiaxing is less than
14% of Zhejiang Province, but it produces 30% and 48% of the total yield of vegetables and
grains, respectively, in Zhejiang. Therefore, the soil quality in Jiaxing is of great significance
for the safety of agricultural products and human health in Zhejiang.

In recent years, some researchers have reported the toxic metal pollution of soil and
agricultural products in Jiaxing [4,5]. Liu et al. assessed the heavy metal pollution in the
soil around a plastic metal factory in Jiaxing and found that the ecological risk was great [6].
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Hu et al. analyzed the spatiotemporal variation and temporal changes in the sources of Cr,
Pb, Cd, Hg, and As in the soil of Jiaxing based on 4359 soil samples collected in 2002 and
2012 [7]. However, the studies were local and sporadic, so the toxic metal pollution status
of the soil in the entire region and the temporal and spatial variation remained unclear.
The mechanism of temporal and spatial changes in toxic metal concentrations in soil still
needs to be explored. The main objective of this research was to evaluate the toxic metal
pollution of soil in Jiaxing and compare the local accumulation and temporal variation
characteristics with the survey monitoring data of the early 1990s and the National Soil
Environmental Quality Standard (GB15618-2018). The findings of the study could provide
comprehensive information on the soil quality in this region and help to design strategies
to minimize toxic metal transfer in the food chain.

2. Materials and Methods

2.1. Study Area

Jiaxing is located in the center of Shanghai, Hangzhou, and Suzhou, as well as other
middle- to large-sized cities. It has jurisdiction over five counties (cities), including Haining,
Tongxiang, Haiyan, Pinghu, and Jiashan, as well as the two districts of Nanhu and Xiuzhou,
and has a total land area of 3915 km2.

Regarding the climate, Jiaxing belongs to the East Asian monsoon region and has four
distinct seasons. Its annual average temperature is 15.9 ◦C, precipitation is 1168.6 mm/year,
and sunshine is 2017.0 h/year. Because of the low-lying terrain, the soil in Jiaxing consists
of shallow marine sediments, river alluvium, lacustrine, and paludal sediments [8]. The
soil types mainly include paddy, fluvo-aquic, and coastal saline soils. Paddy soil includes
silt-clayey yellow mottled, blue clayey, and silt-loamy types [7].

2.2. Soil Sampling and Processing

Sites were selected at one point per 1/15 hectare with a 1:50,000 soil map, and the
Global Positioning System was used to position each sampling point. A representative
plot was selected at each point, and soil samples were collected using a soil sampler in the
tillage layer at a depth of 0–20 cm. Each representative sample from a point consisted of a
quincunx multipoint sample (taken from at least ten sub-points) [9]. About 1 kg of each
evenly mixed representative soil sample was taken for testing. In total, 250 soil samples
were collected from the entire study area in the suburbs of Jiaxing (Figure 1).

Soil samples were air-dried and screened through a 100-mesh sieve. To determine
the concentration of toxic metals, the HNO3-HClO4-HF digestion method was used to
prepare the samples. Available forms of various toxic metals (As, Cd, Cr, Cu, Hg, Ni, Pb,
and Zn) were extracted with 0.1 mol ethylene diaminetetraacetic acid (EDTA) solution
(pH 7.0) from soil–water suspensions prepared with a ratio of 1:5. The contents of As and
Hg in the samples were determined through cold atomic absorption spectrophotometry
(3400 ASS, Thermo Scientific, Waltham, Massachusetts, USA) [10]. The contents of Pb,
Cu, Zn, Cr, Ni, and Cd were measured by the guidelines for graphite furnace atomic
absorption spectrometry (240Z AA, Agilent, Palo Alto, California, USA) [11]. During all the
analytical determinations, the detection limits for As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn were
0.002 mg/kg, 0.01 mg/kg, 1.2 mg/kg, 0.01 mg/kg, 0.002 mg/kg, 0.3 mg/kg, 0.1 mg/kg,
and 0.008 mg/kg, respectively. In addition, some national standard soil samples were also
analyzed to ensure quality control.

Soil pH was measured by potentiometry [12]. The contents of organic matter in soil
samples were determined by titrimetry using sulfuric acid, potassium dichromate, and
ferrous sulfate after thermal oxidation [13].
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Figure 1. Distribution map of heavy metal elements in Jiaxing soil. The planar diagram of soil
sampling locations in Jiaxing City. Red circles denote sampling points, and the numbers represent
the respective point identifiers.

2.3. Data Processing and Statistical Analysis

The average values, coefficients of variation, normal distribution test, and other
described statistical analyses of the toxic metal contents were performed by the SPSS 12.0
(SPSS, Chicago, IL, USA) statistical software. Variogram fitting and relevant parameters
were obtained using the Statistical Analysis System (SAS 9.3, Cary, North Carolina, USA).

2.4. Evaluation Method

The criterion used to evaluate soil quality was the risk screening limits of the National
Environmental Quality Standard for Soils. While evaluating the concentration of a single
toxic metal in soil, the fuzzy synthetic evaluation method was used to determine the overall
pollution level of the soil with toxic metals [14].

2.4.1. Single-Factor Pollution Evaluation

The formula used to calculate the single-factor pollution index is as follows [15]:

Pi = Ci/Si,

where Pi is the pollution index of pollutant i, Ci is the measured concentration of the
pollution index of pollutant i, and Si is the evaluation criterion of pollutant i. The Pi values
for different pollution categories are as follows: Pi ≤0.7 = excellent, Pi ≤1.0 = safe, Pi ≤2 =
lightly polluted, Pi ≤3 = medium-level pollution/moderately polluted, and Pi >3 = heavily
polluted.

2.4.2. Comprehensive Pollution Index

The single-factor index only reflects the pollution level of a single pollutant rather than
the integrated pollution level of soil and crops. In contrast, the comprehensive pollution
index takes into account the average and highest values of the single-factor pollution index
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and can highlight the role of pollutants causing serious pollution. The comprehensive
pollution index is calculated as follows [16]:

Pcom = {[(Ci/Si)2
max + (Ci/Si)2

ave]/2}1/2,

where Pcom is the comprehensive pollution index, Pi = Ci/Si, Pave is the average value
of the various pollution index Pi, and Pmax is the maximum value among the individual
pollution indices. The Pcom values for pollution categories are as follows: Pcom ≤ 0.7 =
safe, Pcom ≤ 1.0 = warning line, Pcom ≤ 2.0 = lightly polluted, Pcom ≤ 3.0 = medium-level
pollution/moderately polluted, and Pcom > 3.0 = heavy pollution/heavily polluted.

3. Results and Discussions

3.1. Temporal and Spatial Variation of Toxic Metal Pollution in Soil
3.1.1. Temporal Variation of Toxic Metal Pollution in Soil

According to Figure 2A, with the risk screening value of the National Soil Environ-
mental Quality Standard (GB15618-2018) as the indicator, the unit pollution indices of all
the toxic metals are less than 1.0. The single-factor pollution indices of all of the elements
are in the safe range, in which the “excellent” category (with a pollution index less than
0.70) is up to 50%. More than 0.7 and less than 1.0 are the warning ranges. The single
pollution indices of Cd, Hg, Ni, Cu, and As exceeded the warning value of 0.7 and were
less than 1.0. According to Figure 2B, the proportions of Ni, Hg, Cd, Cu, and As with single
pollution indices of more than 0.7 and less than 1.0 in all soil samples were 25.6%, 18.8%,
11.2%, 2%, and 0.4%, respectively. However, no sample was over-detected for Pb, Zn, or Cr.

Figure 2. Evaluation of toxic metal element pollution in the soils of Jiaxing City. (A) Soil toxic
metal single-factor pollution index in Jiaxing. (B) Excess rate of toxic metals in soil in Jiaxing City.
Uppercase letters denote significance based on background values, while lowercase letters indicate
significance based on risk values (p < 0.05).

However, according to Figure 2A, if the background values of soil elements in Jiaxing
City were used as a standard, the pollution indices of all the elements investigated exceeded
1.0 and reached a mild pollution level. Among them, Cd and Hg contaminated the most
seriously, reaching more than 1.5-fold of the background value. The excess rates of the
metallic elements were greater than 44.6% using the local elemental background as the
evaluation standard, among which Pb, CD, and Cu were over 90%. Comparing recent
values of soil toxic metal tests with those obtained in Jiaxing City in 1981 (Table 1), only As
and Hg levels in the soil did not increase. Cd, Zn, Cu, Pb, Ni, and Cr increased by 86.2%,
27.2%, 41.1%, 45.6%, 4.94%, and 21.1%, respectively.
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Table 1. Comparison of Soil Environmental Quality Evaluation Standards.

Item As Cd Cr Cu Hg Ni Pb Zn

Risk screening value (μg/g) 30 0.300 250 50 0.250 40 250 200
Background value (μg/g) * 6.8 0.120 74.9 23.8 0.130 31.8 25.1 74.8

Soil test values in 1981 (μg/g) ** 9.87 0.116 72.34 22.67 0.195 34.59 23.08 74.11

μg/g is the quality of toxic metals in the tested soil. “*” is the background value of soil toxic metal concentration
in Hangjiahu plain in the early 1990s; “**” is the background content of toxic metals obtained by the Jiaxing
environmental monitoring station after sampling 28 points in Jiaxing, Jiashan, Pinghu, Haiyan, Haining, and
Tongxiang counties (cities) in 1981.

Toxic metal composite contamination was severe in soils from the investigated sample
sites. A total of 92.6% of the sample points had composite pollution, and the percentage of
sample points with the eight toxic metals represented all over reached 16.7%. The above
results demonstrated that a significant accumulation of toxic metals was occurring in the
form of composite pollutants in the soils of Jiaxing City. This is also indicated by the
correlation analysis in Figure 3. Cd, Cr, Cu, Ni, Pb, and Zn showed highly significant corre-
lations with each other. This further illustrates that the above six elements are composite
pollutants and that their sources share homology. The toxic metal contamination of soils is
mainly composite pollution. With the single-factor pollution index (Pi) alone, it is difficult
to make an objective evaluation of the overall pollution situation of soils. However, the
comprehensive pollution index is able to make up for the shortage of the single-factor
pollution index. With two different evaluation criteria, the calculated comprehensive pollu-
tion index was quite different. Calculations using the national secondary standard for soil
environmental quality yielded a comprehensive pollution index of 0.837, indicating that
the soil environmental quality in Jiaxing City is still in a safety vigilance state. However,
using the background values of soil elements in Jiaxing City as the standard, the obtained
comprehensive pollution index reached 1.859, indicating that the soil environment quality
in Jiaxing City had reached a slightly polluted level.

Figure 3. Correlation analysis of toxic metal elements in the soils of Jiaxing City. Pearson’s statistical
correlation analysis was employed, where deeper colors indicate stronger correlations. (** p < 0.01).
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3.1.2. Spatial Variation of Toxic Metal Pollution

As shown in Table 2, in the soil samples from Jiaxing, the concentrations of As, Cd, and
Hg varied considerably in different soil types, and the maximum values were more than 10
times higher than the minimum values. However, the contents of several other elements
in different soil samples were relatively close, and the maximum value was 2–5 times
the minimum value. The coefficient of variation reflects the average degree of variation
between different sample points. Table 2 shows that the coefficients of variation of As,
Cd, and Hg were the largest at over 0.50. The results showed large variability and spatial
differentiation, indicating that outside interference considerably changed the contents of
these elements in the soil. These differences might be attributed to anthropogenic activities,
farming, management practices, and cropping systems [17,18].

Table 2. Descriptive statistical analysis of soil total toxic metals in Jiaxing City (μg/g).

Elements Mean STD Max. Min. Variation Coefficient Skewness Kurtosis

As 8.76 4.63 77.33 4.07 0.53 13.11 194.63
Cd 0.22 0.16 1.26 0.078 0.53 4.29 30.08
Cr 87.56 11.75 125.59 55.73 0.13 −0.061 0.19
Cu 32.03 6.82 61.72 16.58 0.21 0.94 2.49
Hg 0.19 0.098 0.65 0.031 0.51 1.84 4.87
Ni 36.31 5.77 51.01 23.20 0.16 0.11 −0.18
Pb 33.62 5.48 50.76 16.61 0.16 0.053 0.51
Zn 94.28 18.50 188.21 53.80 0.19 1.22 4.27

Some elements had smaller coefficients of variation (all around 0.20), suggesting that
these elements were subject to consistent external influences. The spatial differentiation
is low, suggesting that these elements may have the same origin in this region. As can be
seen from Table 3 and Figure 4, there were some differences in the levels of toxic metals in
different counties, municipalities, and districts of Jiaxing City. The main areas with higher
pollution were the South Lake area and Jiashan County. The single-factor pollution indices
reached 1.05–1.67 and 1.0–1.77, respectively, using the background values of toxic metals
in soils from Jiaxing City as the standard. The most serious pollution of Cd, Cu, Hg, Pb,
and Zn was in Jiashan County, with single-factor pollution indices of 1.06–2.82, 1.26–1.65,
0.93–2.50, 1.21–1.69, and 1.03–1.77, respectively. The pollution index of each toxic metal
was relatively low in the Xiuzhou region. This trend was also reflected in the cases of
exceedance rates at different localities (Figure 5). Using the background values from soils
in Jiaxing City as a standard, the Cr exceedance rate in Jiashan County was 80%, while
all the remaining elements exceeded 90%. The exceedances of As, Cd, Cr, Cu, Pb, and
Zn in the South Lake region reached 100%, and the overall exceedances in other regions
were all above 50%. The accumulation of each toxic metal element in different counties,
municipalities, and regions has led to a large difference in the comprehensive pollution
index in soils. The three regions with the largest comprehensive pollution index were
Jiashan County, South Lake area, and Tongxiang City. Its comprehensive pollution index
was calculated using the background value as the standard, and the obtained values were
2.18, 2.02, and 1.97. The obtained values were 0.92, 0.90, and 0.89, calculated using the
secondary standard for soil environmental quality. The comprehensive pollution index
of Xiuzhou District was the smallest, which may be related to the collection of a certain
amount of pear garden soil, which was relatively small due to exogenous pollution, while
the soil environmental quality remained relatively good.
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Table 3. Statistical analysis of soil toxic metal elements in counties (μg/g).

Element Nanhu Xiuzhou Jiashan Haiyan Haining Pinghu Tongxiang

As
Content range 7.2–12.5 4.6–10.7 6.8–12.1 6.1–10.6 5.7–12.0 4.1–11.2 5.1–77.3
Mean 9.2 8.1 9.7 8.1 7.9 8.2 11.7

Cd
Content range 0.1–0.7 0.1–0.4 0.1–1.3 0.1–0.5 0.1–0.5 0.1–0.8 0.1–0.4
Mean 0.2 0.2 0.3 0.2 0.2 0.2 0.2

Cr
Content range 76.8–109.3 66.8–112.7 57.1–125.6 59.1–117.6 55.7–109.6 62.5–106.5 70.6–106.3
Mean 89.2 87.4 84.3 92.7 83.0 87.0 89.3

Cu
Content range 25.0–43.8 20.5–42.1 22.4–61.7 21.3–39.9 16.5–35.5 16.8–53.3 20–42.3
Mean 34.4 29.1 37.9 31.1 26.9 30.9 29.3

Hg Content range 0.1–0.5 0.1–0.5 0.1–0.7 0.1–0.2 0.1–0.3 0.1–0.5 0.1–0.5
Mean 0.2 0.1 0.3 0.2 0.2 0.2 0.2

Ni
Content range 31.6–48.9 26.0–48.5 26.0–46.4 25.0–51.0 23.4–48.7 23.2–48.3 29.7–49.9
Mean 37.7 36.1 36.5 38.6 34.0 34.7 38.0

Pb
Content range 26.2–48.3 22.4–49.4 22.0–42.3 22.9–39.9 16.6–39.7 17.6–41.1 23.2–44.2
Mean 34.5 31.7 36.2 33.7 30.7 32.6 34.0

Zn
Content range 77.1–132.4 59.2–117.4 62.1–134.9 58.2–118.9 60.2–106.2 53.8–188.2 64.3–162.1
Mean 99.1 87.0 103.5 90.6 84.4 92.0 93.5

The number of soil samples from Nanhu, Xiuzhou, Jiashan, Haiyan, Haining, Pinghu, and Tongxiang were 33, 28,
19, 20, 30, 80, and 40, respectively.

Figure 4. Evaluation of toxic metal element pollution in soils of different regions. (A) Nanhu District.
(B) Xiuzhou District. (C) Jiashan District. (D) Haiyan District. (E) Haining District. (F) Pinghu District.
(G) Tongxiang District. Uppercase letters denote significance based on background values, while
lowercase letters indicate significance based on risk values (p < 0.05).
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Figure 5. Excess rate of toxic metals in the soil in different regions. (A) Nanhu District. (B) Xiuzhou
District. (C) Jiashan District. (D) Haiyan District. (E) Haining District. (F) Pinghu District. (G)
Tongxiang District.

3.2. Mechanism of Temporal and Spatial Changes in Toxic Metal Concentrations in the Soil
3.2.1. Temporal Variation of Toxic Metals Affected by People’s Production

The degree of toxic metal pollution in agricultural soil is closely related to the level
of regional economic development, especially the level of industry, transportation, and
urbanization [19,20]. According to previous studies, first of all, industrial sources are
the main reason for the accumulation of Cu, Zn, and Pb in the soil, such as the mining
of minerals and the random disposal of wastes in industrial production [21]. Secondly,
inappropriate agricultural measures, including sewage irrigation and fertilizer application,
also become the primary causes of soil toxic metal pollution in cities with developed
agriculture. The lack of water resources makes sewage an important part of irrigation water.
Sewage irrigation brings a majority of harmful substances (e.g., Cd, Cr, and Zn), causing
different levels of soil pollution [22]. Thirdly, vehicle exhaust emissions will significantly
increase the concentration of Pb and Zn on both sides of the road [23]. Fourthly, with the
development of urbanization, more household garbage will be produced. The metabolism
and degradation of harmful substances are relatively slow in a closed ecosystem. Compared
with the natural environment, toxic metal pollution in the urban environment is more likely
to become serious [24]. In this study, with the industrialization and urbanization of Jiaxing
arable land, soil toxic metal pollution has increased in the past two decades. The main
pollutants are Cd, Cu, Zn, etc., which are the same as the research of Yu et al. [25]. Previous
studies have reported that the main way to increase the content of toxic metals such as Cd,
Cu, Hg, and Zn in agricultural soils in Zhejiang Province is through crop harvesting and
leaching, accounting for 74.43–83.62% of the total output [26]. Cd is the priority control
pollutant in agricultural soil in this study, which is the same as that obtained by Kim
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et al. [27]. They found that Cd pollution from industrial activities is serious or extremely
serious to agricultural soil.

According to the survey, before 1990, pigs and poultry were fed coarse grains and
green feed without any commercial feed, so there was no chance of toxic metal pollution.
After 1990, the number of large-scale pig farms in South Lake, Jiashan, and Tongxiang
increased gradually. A small amount of toxic metals can be added to the feed, which
can promote the growth and development of pigs. Therefore, the fermentation of pig
manure containing toxic metals as organic waste materials directly applied to agricultural
fields resulted in a significant increase of toxic metals in agricultural soils. According to
Wang et al. [28], the organic fertilizer samples contained up to 364–2213 mg·kg−1 Cu and
319–4359 mg·kg−1 Zn. Through the above analysis, it can be inferred that As pollution is
mainly concentrated in these areas, which may be due to the long-term high-intensity use
of pig manure, resulting in the serious accumulation of toxic metals in these areas.

3.2.2. Spatial Variation of Toxic Metals Affected by Soil Types and Crop
Cultivation Methods

Data obtained from 250 samples were subjected to statistical analysis using the risk
screening value of the National Soil Environmental Quality Standard as the limit to calculate
the arithmetic mean, single-factor pollution index (Pi), and comprehensive pollution index
(Pcom) of the samples, as shown in Table 3. The soil types ranged from blue–purple clay
distributed in the lake group, disc edge, and low ground in the mainland, and silt-clayey
yellow mottled, blue clayey, and green powder paddy soils on the central water network
plains to the semi-sandy soil and silt-loamy paddy soil on the coastal (along with the river
plains); the comprehensive pollution indices obtained for these soils were 0.614, 0.697,
0.602, 0.584, 0.626, 0.632, 0.464, and 0.495, respectively. Toxic metal pollution shows a
clear spatial variation, decreasing from the mainland to the coastal plain. In addition,
research has demonstrated that transportation plays a significant role as a conduit for
heavy metals to move from land to rivers, closely correlating with distance, freight volume,
and traffic emissions [29]. Soil texture also transitions from sticky clay loam soil to light
loam soil (except for some silt-loamy paddy soil with a light texture). The gradual decline
of the comprehensive pollution index (i.e., the decrease of the degree of soil pollution) is,
therefore, related to the type and texture of the soil as well as the terrain (water flow). More
toxic metals may accumulate in the soil on low-lying land.

Table 3 reflects the content status and quality evaluation of each element in different
soil types. It can be seen that the content of toxic elements and the rate of exceeding the
standard in blue clayey paddy soil are relatively high. Taking the background value of soil
and the second level limit of soil environmental quality as the standard calculation, the
comprehensive pollution indices obtained reached 1.78 and 0.78, respectively. Secondly,
the relatively heavy pollution is green powder paddy soil and yellow sand moisture soil,
while the element content of silt-loamy paddy soil and semi-sandy soil is close to the
background value, basically no pollution. The main reason for this phenomenon may be
that the pollutant-carrying capacity of different terrain parts of different soils is different; it
may also be caused by the difference in element content in the parent material developed
by each soil itself, or it may be related to the physical and chemical properties of the soil.
For example, the blue clayey paddy soil is sticky, and the amount of organic matter and
cation exchange is the highest of all the soils surveyed, which is conducive to its adsorption
and fixation of more foreign elements. While silt-loamy paddy soil and semi-sandy soil are
the most sandy of all soils, with relatively low organic matter content, the ability to adsorb
and fix foreign elements is very weak, and foreign elements are not easy to accumulate in
the soil.

The effects of different crop cultivation methods on the contents of different toxic
metals in soils were significantly different. It can be seen from Figure 6 that the content in
the soils increased significantly compared to the background values 30 years ago, regardless
of the crop cultivation method. Overall, As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn were most

30



Toxics 2024, 12, 390

abundant in soils grown from grain and oil crops. Toxic metals are least abundant in fruit
tree-grown soils. However, taking the screening values in soil environmental quality as the
standard, the exceedances of Cd, Cu, Ni, and Hg in vegetable-grown soils were significantly
higher than those in soils grown in grain and oil crops and fruit trees.

Figure 6. Toxic metal content of soils with different utilization. Red uppercase letters indicate
significant differences in heavy metal concentrations among different soil types under various land
uses (p < 0.05).

4. Conclusions

This study investigated the temporal and spatial variations and mechanisms of toxic
metal (As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn) contamination in 250 agricultural soil samples
from Jiaxing City. While the levels of all eight toxic metals were found to be within safe
limits compared to national risk screening values, there has been a gradual deterioration
in toxic metal pollution in the investigated area since the early 1990s, accumulating sig-
nificantly in a composite pollution manner. Particularly alarming was the contamination
of Cd and Hg, which exceeded background levels by more than 1.5 times, potentially
elevating environmental and health risks. Moreover, Jiashan County, Nanhu District, and
Tongxiang City exhibited the most severe comprehensive pollution, with pollution indices
reaching 2.18, 2.02, and 1.97, respectively. Industrialization and urbanization were identi-
fied as the primary drivers of temporal variations in toxic metal pollution, while soil types
and crop cultivation methods were found to dominate spatial variations in toxic metal
pollution. Future research should prioritize investigating the pollution characteristics of
toxic metals in crops, thereby enabling the formulation of more effective governance and
remediation strategies.
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Abstract: The impact of cadmium (Cd) and fluorine (F) on plant and human health has provoked
significant public concern; however, their combined effects on plant and soil bacterial communities
have yet to be determined. Here, a pot experiment was conducted to evaluate the effects of exogenous
F, Cd, and their combination (FCd) on lettuce growth and soil bacterial communities. The results
revealed that F and Cd concentrations in lettuce ranged from 63.69 to 219.45 mg kg−1 and 1.85 to
33.08 mg kg−1, respectively, presenting lower values in shoots than in the roots. Moreover, low
contamination levels had no discernable influence on lettuce growth, but showed a synergistic
negative on plant biomass when exogenous F and Cd exceeds 300 and 1.0 mg kg−1, respectively.
The results of 16S rRNA gene sequencing indicated that the most abundant bacterial community
at the phylum level was Proteobacteria, with the relative abundance ranging from 33.42% to 44.10%
across all the treatments. The contaminants had little effect on bacterial richness but impacted the
structure of bacterial communities. The PCoA showed that compartment and contaminants were the
primary contributors to the largest source of community variation, while the VPA indicated that F
and Cd synergistically affected the bacterial communities. In turn, lettuce plants could enhance the
resistance to the combined stress by increasing the relative abundance of Oxyphotobacteria, Subgroup 6,
Thermoleophilia, and TK10 classes in the rhizosphere.

Keywords: cadmium; fluorine; chlorophyll; diversity; structure; synergistic effect

1. Introduction

Heavy metals (HMs) contamination is a pressing environmental challenge globally
that presents a significant threat to human health [1,2]. Among all HMs, cadmium (Cd)
is a prominent pollutant, found in several regions in China [3,4]. Fluorine (F) is the 13th
most abundant element in the earth’s crust and is widely recognized for its adverse effects
on health in many regions around the globe [5,6]. F is often found in conjunction with Cd
in the environment [7,8]. Previously, Cd was reported as a hidden toxin in an endemic
fluorosis area [9]. Further, F-contaminated soil was also found in a high geochemical Cd
area [10]. In addition, phosphorus fertilizer also contributes as a major source of Cd and
F inputs into farmlands, and contains high concentrations of these elements, potentially
increasing the concentration of Cd and F in soils and plants [6,11].

Plants exposed to F or Cd stress exhibit several negative impacts on physiological,
biochemical, and morphological parameters, such as enzyme activities and metabolic
processes [12,13]. Prior studies have documented the accumulation, interaction, and
fractionation of Cd and F in soil-crop systems [7,14]. However, the effect on plants varied
with the plant species. For instance, Chen et al. [7] reported that co-contamination of F
and Cd has a synergistic negative effect on plant growth, and the contaminants are mainly
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accumulated in the leaves of radish (Raphanus sativus L.). However, it was discovered
that Cd addition may restrict the F accumulation in oilseed rape (Brassica napus L.), while
F treatment promoted the Cd accumulation in the tissues [15]. Therefore, it is vital to
investigate the co-effect of F and Cd on more crop species that are closely related to
human health.

Microorganisms are often more susceptible to contaminants than plants that inhabit
the same soil [1,16]. Previously, numerous researches determined the effects of Cd alone or
in combination with other HMs on plant growth and bacterial communities. For example,
it was reported that HMs pollution has a considerable impact on the diversity, composition,
and distribution of bacterial communities in soil [17]. Further, the effect of F on soil microor-
ganisms in the soil-plant system was observed. It was found that the relative abundance
of Proteobacteria phylum decreased with an increase in F spiking (0, 600, 1000 mg kg−1)
in soils [18], where the F addition with 1000 mg kg−1 changed the bacterial diversity [19].
Moreover, the co-effects of HMs and rare earth elements (REEs), as well as the combined
effects of F and Cl on soil microorganisms have garnered increasing interest. Luo et al. [16]
reported that both REEs and HMs regulated the structure and composition of bacterial
communities, whereas their combined impacts were higher than the individual effects
of HMs or REEs. According to reports, the combination of pyrene and Cd had a greater
biocidal influence on soil microorganisms than either Cd or pyrene alone [20], and the
interaction between polycyclic aromatic hydrocarbons (PAHs) and HMs altered the fate of
pollutants and microbial communities in soils [21]. However, to the best of our knowledge,
studies on the effects of combined F and Cd on soil microorganisms are very scarce.

Lettuce (Lactuca sativa L.) is a globally cultivated vegetable and is commonly used
for standard toxicity tests of harmful elements [22]. Previous studies have investigated
the toxicity, accumulation, and translocation of co-existing metal elements in lettuce, such
as Cd-Zn [23]. However, to date, the effects of combined F and Cd on lettuce plants,
which may raise a potential risk to human health through food chains, have never been
investigated. Considering the complex interactions of F and Cd on microorganisms
and plants, the present work investigated the effects of soil spiked Cd and F on lettuce
growth, soil bacterial communities, and the interactions among the pollutants, plant, and
soil bacteria using a pot experiment. The main objectives of the present study were to:
(1) investigate the effects of Cd or/and F on lettuce growth, and (2) explore the response
of soil bacterial communities to spiked Cd or/and F in the soil-plant system. We hy-
pothesized that: (1) there were hormetic dose—response relationships for the effect of Cd
and F on lettuce growth; (2) F and Cd have a synergistic effect on plant growth and soil
bacterial communities.

2. Materials and Methods

2.1. Soil Aging

The surface soil (0–20 cm) was collected from farmland in the southwest of China
(105◦19′26′′ E, 27◦22′48′′ N). The basic properties of soil and analysis methods are listed
in Table S1. The soil was classified as yellow soil based on its properties and the Chinese
soil classification system. Before the pot experiment, the collected soil was air-dried and
sieved to <2 mm. The exogenous concentrations of Cd and F in soil (Table 1) were designed
according to the data of field investigation and information from previously published
literature [7,15]. The soil was spiked with the appropriate amount of Cd [Cd(NO3)2·4H2O]
or/and F (NaF), by adding an equal volume (1.25 L) and thoroughly mixed into the soil
with a total weight of 7.5 kg for each treatment. Then, the soil samples were incubated
for three months at a moisture level of 60% water-holding capacity to achieve chemical
equilibration in the greenhouse with the conditions were 20–25 ◦C, relative humidity
60–70%, and light intensity 180 μMm−2 s−1 during a 16/8 h day/night photoperiod. At
the end of the aging period, 1.25 kg of soil was transferred into each plastic pot of 15 cm
diameter and 12 cm height.
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Table 1. Exogenous concentrations of F and Cd in soil. Treatment included with F (F1 to F5), Cd (Cd1
to Cd5), and FCd (FCd1 to FCd5). A soil without addition was conducted as control treatment (CK).

Treatment F mg kg−1 Cd mg kg−1 Treatment F mg kg−1 Cd mg kg−1 Treatment F mg kg−1 Cd mg kg−1

CK 0 0
F1 50 0 Cd1 0 0.3 FCd1 50 0.3
F2 100 0 Cd2 0 0.6 FCd2 100 0.6
F3 300 0 Cd3 0 1.0 FCd3 300 1.0
F4 500 0 Cd4 0 2.0 FCd4 500 2.0
F5 1000 0 Cd5 0 5.0 FCd5 1000 5.0

2.2. Plant Culture

Plant culture was carried out in a greenhouse at Zhejiang University. Seeds of Frisee
lettuce (Huayu, Hebei, China) were bought from the local market. 20 uniform and plump
seeds were evenly sown in each plastic pot. Each treatment consists of six replicates which
were carried out under a completely randomized block design. The seedlings were thinned
to one lettuce plant left in each plot on the 7th day of growth. The moisture content in
the pots was kept at 60% water-holding capacity during the whole experimental period.
The seedlings were harvested after three months of growth. Due to the limited plants and
quantity of rhizosphere soils, samples collected from two replicates were combined for
further analysis.

2.3. Plant and Soil Analysis

Chlorophyll was extracted with a mixture of acetone and ethyl alcohol and analyzed
using a microplate reader (Epoch 2, BioTek, Thermo Fisher Scientific, Waltham, MA,
USA) [24]. Plants were separated into roots and shoots, washed with tap water and
deionized water, and then dried. The fresh weight (FW) of shoots was gauged by a balance
with an accuracy of 0.001 g, and the dry weight (DW) was measured after drying at 65 ◦C
for 72 h, while the biomass of roots remained unmeasured as certain parts of the roots
remained in soils. The rhizosphere and bulk soils were collected by following the method
developed by Edwards et al. [25]. Soil collected from two pots was mixed and later divided
into two parts, where one was stored at −80 ◦C for soil DNA extraction, and the remainder
was air-dried to analyze physical and chemical properties. All materials and reagents for
extracting and analyzing soil microorganisms were sterilized before use.

The dried plant samples were ground and sieved to <0.43 mm, and the air-dried soil
samples were passed through 2 mm and 0.15 mm sieves for analysis. The total Cd content in
soil and plant was analyzed with inductively coupled plasma-mass spectrometer (ICP-MS,
Agilent 7500a, Agilent Technologies Co., Ltd., Santa Clara, CA, USA) with mixed acids
digestion method [24]. The analysis of F was performed using an ion-sensitive electrode
method with an electrode (PF-1-01, Shanghai INESA, Shanghai, China) after samples were
digested with NaOH [26]. The quality control of the measurements was performed using
standard soil (GBW07405), wheat (GBW100495), and tea (GBW10016) samples bought from
the Institute of Geophysical and Geochemical Exploration, China. Translocation factor
(TrF) was calculated to evaluate the mobility of Cd or F from the roots to the shoots of
lettuce. The bio-concentration factor (BCF) was used to assess the ability to transport and
accumulate F and Cd in the lettuce plant. The equations are listed as below:

TrF =
concentration o f F or Cd in shoots
concentration o f F or Cd in roots

(1)

BCF =
concentration o f F or Cd in roots

concentration o f available F or Cd in soils
(2)
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2.4. DNA Extraction, PCR Amplification, and 16S rRNA Gene Sequencing

Microbial DNA in soil was extracted by PowerSoil® DNA Isolation Kit (MOBIO,
Carlsbad, CA, USA), and quantified with Nanodrop spectrophotometer (GENE, Shang-
hai, China). The V3–V4 region of the bacterial 16S rRNA gene was amplified by the
primer sets 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGG
GTWTCTAAT-3′) with barcode [27]. PCR amplifications were first carried out using KOD
FX Neo (TOYOBO, Japan). Briefly, the PCR reactions were amplified by thermocycling
(25 cycles at 95 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for 40 s) after initialization for 5 min
at 95 ◦C, followed by a 7 min final elongation at 72 ◦C. The PCR products were purified
through VAHTSTM DNA Clean Beads (VAZYME, Nanjing, China). After that, the second
round of PCR was performed in a 20 μL reaction which contained 10 μL 2 × Phμsion
HF MM, 2.5 μL of each primer (2 μM), and 5 μL purified PCR products. Thermal cycling
conditions were as follows: an initial denaturation at 98 ◦C for 30 s; followed by 10 cycles
at 98 ◦C for 10 s, 65 ◦C for 30 s, and 72 ◦C for 30 s, with a final extension at 72 ◦C for 5 min.
The PCR products was certified on 1.8% (m/v) agarose gels and quantified by the ImageJ
v1.53 g software. Moreover, samples were mixed in equidensity ratios and purified with an
e.Z.N.A.TM Cycle-Pure Kit (OMEGA, Connecticut, USA). The products were certified by
agarose gel electrophoresis, followed by the recovery of the target fragment by using the
Monarch DNA Gel Extraction Kit (GENE, Shanghai, China). Sequencing libraries were val-
idated using a Qsep-400 Multi-Channel Bio-Fragment Analyzer (BIOPTIC, Jiangsu, China).
Finally, sequencing was performed using an Illumina HiSeq 2500 platform (Illumina Inc.,
San Diego, CA, USA). The generated sequences were submitted in the Sequence Read
Archive (SRA) database of NCBI under accession number PRJNA1101703.

2.5. Processing of Sequencing Data

The raw sequencing reads were primarily filtered using Trimmomatic v0.33 [28] based
on the window size of 50 bp, and the reads will be cut from the start of the window once
the average Q-score within the window is lower than 20. Using Cutadapt v1.9.1 [29] to
identify and remove primer sequences with a maximum mismatch accepted of 20% and
a minimum coverage of 80%. The paired-end reads were then assembled using Usearch
v10.0 [30] followed by chimera removal using Uchime v8.1 [31]. The parameters in Usearch
were set as: minimum length of overlap (10 bp), minimum similarity within overlapping
regions (90%), and maximum mismatch accepted (5 bp). Chimera removal involves three
steps in Uchime: (1) split query sequence into non-overlapped chunks, (2) compare these
chunks with the reference database to identify the best hit of each chunk in the database
and further define two best parent sequences, and (3) compare the query sequence with
the two parent sequences while if a fragment with over 80% similarity to query sequence
is found on both parents, this query sequence will be defined as chimera sequence. The
generated sequences that had a minimum of 97% similarity were clustered into operational
taxonomic units (OTUs) by using the Usearch [30], and OTUs with less than 0.005% of
all sequences were removed [32]. Afterward, taxonomic annotation was processed with
classify-sklearn in Qiime2 v2020.6 according to the naive Bayes classifier-based method
by using SILVA132 as the reference database [33]. The classifier needs to be trained before
use to “learn” which features can be used for classification, and the confidence level of the
classifier was set to 0.7.

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) based on LSD post hoc test was used to
examine the variations in parameters of soil and plants among different treatments in SPSS
v22.0 (IBM, Armonk, New York, USA)). Relevant figures were visualized in OriginPro
2017 (OriginLab, Northampton, MA, USA). To determine the α-diversity, the species
number and Chao1 index (indicate species richness), as well as Shannon and Faith’s PD
(indicate species diversity) were calculated by Qiime2. The β-diversity was analyzed in R
v.4.1.1. The principal coordinate analysis (PCoA) based on the Weighted Unifrac metric
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was used to analyze the differences in bacterial community structures. Permutational
multivariate analysis of variance (PERMANOVA) was conducted to assess the differences
in community composition in R by using Vegan’s function adonis [34]. To analyze the
correlation between bacterial species and soil properties, the redundancy analysis (RDA)
was performed using binary Jaccard metric. Moreover, variance partitioning analysis (VPA)
was used to explain the effects of F and Cd on the distribution of soil bacterial communities
in R by using Vegan’s function varpart. Least discriminant analysis (LDA) based on the
Kruskal—Wallis rank sum test (α = 0.05) was used to determine the species with significant
differences in different treatments [35]. The relationships between the relative abundance
of rhizosphere-specific bacterial taxa and parameters of soil and plants were analyzed using
Pearson’s correlation test, and a heatmap was performed. Phylogenetic investigation of
communities by reconstruction of unobserved states 2 (PICRUSt2) was used to predict the
metagenome functional content based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway for function annotation [36].

3. Results

3.1. Biomass and Chlorophyll Content of Lettuce

The effect of exogenous F or/and Cd in soil on lettuce growth was visible (Figure S1).
The weight (FW and DW) of lettuce shoots showed a decreased tendency with an increasing
concentration of spiked pollutants (Figure 1A,B). Compared with CK, pollutant supple-
ments lower than 300 mg F, 1.0 mg Cd, and combined 100 mg F and 0.6 mg Cd kg−1 soil
significantly declined the DW of lettuce shoots (p < 0.05, Figure 1B). Overall, synergistic
negative effects of F and Cd on lettuce shoot weight were observed in the soil spiked with
combined F (≥300 mg kg−1) and Cd (≥1.0 mg kg−1) compared with that of the single Cd
or F treatment (Figure 1A,B).

In the case of sole F treatment, the chlorophyll a, b, and total chlorophyll concentration
(mg g−1 FW) remained in the range of 2.60–3.17, 0.683–0.838, and 3.29–4.00, respectively
(Figure 1C–E). Compared with CK, low F addition (F1) in soil increased chlorophyll con-
centrations, but higher F had no significant effect on chlorophyll contents (Figure 1C–E).
For the Cd and FCd treatments, compared with CK, there was no statistical difference in
chlorophyll concentrations with a lower rate of Cd (≤2.0 mg kg−1), but higher Cd addition
tends to decrease the chlorophyll contents (Figure 1C–E). The negative synergy of F and
Cd was detected with a higher spiking rate of F and Cd (500 and 2.0 mg kg−1), respectively
(Figure 1C–E).

Figure 1. Cont.
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Figure 1. The effect of exogenous F or/and Cd in soil on fresh weight (A), dry weight (B), chlorophyll
a (C), chlorophyll b (D), and total chlorophyll (E) of lettuce. Values are the mean ± SD (n = 3).
Different black letters indicate a significant difference at p < 0.05 exposure to different levels of
the element. Different red letters represent a significant difference at p < 0.05 exposure to same
concentration of pollutants in Cd, F, and FCd treatments.

3.2. Concentration, Translocation and Bio-Concentration Factor of Cd and F in Lettuce

Concentrations of Cd and F in shoots and roots of lettuce were elevated in Cd and F spiked
soils (Figure 2). It was found that F concentration in the shoots (63.69–109.85 mg kg−1 DW) was
significantly lower than that in the roots (95.47–219.45 mg kg−1 DW, Figure 2A). Similar
trend was observed in the distribution of Cd in lettuce plants since Cd concentration in
shoots and roots was in the range of 1.85–10.67 and 1.97–33.08 mg kg−1 DW, respectively
(Figure 2B). Meanwhile, the TrF of F (0.499–0.754) first showed an increase and then tended
to decrease with an increase in F in the soil (Figure 2C). A declining trend was observed
for the BCF of F with values between 4.86 and 31.37 (Figure 2E). Similarly, the BCF of Cd
(from 6.84 to 12.96) increased initially and then reduced in response to increasing soil Cd
concentration (Figure 2F), but the TrF of Cd (0.313–0.941, except for Cd1 treatment) showed
a declining trend (Figure 2D). It was observed that in the FCd treatments, the TrF of F
(except for FCd4) was slightly lower than that in single F treatment (p > 0.5, Figure 2C);
however, the TrF of Cd (except for FCd5) was often higher in Cd treatment than in FCd
treatments (Figure 2D).
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Figure 2. Concentration of F (A) and Cd (B) in shoots and roots of lettuce, as well as the translocation
factor and bio-concentration factor of F (C,E) and Cd (D,F) in the plant. Values are the mean ± SD
(n = 3). Different letters indicate a significant difference at p < 0.05 exposure to different levels of
the element. * and ** represent a significant difference at p < 0.05 and p < 0.01, respectively, when
exposure to the same level of pollutants in F, Cd, and FCd treatments.

3.3. Alpha Diversity of Soil Bacteria

Across all samples, 1,893,373 high-quality clean tags were obtained, which were
grouped into 1021 OTUs based on the 97% sequence similarity cutoff. The OTUs ranged
from 903 to 1018, as observed in the flat rarefaction curves (Figure S2), indicating that
all samples had attained saturation with OTUs. The Chao1 index ranged from 952 to
1052 with the highest richness index observed in the rhizosphere soil in FCd treatment
(Table 2). The Shannon and Faith’s PD index were in the range of 7.59–7.96 and 50.46–57.30,
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respectively (Table 2). According to the values of OTUs, Chao1, Shannon, and Faith’s PD,
the rhizosphere had higher species richness and evenness of bacteria than the bulk soil,
while no obvious effect was observed for bacterial α-diversity under different pollutants
(Table 2).

Table 2. Summary of alpha diversity metrics. Values are the mean ± SD (n = 3). CKB, CdB, FB,
and FCdB represent soil samples collected from bulk soil in treatment of CK, Cd4, F4, and FCd4,
respectively. CKR, CdR, FR, and FCdR represent soil samples collected from rhizosphere soil in
treatment of CK, Cd4, F4, and FCd4, respectively. Different letters represent a significant difference at
p < 0.05 exposure different treatments. The same as below.

Sample ID OTUs Chao1 Shannon Faith’s PD

CKB 915.00 ± 2.65 c 962.82 ± 5.34 c 7.66 ± 0.03 bc 50.97 ± 0.48 c
FB 902.67 ± 4.93 c 952.34 ± 9.00 c 7.59 ± 0.10 c 50.46 ± 0.46 c
CdB 965.67 ± 19.30 b 1001.66 ± 14.17 b 7.79 ± 0.02 abc 54.40 ± 0.31 b
FCdB 967.67 ± 14.15 b 999.09 ± 29.13 b 7.82 ± 0.04 abc 54.15 ± 0.26 b
CKR 1014.00 ± 36.76 a 1040.26 ± 31.67 a 7.73 ± 0.35 abc 56.91 ± 1.86 a
FR 1009.67 ± 3.06 a 1041.43 ± 2.69 a 7.79 ± 0.02 abc 57.36 ± 0.19 a
CdR 974.33 ± 13.50 b 1029.03 ± 6.10 ab 7.90 ± 0.06 ab 54.86 ± 1.70 b
FCdR 1018.00 ± 8.19 a 1051.79 ± 18.44 a 7.96 ± 0.03 a 57.30 ± 0.49 a

3.4. Composition of the Bacterial Community

The dominant ten phyla and genera of soil bacteria were selected to generate his-
tograms of different samples (Figure 3A,B). Bacterial sequences were primarily composed
of Proteobacteria phylum (ranged from 33.42% to 44.10%, average of 39.45%) among all the
samples (Figure 3A). The Proteobacteria phylum in the soil mainly consists of Alpha- and
Gamma-proteobacteria with a relative abundance in the range of 17.27–25.89% and 14.85–19.80%,
respectively (3B). As shown in Figure 3A, the relative abundances of Firmicutes, Chloroflexi,
Gemmatimonadetes, and Actinobacteria at the phylum level varied greatly in the bulk and
rhizosphere soils. As for the genus level (Figure 3B), the prominent bacteria were uncul-
tured_bacterium_f_Chitinophagaceae (4.13–7.24%), Bryobacter (3.26–8.32%), and Sphingomonas
(2.24–4.43%). Meanwhile, the relative abundances of Bryobacter, Gemmatimonas, Luteimonas,
uncultured_bacterium_f_Gemmatimonadaceae, and uncultured_bacterium_f_Microscillaceae at
the genus level varied greatly in the bulk and rhizosphere soils (Figure 3B).

As for bacterial community structures (the PCoA result), the first axis (>35.90%)
classified the samples by compartments (rhizosphere and bulk soils) while the second
axis (>12.61%) was defined by pollutants (F, Cd, and FCd) (Figure 3C,D). This was in line
with the results of PERMANOVA, which showed that the compartment (41.5%, p < 0.01)
and pollutants (26.3%, p < 0.05) were the primary and secondary sources of community
variation, respectively (Table S2). Additionally, LDA was used to identify biomarkers
with statistically significant differences between groups (Figure S3). The results showed
that Alphaproteobacteria class, Rhizobiales order, Gemmatimonadetes phylum was the main
specific bacterial taxa in lettuce rhizosphere soil under Cd, F, and FCd stress, respectively;
while that in the bulk soil was phylum of Firmicutes, Gemmatimonadetes, and Proteobacteria,
respectively. These results certified that the supplement of F, Cd, and FCd had distinct
effects on the soil bacterial community.

41



Toxics 2024, 12, 459

Figure 3. Relative abundance of dominant bacteria at the phylum level (A) and genus level (B).
The principal coordinate analysis (PCoA) plots for visualization based on Weighted Unifrac (C) and
Unweighted Unifrac (D) distances among the bacterial communities.

3.5. Soil Properties and Pollutants Affecting the Bacterial Community

The RDA showed a positive correlation between bacterial communities in the rhizo-
sphere and the soil pH while a negative correlation was observed in bulk soil (Figure 4A).
Inversely, bacterial communities in rhizosphere soil exhibited a negative correlation with
soil AP and AK but positively correlated with that of bulk soil. In spite of that, F and Cd
stresses (TCd, TF, ACd, AF) have no consistent effect on the bacterial community in bulk
and rhizosphere soils. Soil F and Cd showed positive effects on the bacterial composition
(Figure 4A). This was verified by VPA that the unique contribution of F and Cd to the vari-
ation in bacterial communities were 9.60% and 13.68%, respectively, while the pollutants’
contribution overlapped by 11.15% (Figure 4B). These results indicate that F and Cd had a
synergistic effect on bacterial communities in the soil.
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Figure 4. Redundancy analysis (RDA) of soil bacterial communities and selected soil properties (A)
and variance partitioning analysis (VPA) of soil bacterial communities with soil F and Cd (B). AK,
AP, ACd, AF represent the available phosphorus, potassium, cadmium, fluorine in soil, respectively.
TCd and TF represent the total cadmium and fluorine in soil, and pH means soil pH. The magnitude
and direction of correlation are shown by the length and angle of the arrows. F and Cd in the right
picture represent the total and available fluorine or cadmium concentration in the soil.

3.6. Response of Bacterial Communities to F and Cd Stresses in Rhizosphere Soil

In comparison with CK, the rhizosphere soil of FCd treatment contained the largest
number of unique enriched OTUs (134), while the lowest number of the unique depleted
OTUs was 128 as observed in the rhizosphere of F treatment (Figure 5A). Further, the
rhizosphere soil treated with Cd owned the least number of unique enriched OTUs (2) and
depleted OTUs (5) across all treatments (Figure 5A). Among the three treatments, OTUs
belonging to the Alphaproteobacteria class were the mainly enriched taxa in rhizosphere
soil, followed by the Verrucomicrobiae class (Figure 5B). Compared to single F or Cd treat-
ment, the FCd stress decreased the relative abundance of the Verrucomicrobiae class but
increased that of the Thermoleophilia and Clostridia classes in the rhizosphere soil (Figure 5B).
With regard to the depleted OTUs, there were exclusionary effects on soil bacteria, since
228, 72, and 172 OTUs were significantly depleted in the rhizosphere of F, Cd, and FCd
treatment, respectively, corresponding to CK (Figure 5C). The majority of depleted OTUs
in the F and FCd treatments are the Actinobacteria class, while those in the Cd treatment
are the Gammaproteobacteria class (Figure 5C). Noteworthy, the FCd supplement increased
the relative abundance of Oxyphotobacteria, Subgroup_6, Thermoleophilia, and TK10 classes
corresponding to single F or Cd stress, while that of Saccharimonadia, Chloroflexia Deltapro-
teobacteria, and Gemmatimonadetes declined in the rhizosphere soil (Figure 5C). These results
indicated that the rhizosphere effects of bacteria in lettuce under F, Cd, and FCd stresses
owned certain similarities but also showed apparent differences.
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Figure 5. Enriched and depleted of OTUs in rhizosphere soil under different pollutants stress.
(A) Venn diagrams displayed the enriched and depleted OTUs numbers under F, Cd, and FCd
treatments (p < 0.05). Pie charts showed significantly enriched (B) and depleted (C) bacterial species
at the family level in the rhizosphere soil under F, Cd, and FCd treatments (p < 0.05). Each segment in
the chart is colored by the bacterial class of the corresponding taxa and the size of each segment is
proportional to the relative abundance of OTUs assigned to the indicated taxa.

3.7. Relations of Rhizosphere-Specific Bacterial Taxa with Soil Properties and Plant Factors

The relative abundance of rhizosphere-specific bacterial taxa was correlated with soil
properties and plant factors (Figure 6). The results showed that soil pH was positively
correlated with several rhizosphere-specific bacterial taxa under various stress conditions,
including the Rhizobiaceae family and Luteimonas genus (p < 0.05). Further, soil Cd con-
centration positively correlated with the abundance of certain bacterial communities in
the rhizosphere under single Cd stress but negatively correlated with single F stress, and
vice versa (Figure 6). Moreover, the relative abundance of the Luteimonas genus and Xan-
thomonadaceae family positively correlated with soil Cd, pH, and shoot Cd, but they had a
negative influence on shoot weight and TrF of Cd (Figure 6). The majority of enriched OTUs
belonging to the Gemmatimonadetes phylum were negatively correlated with plant TrF of F,
but positively correlated with root DW, and BCF of Cd in FCd treatment (Figure 6). These
results indicate that soil, plants, and microorganisms are a unified organic combination,
that interrelates and influence each other.
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Figure 6. Correlations of the relative abundance of the rhizosphere-specific bacterial taxa of lettuce
with soil properties and plant factors. The legend on the left side showed the range of Pearson
correlation coefficients (r). The asterisks in the figure indicate significant Pearson’s correlations:
** and * represent significant at p < 0.01 and p < 0.05, respectively.

3.8. Predictive Metagenome Functional Profiling of the Bacterial Community

Exogenous F or/and Cd affected the metabolism of bacteria in both bulk and rhi-
zosphere soils (Figure 7), which was in accordance with the results of PERMANOVA
and VPA (Table S2, Figure 4B). The KEGG-based function prediction indicated that the
metabolic pathway was most important in soils, with a relative abundance greater than
16% (Figure 7). Further, biosynthesis of secondary metabolites, antibiotics, and amino acids,
as well as microbial metabolism in diverse environments and ABC transporters were the
main metabolic pathways with a relative abundance above 4% for all treatments (Figure 7).
Notably, compared with CK, significant differences in the expression of various genes-
related metabolic pathways were observed in soil polluted by F or/and Cd, indicating that
bacterial communities altered several metabolic functions for environmental adaptations
(Figure 7).

 

Figure 7. The mainly predictive functional metagenome composition in rhizosphere (A) and bulk
soils (B) of lettuce under F, Cd, and FCd stresses. The *, **, and *** represent statistically significant
differences at 0.05, 0.01, and 0.001 level. Only pathways with a mean proportion > 1.0% were
displayed (n = 3).
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4. Discussion

4.1. Co-Effects of F and Cd on Lettuce Growth

To cope with abiotic stresses such as Cd and F toxicity, plants establish several strate-
gies to mitigate stresses at molecular and physiological levels to keep them healthy in the
challenging environment [37–39]. Further, the hormetic dose—response relationships were
appropriate for Cd and F in hyperaccumulators, which indicates that low concentrations
of pollutants may stimulate plant growth but excessive exposure may lead to toxicity [40].
Previously, lettuce has been reported as a species with a high capacity for Cd accumulation
and growth stimulation in the presence of low Cd concentrations [41]. While F is the
13th most abundant and highly electronegative element on the earth, it is abundantly and
ubiquitously distributed in the environment [42]. Therefore, low supplementation of F
(<300 mg kg−1) or/and Cd (<1.0 mg kg−1) to the soil had no visible effect on lettuce growth
as found in the present study (Figure 1).

In spite of that, plants have evolved a well-developed immune system to mitigate
abiotic stresses [38,39], it remains difficult to protect lettuce plants from the detrimental
effects of excess F or/and Cd stress (Figure 1). It is well established that exposure to F or Cd
stress could induce leaf chlorosis thereby reducing plant photosynthesis [37]. In this study,
high levels of F or Cd in soil inhibited lettuce growth, and decreased the FW and DW, as
well as the chlorophyll contents (Figure 1) which were in line with previous reports [43].
Further, compared with the single F or Cd treatments, the plant weight and chlorophyll
contents in FCd treatments (especially in FCd4,5) were decreased which coincides with
previous studies on radish and oilseed rape plants [7,15]. In sum, these results confirmed
the synergistic effect of F and Cd on the growth of lettuce.

Moreover, the differences in absorption and transportation pathways of Cd and F and
their action sites in lettuce plants might explain their negative synergistic effect. The uptake
of F from soil into plant roots mainly occurs through a passive diffusion process [44] as well
as a partial active process via ion channels, e.g., Cl− channel [45]. As for Cd, both passive
and active transports have been reported for Cd transportation in the plasma membrane
of root cells, with the latter requiring the usage of divalent cations, such as Ca2+, Fe2+,
and Zn2+ [37]. Further, Cd and F ions in solution could co-exist as CdF+, which could be
absorbed by plants [15]. Moreover, F− can react with Ca2+ to generate precipitation of CaF2
in the solution [12] which could decrease the competition of Ca2+ and Cd2+ at the surface
of roots. These complicated processes consequences in the higher uptake of F and Cd by
lettuce roots in FCd treatment than in the single F or Cd treatment. This was consistent
with the result of the present study that the concentration and BCF of F and Cd in FCd
treatment were repeatedly higher than that in the single F or Cd treatment (Figure 2).

The result in this study was partially similar to Chen et al. [7] that adding Cd into F
treatments weakened the F transportation from root to shoot, while adding F into Cd treat-
ments had no discernible effect on the TrF of Cd in radish plants (Figure 2C,D). Although
the translocation of F and Cd from root to shoot was unclear, the different translocation
properties of the two elements were observed. Apoplastic transport was involved in F
transportation [45], and the absorbed F was transported from roots to shoots via the tran-
spiration stream [46]. However, both apoplastic and symplastic pathways were involved in
the transport of Cd [37]. It was also reported that a long-distance translocation of Cd may
be facilitated by transpiration but can be determined by several factors, such as the amount
of Cd sequestered in the vacuole and the availability of other elements [47]. Previously,
the translocation of metal—F complexes, such as Al-F, Pb-F, Cd-F, and As-F through the
apoplast or via dedicated membrane-bound xenobiotic transporters were reported [47].
In summary, the transport of F and Cd in plants have some independent processes, but
the two elements also interact with each other to some extent, and this complicated and
changeable system was affected by various ions. As a result, the biochemical and physio-
logical properties of F and Cd as well as the response of the lettuce plant to the stresses
induced the synergistic negative effect when F and Cd addition in the yellow soil exceeds
300 and 1.0 mg kg−1, respectively. Considering the concentration of Cd (0.52 mg kg−1) and
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F (925 mg kg−1) in the un-spiked soil (Table S1), the total Cd and F concentration in the soil
was higher than 1.52 and 1225 mg kg−1, respectively. According to the risk screening values
for soil contamination of agricultural land in the State Standard of the People’s Republic
of China and the evaluation method used in the National soil pollution survey bulletin in
China in 2014, the soil was moderately contaminated with Cd. Moreover, F concentration
also greatly varies with soil type, thus no specified standard has set the limit value of F
in soils in China. However, according to the survey by China National Environmental
Monitoring Center, the background value of F in Chinese topsoil was 453 mg kg−1 with a
range of 191 to 1012 mg kg−1. The soil with an F concentration of higher than 1225 mg kg−1

in the present study was polluted. It is worth noting that the high total soil F concentrations
were commonly found in endemic fluorosis areas in southwest China [6]. High F and Cd
contents in soil not only impair plant growth, but also endanger human health through
the food chain and disrupt ecological balance. Moreover, Cd and F in the human body
have analogous exposure sources, similar target organs of the toxicities, and analogical
clinical symptoms in teeth and bones [48]. Therefore, the migration and transformation of
soil Cd and F along the food chain and the health risk assessment of human beings should
be directed in future studies.

4.2. Response of the Soil Bacterial Community to F and Cd Stress

It is well established that geographical location, soil types, plant species, cultivation
practices, soil compartments, and contaminants pose effects on bacterial communities [25,27].
In this study, the impact of F and Cd on the soil bacterial community was investigated in a
soil-plant system. As reported in previous reports [19,27], the rhizosphere and bulk soils
were dominated by Proteobacteria, Bacteroidetes, and Actinobacteria (Figure 3). Further, the
compartment analysis explained the largest source of variation (Figures 3 and 4; Table S2),
indicating the importance of niche filtering that soil microorganisms and lettuce roots
may recruit specific microbiota from the bulk soil, which subsequently colonizes in the
rhizosphere soil of lettuce. As for the genus level, Luteimonas accounted for 1.62–4.14%
abundance in this study (Figure 3B) and was positively correlated with the total and
available Cd content in the soil (Figure 6). It indicated that Luteimonas was Cd tolerant.

Despite the lack of a clear relationship between the bacterial diversity of soil spiked
with various pollutants and its bacterial community, it is worth noting that F and Cd were
also critical factors and acted synergistically on the soil bacterial community (Figure 4).
This was in line with the result that microbial diversity was not significantly affected by
HMs contamination, but their composition was significantly affected by the pollution [49].
A similar trend was observed by Luo et al. [16] that HMs and REEs affected the bacterial
communities and their combined contributions were greater than the single effects. Or-
ganisms can enrich and accumulate F and Cd simultaneously [7,15], as well as high F and
Cd concentrations significantly inhibit the microorganisms [19,50]. Therefore, F and Cd
probably have a synergistic effect on bacterial communities in soil.

The Rhizosphere acts as an active region for the nutrient and energy exchange in the
soil-plant system, and is referred to as a vital barrier for pollutants uptake. Moreover, it
is also considered as an important region for pollutant—microorganism interactions [16].
Therefore, the response of bacterial taxa to F and Cd stress, and the interactions of plant-
bacteria and soil-bacteria systems were discussed. In our study, compared with the CK,
rhizosphere soils spiked with F, Cd, and FCd primarily enriched OTUs belonging to the
Alphaproteobacteria class (Figure 4B), which might be due to the ecological and biochemical
ability to degrade contaminants [51]. Further, OTUs belonging to Verrucomicrobiae class
were enriched in the polluted rhizosphere soil corresponding to CK (Figure 4B), while
Verrucomicrobia phylum was enriched in lettuce rhizosphere corresponding to the bulk
soil (Figure 3A). Similarly, enrichment of Verrucomicrobia in the rhizosphere of maize was
reported which might relate to the maintenance of bacterial populations homeostasis in the
rhizosphere, since it can form beneficial interactions with plant roots [52]. Furthermore,
the enriched OTUs in the rhizosphere under FCd stress were higher than single F or Cd
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treatment (Figure 4B,C) indicating that the microbial community shifted to strengthen
the adaptability of microorganisms towards the pollutants [49]. Interestingly, compared
with CK, OTUs belonging to the Clostridia class were enriched in the rhizosphere of FCd
treatment, but depleted in single F and Cd treatments (Figure 4B,C). Clostridia are often
described as anaerobic organisms, thus the porosity and permeability of the rhizosphere
soil, which is intimately connected to plant roots was improved compared with the bulk soil,
especially in yellow clay soil (Table S1). In the Clostridia class, multiple plant-pathogenic
Clostridium species could cause soft rot disease on plants [53], implying that lettuce plants
under combined FCd stress have a higher probability of suffering the disease as compared
with plants under single F or Cd stress.

Actinobacteria perform a variety of functions in soil-plant systems such as decomposing
soil organic matter, elevation in nutrient absorption, disease prevention and suppression
in plants, and alleviating plant biotic and abiotic stresses [54]. Compared with CK, OTUs
belonging to the Actinobacteria class were depleted in the rhizosphere of lettuce in F and
FCd treatments but remained unaffected by single Cd stress (p > 0.05, Figure 4C), indicating
that these taxa were more sensitive to F than Cd stress. However, the Gammaproteobacteria
class was susceptible to Cd than F stress as these OTUs were significantly depleted in the
rhizosphere under Cd stress (p < 0.05) with no obvious difference in F and FCd treatments
(Figure 4C). Our results were following the findings of Gan et al. [19] who reported no clear
relationship between Gammaproteobacteria abundance and F content in soil. On the other
hand, the synergistic effect of F and Cd on the depleted OTUs belonging to Saccharimona-
dia, Chloroflexia, Deltaproteobacteria, and Gemmatimonadetes classes in lettuce rhizosphere
(Figure 4C) may contribute to the discrepancy of bacterial communities influenced by F
and Cd (Figure 5B). Plants can select specific soil bacterial consortia [55]; therefore, these
depleted OTUs which are beneficial for substance circulation in soil and nutrient uptake in
plants might participate in inhibiting the growth of lettuce.

Earlier research has confirmed that elevated levels of pollutants in soil might be toxic to
a variety of microorganisms due to their effects on metabolic functions [16]. Consistent with
a report, bacteria associated with metabolism pathways are the most abundant components
in soils [56]. Moreover, in this study, Cd or/and F stresses resulted in a decrease in the
relative abundance of genes associated with the degradation and utilization of organic
matter (such as carbon metabolism). However, it led to an increase in the genes related
to the resistance and transportation of pollutants (such as ABC transporters) (Figure 7).
However, due to the limitations of PICRUSt, using multi-omics techniques including
metagenomics and transcriptomics to unravel the functional categories responsible for the
co-effects of Cd and F in plants is necessary in future research.

5. Conclusions

This study examined the impact of F or/and Cd pollutions in soil on the response of
the soil bacterial community and lettuce growth under a pot trial. The results indicated
that the concentration of Cd and F in the lettuce plant increased with elevated F and Cd
levels in soils, with values ranging from 63.69–219.45 and 1.85–33.08 mg kg−1, respectively.
Low concentrations of F and Cd have no obvious effect on plant weight and chlorophyll
contents, but excess F and Cd declined these indexes resulting in reduced lettuce growth.
Further, soil bacterial diversity was not visibly affected by F or/and Cd; however, the
community composition was altered under the stresses. Detailed analysis revealed that
compartments were the primary factor contributing to the greatest amount of variation
within the community, followed by F and Cd pollution which might have a synergistic
effect on the soil bacterial community. In the rhizosphere of lettuce, to alleviate F or/and
Cd stresses, bacteria associated with the resistance and transport of pollutants were in-
creased. Future studies should focus on the mechanisms of the synergistic effect of F and
Cd on plants and microorganisms, as well as their combined effects on human health
by using multi-omics technologies, such as genomics, transcriptomics, proteomics, and
molecular biology.
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Abstract: Soil pollution with cadmium (Cd) poses serious health and environmental consequences.
The study investigated the incubation of several soil samples and conducted quantitative soil char-
acterization to assess the influence of biochar (BC) on Cd adsorption. The aim was to develop
predictive models for Cd concentrations using statistical and modeling approaches dependent on soil
characteristics. The potential risk linked to the transformation and immobilization of Cd adsorption
by BC in the soil could be conservatively assessed by pH, clay, cation exchange capacity, organic
carbon, and electrical conductivity. In this study, Long Short-Term Memory (LSTM), Bidirectional
Gated Recurrent Unit (BiGRU), and 5-layer CNN Convolutional Neural Networks (CNNs) were
applied for risk assessments to establish a framework for evaluating Cd risk in BC amended soils to
predict Cd transformation. In the case of control soils (CK), the BiGRU model showed commendable
performance, with an R2 value of 0.85, indicating an approximate 85.37% variance in the actual Cd.
The LSTM model, which incorporates sequence data, produced less accurate results ( R2 = 0.84

)
,

while the 5-layer CNN model had an R2 value of 0.91, indicating that the CNN model could account
for over 91% of the variation in actual Cd levels. In the case of BC-applied soils, the BiGRU model
demonstrated a strong correlation between predicted and actual values with R2 (0.93), indicating
that the model explained 93.21% of the variance in Cd concentrations. Similarly, the LSTM model
showed a notable increase in performance with BC-treated soil data. The R2 value for this model
stands at a robust R2 (0.94), reflecting its enhanced ability to predict Cd levels with BC incorporation.
Outperforming both recurrent models, the 5-layer CNN model attained the highest precision with an
R2 value of 0.95, suggesting that 95.58% of the variance in the actual Cd data can be explained by
the CNN model’s predictions in BC-amended soils. Consequently, this study suggests developing
ecological soil remediation strategies that can effectively manage heavy metal pollution in soils for
environmental sustainability.

Keywords: biochar; cadmium; transformation; remediation; prediction models
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1. Introduction

Natural and synthetic processes release heavy metals (HMs) into the environment,
including volcanic eruptions, weathering, wastewater irrigation, sewage sludge disposal,
smelting, and pesticide application [1,2]. Furthermore, ingestion and inhalation absorption
are the main routes by which HMs can accumulate in the human body [3]. The soil–crop
system provides an additional route by which HMs can accumulate in humans [4–6]. In
organisms, Cd can accumulate for 50 years, and its half-life is 10 to 30 years. According
to a 2019 Environmental Protection Agency (EPA) report, Cd and its compounds were
considered hazardous metals and toxic water pollutants [7]. Approximately 7.0% of the soils
of China was found to contain excess Cd, which ranked first among inorganic pollutants [8].

The physiochemical composition and texture of soil determine its quality and pro-
duction [9]. These characteristics form the foundation of the natural environment and
crops [10]. HM pollution is a significant by-product of industrialization in various countries
worldwide [11]. China’s rapid industrialization has inevitably produced similar problems,
and governments at all levels are committed to remediating HM-contaminated soils [12].
In addition to microbial activity, organic matter can contribute to the immobilization of Cd
through precipitation and complexation processes in soil [13,14]. Standard methods used
for HM analysis include ultraviolet-visible spectrophotometry, gas chromatography–mass
spectrometry, inductively coupled plasma emission spectrometry, and atomic fluorescence
spectrometry [15]. While these technologies possess high sensitivity and accuracy, their
short detection range, labor-intensive and time-consuming detection techniques, and com-
plex preparation of samples contribute to their being unsuitable for quick, non-intrusive,
and batching testing [16,17].

In recent years, artificial intelligence (AI) deep learning approaches have conquered
the limitations of conventional diagnosing methods [18]. Such approaches improve effi-
ciency and adaptability by reducing the amount of initial processing and incorporating the
required extract [19]. Deep learning is a hierarchical structure that uses machine learning
techniques to identify and collect significant characteristics [20]. It improves its perfor-
mance via training, resulting in high precision. Statistical and CNN approaches estimate
tangible qualities from the input [21]. Among the emerging soil amendment materials
in recent years, BC has been regarded as one of the most effective [22]. Several studies
have demonstrated that BC, a charcoal derived from organic matter, is highly effective as
an adsorbent for Cd in soil [23]. It has been found that clay minerals and organic matter
in soil can enhance BC’s performance in the adsorption of Cd [24]. Consequently, clay
minerals and organic matter increase the soil’s surface area. This leads to an increase in
the surface area accessible for the adsorption of Cd and facilitates the elimination of Cd
from the soil [25]. The highly porous structure of BC increases the surface area [26], which
could contribute to the adsorption of Cd through increased adsorption sites and surface
complexation [27]. Due to ion exchange sites in clay minerals and organic matter, Cd cannot
leach into groundwater or be absorbed by plants [28].

BC can impact the adsorption of Cd through the processes of chemical bonding, pH
modification, and microbial activity, resulting in the formation of less toxic forms [29].
Learning complicated representations at different levels of abstraction is made possible
by layer-wise layering of several nonlinear and linear computational modules [30]. Re-
searchers have developed predictive algorithms that minimize errors in prediction versus
experimental data for evaluating substance qualities [31]. Learning algorithms are devel-
oped using marked or unmarked data, or mixtures of data, to generate artificial intelligence
algorithms. Data scientists utilize several machine-learning techniques for categorization
and predictive modeling [32,33]. However, using quantitative analysis techniques to char-
acterize soil’s properties and BC’s influence on Cd adsorption using advanced prediction
methods is still unclear. Given the above problems, there is still a lack of quantitative
and general guiding research, which limits the precise application of BC in improving
HM-contaminated soil using advanced prediction models.
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To assess soil sensitivity, the research assembled representative soil samples across
the country with an extensive range of physicochemical properties. The present study
assessed the potential of Cd bioaccumulation in soils to evaluate the efficacy of several
prediction models, including LSTM, BiGRU, and 5-layer CNN, for risk assessments. The
objective was to provide an analytical approach to evaluating the impact of BC addition on
Cd retention in soil characteristics, including pH, OC, CEC, EC, clay, and P. Additionally,
AI algorithms were used to estimate the initial basic associations of soil parameters to
enhance prediction models for BC-Cd soils and explore the contributing factors of Cd
immobilization in soils. The analytical methodologies used in this investigation consisted
of internationally recognized standards and innovative technologies that have emerged in
recent years.

2. Materials and Methods

2.1. Soil Samples Description

This study was intended to select 44 soil samples from different areas of China (Ta-
ble S1). The soil samples were collected from the upper layer of about 20 cm of the soil
profile and brought to the Guangdong Academy of Agricultural Sciences. A composite
sample was formed by thoroughly blending and homogenizing each subsample. After
air-drying, a 2 mm sieve was used to collect debris from the composite soil sample [34].

2.2. Biochar Preparation

Rice straw biomass was purchased from the local commercial market and washed with
distilled water (10–15 s) to remove dust particles. Subsequently, biomass was air-dried at
room temperature and then oven-dried overnight with a constant hot air supply at 105 ◦C
to remove moisture, after which it was mechanically ground. Rice straw BC at 450 ◦C was
prepared with a retention time of 2 h. Afterward, it was cooled and passed through a 1 mm
sieve [35]. The basic properties of BC are given in Table S2.

2.3. Incubation Experiment

An incubation experiment was conducted to evaluate the physicochemical character-
istics of the soil by adding BC to enhance the adsorption of Cd. The significance of soil
parameters and the sensitivity of BC-Cd adsorption were examined in various types of
soils. Analytical-grade chemicals were employed. All chemical reagents were purchased
from Sigma-Aldrich (Shanghai, China) and Sinopharm Chemical Reagent Company Ltd.,
Shanghai, China. De-ionized water (ultrapure) was used. Cd-contaminated soils were
prepared artificially with Cd (NO3)2 (purity of 99.9%) aqueous solution (1000 mg/L). The
purpose of soil spiking was to achieve a target concentration of about 3.3 mg/kg. The
spiked soils were kept for 15 days to equilibrate Cd-contaminated soils. Afterwards, BC
amendment was applied to soil at a rate of 1% (w/w). The moisture was maintained at
60–70%. The total duration of this experiment was 45 days. Before and after the incubation
experiment’s completion, soil physicochemical analysis, which evaluated the pH (1:2.5
(w/v)) using Mettler Toledo (Chengdu, China, model: Seven Compact 8210); the OC using
the volumetric method (titration and colorimetric) by [36]; the EC (1:2.5 (w/v)) using FOSS
(model: TFS/YS-203) from Shanghai Hongyi Instrumentation Co., Ltd. (Shanghai, China);
CEC using the ammonium acetate extracts method; and the total Cd (mg/kg) using Agilent
Technologies (Chengdu, China) model: 7800 ICP-MS (inductively coupled plasma mass
spectrometry), as well as tri acids (HNO3:H2SO4:HClO4) [2]. For soil texture, 40 mL of 1%
sodium hexametaphosphate was applied to the soil (40 g). After waiting overnight, the
soil was shifted to a dispersion cup (mechanical stirrer). The reading was taken using a
Bouyoucos hydrometer. The texture of the soil was evaluated using the textural triangle.
For diethylenetriaminepentaacetic acid (DPTA) analysis, the soil (8 g) was weighed, and
an extraction solution of 16 mL of DTPA (pH 7.3) was added. After 60 min of shaking, the
sample was filtered, and Cd was measured using ICP-MS [37].
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2.4. Proposed Machine Learning Methods
2.4.1. LSTM Model

LSTM models are specialized recurrent neural networks (RNN) capable of learning
long-term dependencies in sequence data (Figure 1). Unlike standard feedforward neural
networks, LSTMs have feedback connections that make them powerful for processing
single data points and entire data sequences. A key feature of LSTM units is their ability to
remember information for long periods, which is achieved through a complex mechanism
of gates, including input, forget, and output gates. These gates effectively allow the network
to add information to or remove it from the cell state, which is carefully regulated to prevent
the vanishing gradient problem often encountered in traditional RNNs. LSTMs are widely
used in various applications, such as time series prediction, natural language processing,
and sequence generation tasks [38].

Figure 1. Long Short-Term Memory (LSTM).

The LSTM model was applied to estimate the concentration of Cd (mg/kg) with
various soil properties as input parameters. These properties included sand%, clay%, silt%,
EC measured in μS/cm, pH, OC content in g/kg, CEC in cmol+/kg, and available P in
mg/kg. The choice of LSTM for this task leverages its ability to process and learn from
the sequential or structured nature of the input data, even though soil parameters are
not sequential in the traditional sense. The model evaluated complex relationships and
interactions between these soil properties to predict the Cd levels accurately. The sequential
examination of various soil properties using LSTM has the potential to reveal patterns of
Cd availability that are essential to environmental monitoring and agriculture. The LSTM’s
architecture, including its memory cells and gates, can effectively learn from the intricacies
of soil data, providing a powerful tool for predicting the HM contamination in soils.

2.4.2. BiGRU Model

In this research, BiGRU networks were employed to estimate Cd concentration based
on a set of soil parameters. Figure 2 presents the block diagram of BiGRU. BiGRU models,
an advancement of traditional GRU networks, process data in both forward and backward
directions, allowing them to capture dependencies and patterns that might be missed
when data are processed in a single direction. This dual-direction processing is particularly
beneficial for understanding the complex interactions between soil properties and their
impact on Cd availability. The study’s utilization of BiGRU networks enhanced the effi-
ciency of parameterization and increased the ability to simulate the spatial and temporal
relationships between BC-amended soils and Cd. Unlike LSTMs, GRUs simplify the gating
mechanism without compromising the model’s ability to manage long-term dependen-
cies. The bidirectional nature of BiGRUs offers a comprehensive perspective on the data,
ensuring that the temporal dynamics and interdependencies of soil characteristics are
thoroughly analyzed. This methodological approach underscores the potential of BiGRU
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models in environmental sciences, particularly for predicting HM concentrations in soils,
thus providing valuable insights for soil management and remediation strategies. The
use of BiGRU models highlights the innovative application of deep learning techniques in
tackling complex environmental challenges [39].

Figure 2. Bidirectional Gated Recurrent Unit (BiGRU).

2.4.3. 5-Layer CNN

This study also explored CNN use by integrating a 5-layer CNN model equipped with
max-pooling and fully connected (FC) layers. CNNs, known for image processing and
machine learning, can computationally and adaptively learn spatial feature frameworks
from the input for the purpose of analyzing complex, multivariate environmental data. The
structure of the employed CNN model comprises five convolutional layers, each followed
by a max pooling layer. Convolutional layers act as feature extractors from the input data,
using learnable filters to identify and capture patterns such as edges, textures, or more
complex features in deeper layers. After each convolutional operation, max-pooling layers
are applied to reduce the dimensionality of the feature maps. This operation helps to make
the representation smaller and more manageable and introduces translational invariance to
the features, making the model more robust. The sequence of the convolutional and max
pooling layers is designed to progressively refine the feature maps, ensuring that only the
most relevant spatial features are retained and highlighted. A fully connected (FC) layer
incorporates high-level, filtered data into the prediction model after decoding and merging
layers are applied. The FC layer serves as a classifier, mapping the learned features to the
output, which in this case is the estimated concentration of Cd [40].

Figure 3 shows the structure of the 5-layer CNN model. Applying a 5-layer CNN
model to estimate Cd concentrations from soil parameters is innovative, as it transfers
profound learning principles from their conventional domains to environmental science.
By adapting CNN architectures, known for their efficiency in handling spatial data, to
analyze and learn from soil property data, this study opens new pathways for advanced
soil contamination analysis. The CNN model’s ability to discern intricate patterns within
complex datasets could provide more accurate and reliable predictions of HM contam-
ination, offering significant contributions to environmental monitoring and soil health
assessment strategies.
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Figure 3. 5-layer CNN model (Convolutional Neural Network).

2.5. Statistical Analysis

All data, including the soil’s physiochemical and amendment parameters, were de-
rived from replications. A significance level of p < 0.05 was established for the descriptive
data using a 95% confidence interval. The tables and graphical representation were gen-
erated using Sigma Plot 15.0, Microsoft Excel 2021, and Origin Pro 8.5. The experimental
simulation for this study used AMD CPU Ryzen R7-4800H, along with an NVIDIA GeForce
RTX 2060 6 GB GPU operating on Windows 10. The neural network model was developed
using Python 3.8 and implemented using the Keras framework, with TensorFlow-GPU
serving as the backend for deep learning computations.

3. Results and Discussion

3.1. Effect of the Amendment on Incubation Soil Physiochemical Characteristics Relates to
Cd Concentrations

BC can immobilize HMs in soils, potentially aiding in the remediation of contaminated
soils [41]. Solubility in the soil is attributed to precipitating, redox reactions, formation of
complexes, and adsorption processes, which are facilitated by binding HMs to soil compo-
nents and minerals [26]. The effect of BC additives on the physiochemical characteristics of
incubated soils and Cd availability are detailed below.

3.1.1. Soil pH Affects Cd Availability

The influence of applied BC on soil pH and Cd availability is given in Figure 4a. Soil
pH was divided into three categories: (i) pH < 6.25, (ii) pH 6.25–7.75, and (iii) pH > 7.75.
According to Figure 4a, the results indicated that the concentrations of available Cd were
decreased in applied BC soils in all three categories of pH as compared to the control. The
results revealed that applied amendment significantly decreased Cd availability in soils
pH > 7.75 compared to pH < 6.25 and pH 6.25–7.75. Meanwhile, Figure 4a depicts that
the highest Cd availability among control soils was observed at pH < 6.25. BC can alter
several soil physicochemical properties owing to its varied composition and biodiversity
activities [42]. BC usually has a pH range of 7–10, indicating an alkaline nature. BC
is generated due to the pyrolysis of biomass, which has a higher pH than the original
biomass [43]. Decontamination of HMs involves surface functional groups consisting
of oxygen and the formation of complexes with BC, including electrostatic interactions,
exchange of ions, and precipitation of chemicals [44]. Carbon sources, the formation of
minerals, hydroxyl ion generation, and basic cation discharge may all be attributed to
an increase in pH due to organic matter [10]. Reducing soil acidity and decelerating soil
acidification are essential for preventing Cd accumulation in soil systems. Enhancing the
buffering ability of soil pH can efficiently inhibit the process of soil acidification, diminish
the concentration of accessible HMs in acidic soils, and hinder the soil–plant system
absorption of HMs [45,46].
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Figure 4. Effect of BC amendment on incubated soil physiochemical properties and Cd (mg/kg)
availability. (a) pH, (b) OC, (c) EC, and (d) CEC.

3.1.2. Changing Soil Organic Carbon Affects Cd Availability

A comparison of BC amended and un-amended soils on organic carbon (OC) and
Cd availability is given in Figure 4b. All incubated soils (amended and un-amended)
were divided into three categories based on different ranges, such as low (OC < 7.5 g/kg),
medium (OC 7.5–15 g/kg), and high (OC > 15 g/kg). The findings showed that adding
BC to all soil samples significantly reduced the availability of Cd compared to the control.
According to the findings, the lowest Cd availability was found in the OC (<7.5 g/kg) range
of BC-amended soils compared to the control. The result indicated that the inclusion of BC
systematically decreases the concentration of Cd in soils at each OC level compared to CK
soils. BC minerals or surface groups illustrate inorganic components that mainly contribute
to the adsorption of Cd. The findings indicated that the presence of BC can reduce the
availability of Cd by binding to it or influencing the characteristics of the soil, thereby
mitigating the impact of organic material solely on Cd mobility in the soil. The results
demonstrated that using BC may enhance soil carbon sequestration and nutrient retention.
It was shown that BC substantially increased the organic matter content, which was
indirectly linked to changes in residual Cd concentration [47]. Organic matter is a significant
component of soil fertility, providing nutrients for sustainable agriculture to maintain soil
fertility. The OC level in the soil is essential for retaining nutrients and water, strengthening
the soil structure, and supplying energy to soil microorganisms [48]. BC enhances soil
fertility through the following mechanisms: retention of fertilizers, stimulation of microbial
activity, carbon dioxide emission reduction, and immobilization of organic and inorganic
pollutants [49]. The extensive integration of BC into soils would inevitably impact the
increase in the quantity and composition of soil OC [50]. The effective sorption of HMs
in contaminated effluents and soils has been associated with BC, which can potentially
eradicate environmental contamination on a global scale [51].
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BC possesses a substantial quantity of organic carbon, making it an exceptional asset in
soil particle aggregation. Soil pollutants were immobilized by modifying soil physicochem-
ical qualities, including carbon sequestration and fertility, with BC applied to the polluted
soil [52]. The high area-to-volume ratio of these plants contributes to soil structure, porosity,
water-holding capacity, aeration, nutrient availability, and buffering soil pH [53]. Moreover,
they can retain plant nutrients, such as calcium, potassium, and phosphorus, reducing
leaching [54]. Organic matter increases soil structure, porosity, and water-holding capacity,
contributing significantly to climate change mitigation and carbon sequestration [55,56].
By providing nutrients to the soil, it promotes nutrient cycling through the action of soil
microorganisms and serves as a source of nutrients. Additionally, it decomposes into stable
aggregates that support soil structure, which supports soil porosity and improves soil
structure [57].

3.1.3. Soils EC Affects Cd Availability

The comparison of amended and un-amended soil EC (μS/cm) and Cd availability is
shown in Figure 4c. EC (μS/cm) was divided into three different ranges: (i) EC < 75 μS/cm;
(ii) EC 75–125 μS/cm; and (iii) EC > 125 μS/cm. Soil ecosystems are intricate, and the
impact of added BC on soil EC-Cd availability can fluctuate based on various variables,
including ecological factors, BC quantity, Cd concentration, and the characteristics of the
soil. Figure 4c illustrates a particular set of scenarios in which the availability of Cd is
substantially influenced by the increase in BC-added soil EC, but only in comparison to
CK soils. The lowest Cd availability was found in EC (75–125 μS/cm) in BC-amended soil
compared to the control. However, the results indicated that all unamended soils increased
Cd availability with an increase in the EC range. EC is an indication of soil properties and
also shows the soil water’s electrical carrying capacity. The low EC levels indicate limited
nutrient availability and organic matter concentration. This finding further confirms the
consistent relationship between the variance in BC and EC contents and the effect of Cd
availability. The EC of soils has been shown to have a strong link with the movement of
metals inside the soil. Soil salinization and acidity are prevalent and substantially affect
Cd availability in soil systems [58,59]. BC played a crucial role in lowering the presence of
Cd in the polluted soil. It achieved this by raising the soil’s pH, OC, EC, and P availability.
Additionally, BC reduced the amount of Cd that can be easily exchanged in the soil by
changing it into less accessible forms. As a result, there was a considerable decrease in
Cd levels [60,61]. Excessive EC showed excess saline and inadequate nutrients, inhibiting
development and appropriate plant growth. This may lead to soil–plant toxicity. As
measured by EC, the ideal range for soil–plant nutrients is 0.2–1.2 (dS/m). However,
adding BC may enhance soil EC due to the substantial amount of dissolved salts it contains.
Recent research has shown that BC can increase the EC in soil [62].

3.1.4. Changing Soil CEC Affects Cd Availability

A comparison of the effects of amended and un-amended soil CEC on Cd availability
is presented in Figure 4d. Soil CEC (cmol+/kg) was also divided into 3 different ranges
(i) CEC < 12 cmol+/kg; (ii) CEC 12–24 cmol+/kg; and (iii) CEC > 24 cmol+/kg. The results
revealed that Cd availability decreased and was observed in all amended soils. The findings
indicated that BC amendment significantly reduced Cd availability in soils compared to the
control. The results showed that CEC indirectly correlated with Cd availability compared
to the control. Application of BC led to enhancements in soil characteristics and resulted
in the transformation of the Cd in the soil into more stable portions [63,64]. The rise in
CEC may have led to the soil producing significant quantities of quinones, phenols, and
carbonyls, thus resulting in greater adsorption of Cd [65,66].

The efficacy of immobilization is affected by several processes and circumstances,
including precipitation, electrostatic contact, cation exchange, and complexation with func-
tional groups [67,68]. A high CEC and a high adsorption capacity are both characteristics
of BC which may have either negative or positive charges on its interface. The application

59



Toxics 2024, 12, 535

of BC to enhance soil CEC resulted in a reduction in Cd through ion exchange and more
efficient complexation adsorption into the soil [69]. Because soil clay particles assimilated
more Cd as the CEC increases, the accessible Cd level in the soil was reduced signifi-
cantly [70]. BC-amended soil exhibited an increase in CEC, which was dependent on the
OC and clay along the surface area and electronegativity for ion adsorption sites capable
of immobilizing Cd [71]. CEC was the most critical parameter significantly impacting Cd
bioavailability and fractionation in soil [72].

3.1.5. Effect of Soil Clay on Cd Availability

A comparison of amended and un-amended soil clay on Cd availability is shown in
Figure 5. Soil clay was divided into three different categories: clay < 20%, clay 20–40%,
and clay > 40%. According to Figure 5, the results showed that the BC amendment
significantly decreased Cd availability compared to the control. The lowest Cd availability
(almost 40–60% reduction) was found in high-clay-content, BC-amended soil compared
to the control. However, the results indicated that all unamended soils had increased Cd
availability along with the increased clay content. Minerals such as clay are formed from
various elements, such as aluminum, silica, iron, etc. [73]. This finding further confirms
the synergic relationship between BC and soil clay content compared to the control. The
results revealed that soil clay was shown to have a strong link with the movement of Cd
availability in the soil. The finding indicated that soil clay’s direct relationship with Cd
availability and applied BC led to enhancements in soil characteristics and resulted in the
immobilization of Cd in the soil. BC also reduced Cd availability by increasing pH, which
increased the clay mineral surface negative charges and Cd ion adsorption [24]. Adding
BC to medium or coarse-textured soils may improve the consistency of aggregate size and
cationic retention.

Figure 5. Impact of BC amendment on incubated soil clay and Cd (mg/kg) availability.
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Clay minerals and organic matter are critical components of soil that significantly
impact the soil’s health, plant growth, and environmental sustainability [74,75]. Alumina,
silica, and other elements constitute earth crust clays, and these soil metal sorbents reduce
metal bioavailability [74]. Clay minerals’ exchangeable cations and anions contribute
to their efficient contamination mitigation tools. Clays, which are negatively charged,
absorb metal from soil solutions. Clay minerals use ion exchange, complexation, and direct
bonding to absorb HMs [75]. Natural clay minerals have a strongly negatively charged
layer to absorb cations. Minerals’ hydroxyl groups adsorb or combine HM to reduce its
availability. In soil profiles, this adsorption reduces HM leaching. HM contaminants in
soil have been successfully fixed in situ via adsorption and the formation of low-solubility
HM precipitates using organic materials, including BC, clay minerals, and functional
adsorbents [76]. Its considerable ecological and agronomic advantages render BC a highly
prospective soil remediation agent, which has led to its widespread acceptance as a soil
amendment.

3.2. Machine Learning-Based Soil Cd Concentration Prediction Models

The key goal of this research was to obtain representative soil samples from different
regions of the country, each with distinct physical and chemical characteristics, to investi-
gate the response of soils to the inclusion of BC and establish a prediction framework for
the transformation and immobilization of Cd. The comprehensive analysis of the predictive
modeling approaches was employed to estimate the concentration of Cd in soil based on
an extensive dataset encompassing a wide array of soil properties, including sand%, clay%,
silt%, EC, pH, OC, CEC, and available P. The significance of this study is underpinned by
the environmental and agricultural importance of accurately assessing Cd levels in soils,
given Cd’s known adverse effects on plant growth, soil health, and, ultimately, food safety.
Cd is a considerable environmental concern due to its persistence and bioaccumulation in
ecosystems, making its estimation in agricultural soils crucial for ensuring crop safety and
ecological health.

The LSTM model was used to estimate the concentration of Cd from soil properties
like sand%, clay%, silt%, EC, pH, OC content, CEC, and available P. The model learned
from the sequential nature of input data, evaluating complex relationships between soil
properties to predict Cd levels accurately. This sequential examination of soil properties
can reveal patterns of Cd availability that are essential for environmental monitoring and
agriculture. The LSTM’s architecture, including memory cells and gates, can effectively
learn from soil data, making it a powerful tool for predicting HM contamination in soils.
The research utilized BiGRU networks to estimate the concentration of Cd in soil param-
eters. BiGRU models process data in both forward and backward directions, capturing
dependencies and patterns that might be missed when processed in a single direction.
This dual-direction processing helps us to understand complex interactions between soil
properties and their impact on Cd availability. BiGRU networks enhance parameterization
efficiency and simulate spatial and temporal relationships between BC-amended soils and
Cd. This methodological approach highlights the potential of BiGRU models in environ-
mental sciences, particularly for predicting HM concentrations in soils, providing valuable
insights for soil management and remediation strategies. The study used a 5-layer CNN
model, which included max-pooling layers and a fully connected layer, to analyze complex
environmental data. The model consisted of five convolutional layers, each with a max
pooling layer, which extracted patterns from the input data. The model’s sequence refined
the feature maps, ensuring that only relevant spatial features were retained. The fully
connected layer incorporated high-level, filtered data into the prediction model, mapping
learned features to the output, such as the estimated concentration of Cd in soil param-
eters. This innovative approach could contribute to environmental monitoring and soil
health assessment strategies. The correlation heatmap was generated based on the dataset
(Figures 6 and 7). It provides a visual summary of the distributions of the soil proper-
ties and illustrates each feature’s spread and central tendency. The heatmap shows the
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correlation coefficients between all pairs of numerical variables, giving insight into the
relationships between soil properties and Cd levels. In the case of CK soils, the findings
showed positive relationships (Figure 6) between Cd content and silt% (0.42), organic
carbon (0.39), EC (0.15), and P (0.20). The correlation matrices of the data of CK soils and
Cd showed that there was a negative correlation with clay% (−0.32), sand% (−0.11), pH
(−0.30), and CEC (−0.23). However, for soils modified with BC (Figure 7), the findings
showed further evidence via negative relationships with sand% (−0.08), clay% (−0.35), pH
(−0.25), and CEC (−0.24). The positive correlation matrices of BC-treated soils’ cumulative
data revealed that the Cd levels were positively linked with the silt% (0.43), EC (0.13), OC
(0.42), and P (0.25) [77]. The comprehensive details are given in Section 3.1.

Figure 6. Correlation matrix for soil properties of CK.

Figure 7. Correlation matrix of soil properties with BC.

62



Toxics 2024, 12, 535

3.2.1. Case 1: Assess CK Soils Using Machine Learning Models

Figure 8a compares the actual Cd concentrations against the predictions made by
three machine learning models. This comparison is made in the context of soil samples
without adding BC. The BiGRU model showed commendable performance, with an R2

value of 0.8537, indicating that the model’s predictions could explain approximately 85.37%
of the variance in the actual Cd data. The model’s mean absolute error (MAE) was reported
at 0.1986, and the mean squared error (MSE) was 0.0650, with a root mean square error
(RMSE) of 0.2550. These metrics suggest that the BiGRU model predictions were relatively
close to the actual values, with a moderate spread of errors. The LSTM model, which
also considered sequence data, yielded slightly less accurate results, with an R2 value
of 0.8473. The MAE for this model was 0.2127, the MSE was 0.0678, and the RMSE was
0.2605, which are all slightly higher than those for the BiGRU model, indicating a lower
performance in terms of capturing the variation in Cd concentrations. The 5-layer CNN
model, traditionally used in image processing but adapted here for sequence prediction,
outperformed both recurrent neural network models with an R2 value of 0.9107, showing
that over 91% of the variability in the actual Cd levels could be accounted for by the CNN
model’s predictions. Additionally, this model achieved the lowest MAE of 0.1602, the
lowest MSE of 0.0439, and the lowest RMSE of 0.2121, indicating the highest accuracy and
precision among the three models.

Figure 8. The effectiveness of machine learning models in estimating Cd.

Overall, Figure 8a demonstrates that, while all models were relatively proficient in
estimating Cd concentrations, the 5-layer CNN model appeared to be more effective in
this context. This might be due to its superior ability to capture the complex non-linear
relationships between the soil properties and the Cd levels without the influence of BC. The
success of the CNN model here suggests that it may be a promising tool for environmental
monitoring applications where understanding the baseline contamination levels is crucial.
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3.2.2. Case 2: Evaluated Applied BC Soils Using Machine Learning Models

Figure 8b showcases the effectiveness of machine learning models in estimating Cd
concentrations in soil, considering the addition of BC. BC, an amendment known for its
ability to absorb and immobilize HMs, provides a unique context for the machine learning
models to capture the altered relationships between soil properties and Cd availability. The
BiGRU model demonstrated a strong correlation between predicted and actual values, with
an R2 value of 0.9321, indicating that the model explained 93.21% of the variance in Cd
concentrations. The model improved its predictive accuracy in the presence of BC, with
an MAE of 0.1270, an MSE of 0.0165, and an RMSE of 0.1286, all lower than the values
reported in Case 1. Similarly, the LSTM model showed a notable increase in performance
with BC-treated soil data, yielding an MAE of 0.1105, an MSE of 0.0161, and an RMSE of
0.1256. The R2 value for this model stood at a robust 0.9413, reflecting its enhanced ability
to predict Cd levels with BC incorporation. Outperforming both recurrent models, the
5-layer CNN model attained the highest precision, with an R2 value of 0.9558, suggesting
that 95.58% of the variance in the actual Cd data could be explained by the CNN model’s
predictions in BC-amended soils. The model registered the lowest error metrics, with
an MAE of 0.0983, an MSE of 0.0145, and an RMSE of 0.1206, underlining its superior
predictive power in this scenario.

The results in Figure 8b reinforce the potential of advanced deep learning models
in environmental applications, especially for assessing the impacts of soil amendments
such as BC on HM contamination. The improved accuracy and lower error rates across
all models with the addition of BC suggest that these models can capture the complex
interactions that BC induces in the soil matrix, subsequently affecting Cd bioavailability.
These insights are valuable for designing strategies to mitigate soil contamination and
evaluating BC’s effectiveness as a remediation tool. The superior performance of the 5-layer
CNN model, in particular, highlights the adaptability and robustness of convolutional
networks in handling diverse and complex environmental datasets.

4. Conclusions

The study compared the effectiveness of deep learning machines like LSTM, BiGRU,
and 5-layer CNN in forecasting Cd concentrations. A significant negative association
between the two variables was found, mainly due to the impact of BC on soil characteristics
and Cd immobilization. BC effectively mitigates the presence of HMs in soil and inhibits
their penetration into the soil system. The BiGRU model explained 93.21% of the Cd
concentration variance after adding BC, while the LSTM model improved with BC-treated
soil data. The 5-layer CNN model predicted 95.58% of the variance in Cd data in BC-
amended soils. The study highlights the significance of machine learning models that
can predict the impact of BC amendments on soil’s chemical and physical properties,
such as pH, OC, clay minerals, and Cd availability. Machine learning models are capable
of generating precise assessments of soil Cd content and predicting the probability of
soil Cd transformation and immobilization. These data could establish sustainable soil
management and environmental protection strategies. The study proposes the development
of ecological soil remediation systems to efficiently address heavy metal contamination in
soils, with the goal of promoting environmental sustainability.
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Abstract: Rice husk is a waste byproduct of rice production. This material has a moderate cost and
is readily available, representing 20–22% of the biomass produced by rice cultivation. This study
focused on the properties of rice husk in the remediation of soils contaminated by heavy metals. The
effect of particle size, pH, and the presence of organic ligands on sorption efficiency was evaluated
for Cd, Cu, and Mn. The continuous flow method was used to select suitable operative conditions
and maximize the retention of heavy metals. Subsequently, pot experiments were carried out by
growing two broadleaf plants, Lactuca sativa and Spinacia oleracea, in aliquots of soil collected in a
Piedmont (Northwest Italy) site heavily contaminated by Cu, Cr, and Ni. Rice husk was added to the
contaminated soil to evaluate its effectiveness in immobilizing heavy metals. The availability of Cr,
Mn, Ni, Cu, Zn, Cd, and Pb in soil was studied using Tessier’s sequential extraction protocol. The
content of the elements was also analyzed in plants and the uptake of heavy metals was evaluated in
relation to the addition of rice husk. The growth of both plants was more efficient in the presence
of rice husk due to its ability to reduce the mobility of heavy metals in the soil. The simplicity,
cost-effectiveness, and scalability of its employment make the use of rice husk suitable for practical
applications in soil remediation.

Keywords: soil remediation; soil amendment; broadleaf plants; potentially toxic elements; Tessier
protocol; pot experiments

1. Introduction

Food security is a critical issue for peri-urban areas, as they are vulnerable to con-
tamination due to the coexistence of various anthropogenic activities, including industrial
discharges, agricultural runoff, and atmospheric deposition [1–3]. The presence of heavy
metals in peri-urban soils is of great concern because of their adverse effects on the envi-
ronment, human health, and agriculture [4,5].

Plants can be overly sensitive to heavy metals, which can trigger various physiological
responses even at low stress levels. While some heavy metals are essential for plant growth,
high concentrations can cause toxicity, compromising physiological processes and posing a
risk to food safety [6]. The effects of heavy metal contamination on plants are complex and
depend on the specific metal; for instance, Cd and Pb affect respiration and photosynthesis,
while Zn and Cu disrupt cell function and membrane integrity [6]. The mobility and
availability of heavy metals to plants are contingent upon soil characteristics, including
mineral composition, organic matter content, pH, and redox potential [2].
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Heavy metals, in contrast to organic pollutants, exhibit remarkable persistence in soils
as they resist microbial or chemical degradation [3]. Increases in public awareness about
the health consequences of contaminated soils have promoted the creation of innovative
approaches to their remediation, especially considering the prohibitive costs associated
with traditional methods [1].

Selecting the most suitable remediation technology hinges on several critical factors,
including the type and extent of contamination, the economic feasibility, and the overall
efficiency of the chosen method. In peri-urban areas, the complexity of contamination
sources and land use patterns necessitates a careful evaluation of these factors to determine
the optimal approach. Efficiency is a paramount consideration when choosing remediation
technology, and it is essential to assess whether the method can effectively reduce the
bioavailability of heavy metals in the soil, thus minimizing risks to human health and the
environment. Economic feasibility is another critical factor, and the cost of implementing
remediation technology, including material acquisition, pre-treatment cost, labor, and
maintenance, must be balanced against the potential benefits and long-term impacts [7].

The remediation of contaminated soils involves a range of approaches that can be
broadly categorized into physical, chemical, and biological methods [8,9]. Each category
has its unique advantages and limitations, making the selection of the most appropriate
technique contingent on the specific characteristics of the contamination and the environ-
mental context. Chemical methods, which encompass various techniques for altering the
chemical properties of the soil, have shown promising results in immobilizing contaminants
and reducing their bioavailability [10,11]. In order to achieve this objective, various soil
amendments, such as phosphate compounds, liming materials, organic matter residues,
metal oxides, and biochar, are currently studied as options for soil remediation [12]. These
amendments interact with heavy metals in the soil and transform them into less mobile
and less bioavailable forms.

Rice husk is an environmentally friendly and readily available material, representing
20–22% of the biomass produced by rice cultivation. It is rich in silica (20%), which has a
high affinity for heavy metals due to the existence of ionizable silanol groups. Furthermore,
rice husk contains hemicellulose (12%) and proteins (3%) that, with carboxyl and amine
groups, can give interactions with heavy metals. Rice husks also contain organic acids
such as oxalic, citric, acetic, malic, and succinic, which can form stable complexes with
heavy metals [13]. All these components in rice husk can facilitate the adsorption and
complexation of heavy metals in soil, reducing their mobility and bioavailability. The low
management costs and the fact that it is a waste product make it a cost-effective solution
for soil remediation. Additionally, utilizing rice husk for soil remediation exemplifies the
principles of waste upscaling and valorization, transforming an agricultural byproduct
into a valuable resource. This approach not only mitigates waste disposal issues but also
provides an innovative and sustainable method for addressing soil contamination [14].

Furthermore, rice husk-derived materials have garnered attention for their remarkable
adsorption properties and their potential for immobilizing heavy metals in wastewaters
and soil [1,15,16]. For instance, Zheng et al. (2012) explored the use of biochar derived from
rice residue to assess its impact on heavy metal accumulation in rice seedlings [17]. It was
found that while biochar effectively reduced the uptake of Cd, Zn, and Pb by rice plants, it
increased the accumulation of As. This dual effect underscores the complexity of biochar
application in agricultural settings. In addition, Derakhshan Nejad and Jung (2017) focused
on rice husk biochar and its efficacy in immobilizing multiple heavy metals (Cu, Cd, Zn, Pb)
in soil, highlighting rice husk biochar as a promising soil amendment for reducing heavy
metals’ phytoavailability and leachability [18]. Furthermore, Bian et al. (2022) conducted
pot experiments to evaluate the potential of rice husk-derived biochar to mitigate Cd uptake
by cabbage leaves. Results indicated that biochar application significantly decreased Cd
uptake, demonstrating its potential to enhance food safety and soil health [19].
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Despite the substantial research focused on treated rice husk materials that show
promising results in heavy metal remediation, there remains a notable gap in understanding
the potential efficacy of untreated rice husk in this context. This underscores the necessity
to explore the inherent properties of untreated rice husk without the additional costs
associated with treatment processes, particularly in scaling up its application for soil
remediation purposes.

In the present work, we have delved into the scientific principles behind rice husk’s
effectiveness as a soil amendment, its practical application, and the feasibility of imple-
menting this approach in peri-urban areas.

This paper will discuss the characterization and feasibility of rice husk as an adsorbent
of heavy metals (namely Cd, Cu, and Mn) as a function of the effect of particle size, pH,
and the presence of organic ligands. Subsequently, the changes in metal availability in the
soil after application of rice husk were studied. Finally, its application as a soil amendment
in a heavy metal-contaminated soil sample was evaluated as well as its effectiveness in
reducing the uptake of the pollutants by two plants, Lactuca sativa and Spinacia oleracea.

In the present work, the aim was to evaluate the potential of untreated rice husk as an
amendment to reduce the bioavailability of heavy metals in contaminated soils. This was
achieved by (1) characterizing the sorption behavior of rice husk towards heavy metals (Cd,
Cu, Mn) based on particle size, pH, and the presence of organic ligands; (2) studying the
changes in metal availability in soil after rice husk application; and (3) evaluating its effect
on reducing heavy metal uptake by Lactuca sativa and Spinacia oleracea. The hypothesis is
that untreated rice husk can effectively decrease the availability of heavy metals in soil
because of its abundant silica and organic compounds content, offering an affordable and
eco-friendly method for remediation.

2. Materials and Methods

2.1. Apparatus and Reagents

For acid digestion, an MLS-1200 MEGA microwave (Milestone, Sorisole, Italy) oven was
used, equipped with a sample carousel with Teflon vessels fitted with a safety valve closure.

The concentration of the analytes in the tested solutions was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) using a VARIAN LIBERTY 100
spectrometer (Varian Australia, Mullgrave, Australia). The wavelengths of the analytes
chosen and the limits of detection (LOD) are present in Table S1.

Due to their lower concentration, Cd and Pb were also determined by graphite furnace
atomic absorption spectrometry (GF-AAS) with a Perkin Elmer 5100 instrument (Perkin
Elmer, Norwalk, CT, USA).

Determinations of the metals were performed using external calibration. The calibra-
tions were always performed with standard solutions prepared in aliquots of sample blanks
(matrix matching method). Metal ion standards were prepared from commercial 1000 mg/L
stock solutions (MERCK Titrisol, Darmstadt, Germany; vials containing 1.000 ± 0.002 g
metal in salt form). The reagents used are all analytical purity grade. All solutions were
prepared using HPW (High Purity Water). Water was purified in a Milli-Q system, resulting
in water with a resistivity of 18 MΩ·cm.

A pH meter, model EA 920, from the company ORION (Orion Research INC, Ayer,
MA, USA) was used to measure the pH of solutions, equipped with a glass/calomel
combination electrode. The instrument was calibrated daily using two standard solutions,
one at pH 4 (citrate-HCl) and one at pH 7 (NaH2PO4-Na2HPO4). The determination is
subject to an uncertainty of 0.02 pH units [20].

In Figure 1, a block diagram is illustrated that shows the experimental workflow of
this study.
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Figure 1. Block diagram of experiments performed.

2.2. Determination of Total Metal Content in Rice Husk

Rice husk was obtained from a farm in the province of Pavia (Lombardy, Northwest
Italy). The inorganic content of the rice husk was characterized to assess the possible release
of heavy metals during retention tests and to evaluate the possible input of contaminants
into the soil. Three sample aliquots of 0.1 g of untreated rice husk were digested with
5 mL of aqua regia and 2 mL of hydrofluoric acid (HF). The following heating program
was applied in the MW oven: four heating steps of 5 min each (250, 400, 600, 250 W,
respectively). Subsequently, 0.7 g of boric acid (H3BO3) were added, and the samples were
heated again for 5 min at 250 W. The resulting solutions were filtered with paper filters and
diluted to 100 mL with HPW. The solutions were analyzed by ICP-AES.

2.3. Heavy Metal Retention Tests

A continuous flow system was employed (Figure 2) in preference of the batch tech-
nique to understand the effect of various considered parameters (particle size, pH, organic
ligands) on the retention of metals by the rice husk, because this system can be easily scaled
up from a laboratory system to a real application [21,22]. This system was preferred to
better simulate a dynamic equilibrium condition of a soil subject to frequent environmental
stresses than a static equilibrium situation.

Metal adsorption tests were conducted in polypropylene columns (Bio-Rad, Hercules,
CA, USA; length 4 cm, internal diameter 5 mm) packed with 0.25 g of rice husk. At the
bottom of the column, a cellulose acetate filter (Millipore Merck, Darmstadt, Germany)
was placed on the porous polymer support to prevent clogging of the porous septum and
the loss of the smallest rice husk particles into the eluates. The slurry packing method
was used to obtain a homogeneous bed of particles in the column. The method consists of
placing rice husk and 5 mL of HPW in a beaker to create a suspension.

Standard solutions of the metals under investigation were injected through the
columns with the help of a Gilson Miniplus 2 (Gilson Middleton, CT, USA) multichannel
peristaltic pump at a constant flow rate (0.5 mL/min). The pump was connected to the
columns with polypropylene connectors and PVC tubing (i.e., 1.29 mm). Before each
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experiment, rice husk was conditioned to the working pH by flowing the proper buffer
solution. Solutions of the metal ions at a concentration of 1 × 10−3 M were prepared
and diluted with buffer solutions at the desired pH. The following buffer solutions were
utilized: trichloroacetic acid (TCA) buffer, utilized for experiments with pH values less
than 3; acetic acid/sodium acetate buffer (HAc/NaAc), utilized for experiments conducted
at pH 3.3–5.5; HEPES buffer, utilized for pH 7 and 8 experiments.

Column retention experiments were conducted on untreated rice husk monitoring
three metal ions: Cu, Cd, and Mn. Three replicates of each experiment were performed.
For each experiment, a procedural blank was also performed to account for contamination
or release of the metals from the rice husk. Finally, 25 mL of the eluate were collected and
analyzed by ICP-AES. The amount of metal retained on the rice husk was calculated by the
difference between the metal content in the input and output solution, corrected for the
value of the blank, and expressed as a percentage.

Figure 2. A schematic representation of the continuous flow system apparatus used for the experiments.

2.3.1. Effect of Particle Size

Rice husk contains particles of assorted sizes, ranging from small to coarse. Since it
must be packed into columns, it is essential to have a sort of size uniformity, avoiding
preferential paths. Therefore, the choice of particle size was crucial to improve the interac-
tion with metal ions. Tests were conducted at pH 5.5 with a concentration of 0.1 M acetate
buffer, 1 × 10−4 M metal ions (Cd, Cu, and Mn), and four particle size fractions of rice husk
obtained after sieving: <90 μm; between 90 and 300 μm; <300 μm; >300 μm. The behavior
of the metals was studied both individually and in mixtures.

2.3.2. Effect of pH and Buffer Concentration

Metal adsorption depends on numerous factors including pH and ionic strength.
Industrial and processing waters and wastewaters, as well as contaminated soils, show
often a broad range of pH values and behave differently toward divalent cations in com-
petition with one another [23]. For these reasons, the effect of pH (2.5–8) and the buffer
concentration (1 × 10−1 M and 1 × 10−2 M) on the retention of Cd, Cu, and Mn by rice
husk was investigated. Experiments were conducted with metals concentration of 1 × 10−4

M in mixtures.

2.3.3. Effect of Ligands

The retention of metals by rice husk can be affected by the presence of ligands, contin-
gent upon the properties of the ligand, rice husk, and metal under consideration. In this
study, we studied the effect of following organic ligands: citric acid, ethylenediaminete-
traacetic acid (EDTA), nitrilotriacetic acid (NTA), glutaric acid, malonic acid, oxalic acid,
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succinic acid, and tartaric acid. These are some of the most used ligands for metal com-
plexation and their functional groups were used to simulate the behavior of more complex
organic molecules potentially present in soils. The metal ion concentration was 1 × 10−4 M,
and the ligand concentration was 3 × 10−4 M. The effect of the presence of ligands on
the retention of the three metals was conducted at pH 3.5 with a buffer concentration of
1 × 10−2 M. It was decided to simulate an extreme environmental condition with a low pH
to better simulate the acidic effluents characterizing pollution of our case study.

To analyze the data obtained in the experiment on the presence of ligands, One-Way
ANOVA by the XLSTAT software (version 2022.2.1) was used to check if there was a
statistical difference between the mean concentrations in the effluent solutions of the nine
groups for each metal investigated. The assumption of normality and homogeneity of
variances was assessed prior to conducting ANOVA to ensure the appropriateness of the
test [24]. Following the ANOVA, a Dunnett post hoc test was applied to compare each
treatment group against a single control group, determining whether significant differences
existed between the control and the treated groups. This approach helps the control for Type
I errors associated with multiple comparisons, ensuring robust statistical conclusions [25].

PyES (version 1.1.3), an open-access software that allows for the calculation of the
distribution of species in solution under the experimental conditions, was used [26].

2.3.4. Total Retention Capacity

The total retention capacity of rice husk towards Cd, Cu, and Mn was studied in
conditions of nearly quantitative uptake for all the metals to ensure that the amount of
metal retained by the rice husk depends mainly on thermodynamic reasons. The saturation
point was determined when the concentration of the influent solution (C0) equaled that of
the effluent solution (C), indicating full occupation of the rice husk’s surface adsorption
sites. The breakthrough curve was constructed by plotting the ratio of C/C0 as a function
of the effluent volume [27]. The set-up is the same as described in the previous paragraph
except for the type of columns used: ECONO-Column Chromatography Bio-Rad, diameter
1.5 cm, volume 18 ml (Bio-Rad Laboratories, Hercules, CA, USA). Solutions of the metal
ions at a concentration of 1 × 10−3 M were prepared and diluted with acetate buffer in
concentration of 1 × 10−2 M at pH 5.5.

2.4. Implementation in Semi-Field Conditions

We tested rice husk as a soil amendment for the remediation of contaminated soil.
Contaminated soil samples were derived from the town of Borgomanero, in the province
of Novara (Piedmont, Northwest, Italy). A map of the location is presented in Figure S1
in the Supplementary Material. The area was previously used as a permanent meadow
and woodland in the past and became contaminated because of the repeated floods of a
small stream collecting the wastewater of local industries, some of which operate in the
electroplating processes. Its floods caused an accumulation of inorganic contaminants in
the soil. The core of the contaminated zone was about 3000 m2 wide.

The soil sampling was originally conducted in 2012, following the work by Malandrino
et al. (2011) [28]. Several sub-samples were collected across the contaminated site to
ensure comprehensive coverage. These samples were properly stocked and preserved until
their use in this experiment. For the current study, a composite soil sample was created
by mixing the sub-samples collected during the 2012 sampling, ensuring homogeneity
and representativeness of the contaminated site. This approach allowed for a consistent
and well-characterized sample throughout the experiment, enhancing the reliability of
the findings.

For the characteristics of the contaminated soil, see Table S2 and Malandrino et al.
(2011) [28]. The contaminated soil texture is classified as loamy sand, and the soil pH is
strongly acid (5.1–5.5) according to the USDA (2024) classification [29].

A control soil was also used. As shown in Table S2, the control soil was chosen based
on its high organic matter content, substantial cation exchange capacity, and balanced
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texture to provide an ideal environment for the growth and development of lettuce and
spinach, making it a suitable control for this experiment.

2.4.1. Determination of Total Metal Content in Soil

Soil samples were collected with plastic tools and transferred into polyethylene bags.
Subsequently, each sample was air-dried, sieved through a 2 mm sieve, ground in a
centrifugal ball mill, and stored in plastic bags prior to laboratory analysis. Three soil
sample aliquots of 0.5 g were treated with a mixture of 10 mL of aqua regia and 4 mL of
HF in PTFE vessels and mineralized in a microwave oven. Four heating steps of 5 min
each (250, 400, 600, and 250 W respectively) were used. Then, 1.4 g of H3BO3 was added,
and the vessels were further heated for 5 min at 250 W and again cooled by ventilation for
25 min. The resulting solutions were filtered with paper filters and diluted to 100 mL with
HPW. The solutions were analyzed by ICP-AES and GF-AAS.

2.4.2. Tessier Fractionation

We evaluated how the addition of rice husk affected the mobility and reactivity of
metals in soil using Tessier fractionation. This extraction procedure, adapted from Tessier
et al. (1979), categorizes metals into five distinct chemical fractions: extractable and
exchangeable, carbonate-bound, Fe and Mn oxide-bound, organic matter- and sulfide-
bound, and residual [30]. The residual fraction is excluded as it is mainly integrated within
the crystal structures of rocks and minerals, releasing only over the long term [31,32]. After
each extraction, the suspension was centrifuged for 20 min at 4000 rpm. The supernatant
was separated, while the solid residue was washed with 10 mL HPW and centrifuged again
for 5 min. The washed water was added to the supernatant, while the solid residue was
ready for the next extraction. The extracts were diluted to 25 mL (first fraction), 50 mL
(second fraction), and 100 mL (third, fourth, and fifth fractions), stabilized by the addition
of 25, 50, and 100 μL of concentrated HNO3, respectively, and analyzed. The concentrations
of Cr, Cu, Mn, Ni, and Zn in the five fractions were determined by ICP-AES, whereas Cd
and Pb were determined by GF-AAS.

2.4.3. Effect on Lettuce and Spinach Heavy Metal Uptake

To evaluate the effectiveness of the rice husk in reducing the phytoavailability of the
metal pollutants in a real scenario, we evaluated the effect of the addition of this material
by measuring metal uptake by lettuce (Lactuca sativa) and spinach (Spinacia oleracea), used
as test crops [33,34].

Pot experiments were made by putting untreated contaminated soil (5 kg) into
polyethylene pots and adding rice husk (500 g). At the same time, an aliquot of the
contaminated soil and one of unpolluted soil were left unamended and used as references.
Each treatment was performed in triplicate. The experiment was conducted with two plant
species, Lactuca sativa and Spinacia oleracea. The pots were laid out at room temperature
(25 ◦C), and they were watered three times a week with 500 mL of tap water. Plants grown
in the pots were harvested after 2 months.

All harvested plants were stripped of their roots, washed with HPW, oven-dried at
60 ◦C for 16 h, and then ground in an agate mortar. Then, 0.2 g of ground plant material
was digested with 10 mL of concentrated HNO3 in a MW oven, using four heating steps of
5 min each (250, 400, 600, and 250 W, respectively). After cooling, the digestion solutions
were filtered with paper filters and diluted to 50 mL. The resulting solutions were analyzed
by ICP-AES for the determination of Cd, Cr, Cu, Mn, Ni, Pb, and Zn.

3. Results and Discussion

3.1. Rice Husk Inorganic Characterization

Results obtained for the inorganic characterization of rice husk are reported in Table S3,
expressed as mg/kg of rice husk. If all the inorganic components are considered, namely
as ashes, it is up to 13.6% of the total mass. This is confirmed by Soltani et al. (2015),
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who found a value in the range of 15–20% and Bao (2023) in the range of 13–21% [35,36].
Concentrations are converted into their respective oxide and are compared with other
studies in Table 1. The most abundant oxide is SiO2, constituting 88% of the rice husk ashes,
followed by K2O (4.5%), CaO (2.1%), MgO (2.0%), Fe2O3 (1.5%), Al2O3 (1.3%), and Na2O
(0.4%). The result for silica is consistent with other works that attest a value in the range
of 67–97%. The presence of silica and consequently the existence of easily deprotonated
silanol groups in rice husk is the main cause of the retention capacity towards heavy metals.
As far as the other constituents are considered, the order of abundance is variable and
could reflect the different rice families and crops specific to the regions considered. MnO2
and CuO were not determined in other studies, but in this work, they were found to be
present in traces and count for 0.29% and 0.01% of the total ashes.

3.2. Heavy Metal Retention Tests
3.2.1. Effect of Particle Size

Results of the effect of particle size on the retention of Cd, Cu, and Mn are shown
in Figure 3. In the tests with individual metal solutions, Cu was retained with a value
of 100% in all particle size fractions. Cd and Mn present a maximum retention in the
fraction between 90 and 300, respectively, of 100% and 88%. A particle size fraction below
90 μm showed a 67% retention for Cd and 54% for Mn, whereas the fraction below 300 μm
retained about 87% of Cd and 76% of Mn. The particle size fraction above 300 μm showed
the lowest percent of retention, less than 50%, for both metals. Mn always shows the lowest
% of retention in all particle size fractions. It can be concluded from this experiment that
rice husk has a higher affinity for Cu, followed by Cd and Mn. Moreover, it is evident that
the fraction with a grain size between 90 and 300 μm has the highest retention values.

Figure 3. The percentage of retention of Cu, Cd, and Mn for the fractions of particle size: <90 μm;
90 μm–300 μm; <300 μm; >300 μm. (A) The retention with single metal experiments; (B) the retention
with mixture metal experiments. Black bars represent confidence interval (95%).

76



Toxics 2024, 12, 790
T

a
b

le
1

.
C

he
m

ic
al

co
m

po
si

ti
on

in
pe

rc
en

ta
ge

(%
)o

fr
ic

e
hu

sk
as

he
s

fr
om

va
ri

ou
s

co
un

tr
ie

s
ex

pr
es

se
d

as
ox

id
es

.

V
ie

tn
a
m

1
U

.S
.A

.
1

T
h

a
il

a
n

d
1

N
ig

e
ri

a
1

N
o

rt
h

Ir
e
la

n
d

1
M

a
la

y
si

a
1

Ja
p

a
n

1
Ir

a
q

1
In

d
ia

1
G

u
y

a
n

a
1

C
a
n

a
d

a
1

B
ra

z
il

1
It

a
ly

2

Si
O

2
86

.9
87

–9
7

89
–9

5
67

–7
6

86
–9

6
93

.1
91

.6
86

.8
86

–9
4

88
–9

5
87

–9
7

92
.9

8
7
.8

A
l 2

O
3

0.
84

Tr
ac

es
0.

5–
1.

0
3–

4.
90

0.
08

–0
.8

4
0.

21
0.

14
0.

4
0.

2–
5.

0
-

0.
15

–0
.4

0.
18

1
.3

Fe
2O

3
0.

73
0.

38
–0

.5
4

2.
5–

2.
8

0–
0.

95
0.

03
–0

.7
3

0.
21

0.
06

0.
19

0.
3–

2
-

0.
16

–0
.4

0.
43

1
.5

C
aO

1.
4

0.
25

–1
.0

1.
0–

1.
3

1.
36

–6
0.

3–
1.

4
0.

41
0.

58
1.

4
0.

5–
2.

5
0.

06
–1

.2
0.

4–
0.

49
1.

03
2
.2

K
2O

2.
46

0.
58

–2
.0

2.
4–

2.
5

0–
0.

1
0.

7–
2.

4
2.

31
2.

54
3.

84
0.

1–
2.

3
0.

6–
2.

5
2.

0–
3.

0
0.

72
4
.5

M
g
O

0.
57

0.
12

–2
.0

0.
18

–0
.2

8
1.

3–
1.

81
0.

1–
0.

5
1.

59
0.

26
0.

37
0.

1–
1.

8
0.

17
–0

.2
6

0.
35

–0
.5

0
0.

35
2
.1

N
a 2

O
0.

11
0–

0.
15

0.
03

–0
.8

-
0.

11
–0

.2
-

0.
09

1.
15

0.
1–

0.
5

0–
0.

3
0.

10
–1

.1
2

0.
02

0
.4

M
nO

2
-

-
-

-
-

-
-

-
-

-
-

-
0
.3

C
uO

-
-

-
-

-
-

-
-

-
-

-
-

0
.0

1

1
[3

7]
,2

Th
is

w
or

k.

77



Toxics 2024, 12, 790

The results of measurements with metal ion mixtures show that Cu has a highly com-
petitive behavior and is retained to a greater extent than the other metals. Particle size also
plays a significant role. Cu was quantitatively fixed with the particle size fraction between
90 and 300 μm whereas the adsorption is 98% and 80% with the <90 μm and >300 μm
fraction, respectively. The adsorption of Cd and Mn in mixtures decreases compared to
the values obtained with the individual metals, due to the intense competition of Cu. The
highest Cd adsorption is in the fraction between 90 and 300 μm, and Mn adsorption in the
fraction <300 μm and in the fraction between 90 and 300 μm is slightly lower.

From these results, it can be determined that the adsorption depends not only on
particle size. The fraction >300 μm, having the lowest surface area, shows, as expected,
the lowest absorption capacity. Nevertheless, low retention was observed also for the
smallest particle size fraction (<90 μm), probably because of the difficulty in percolating
the solution through the particle bed. Therefore, a dependence of retention on particle size
can be observed for >90 μm for Cd and Mn, probably due to their lower affinity to cation
exchange sites on the particle surface. Basing on these results, the particle size fraction
between 90 and 300 μm was used for the subsequent tests.

Contaminant uptake will be increased with a larger surface area or smaller size of rice
husk, as already reported in Shamsollahi et al. (2019) [38]. Many studies on rice husk as a
biosorbent on heavy metals in the literature confirm its use in the particle size range found.
A range between 250 and 297 μm was selected by Ajmal et al. (2003), 300 μm by Bishnoi
et al. (2004), and 150 μm by Srivastava et al. (2006) [39–41].

3.2.2. Effect of pH and Buffer Concentration

Figure 4 shows the results of the effect of pH and buffer concentration on the retention
of Cd, Cu, and Mn.

Figure 4. Retention of Cd, Cu, and Mn on rice husk as a function of pH (initial concentration of
metals 1 × 10−4 M): (A) buffer concentration 1 × 10−1 M; (B) buffer concentration of 1 × 10−2 M.
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As expected, the retention of all metals decreased with the pH due to the progressive
protonation of the cationic exchange sites present on the rice husk surface that are less
available to retain the metals. Moreover, the retention decreases with the increasing of the
buffer concentration, linked to the concentration of Na+, owing to the competition with
other metals for adsorption sites. It is worth noting that in both cases of different ionic
strengths, pH has a strong influence on metal retention. This means that the mechanism of
interaction between rice husk and the metals could involve a formation of outer-sphere
complexes that are pH-dependent [42]. It can be concluded that low buffer concentration
is optimal for the retention of metals. Considering the different behavior of metals, Cu
exhibits a retention of 99% at pH 5.5, regardless of the concentration of the buffer, followed
by Cd, 64% and 32%, and Mn, 18% and 12%, for a buffer concentration of 1 × 10−2 M and
1 × 10−1 M, respectively. If we consider the hydroxide complex formation constant of the
metals investigated in terms of pKf, we have Cu = 7.9; Cd = 10.1; and Mn = 10.6. This result
may be indicative of a specific adsorption mechanism involving the exchange of metal
cations with the surface ligands of the rice husk, which can partially form covalent bonds
with these ions. In fact, the metals most able to form hydroxy complexes are specifically
absorbed to the greatest extent [43]. But this is an explainable reason only for pH 5–8,
where the hydroxy complexes are favored. However, the affinity series identified in the
pH range of 5.5–8.0 does not appear to be related to the solubility of metal hydroxides.
Indeed, according to the values of the solubility product constants (pKsp), Cu(OH)2 = 19.66;
Cd(OH)2 = 13.60; and Mn(OH)2 = 12.72; pKsp is only exceeded at pH 7.0 and pH 8.0 for
Cu(OH)2 [44]. However, even at these pH levels, no precipitate was observed.

Considering only the interaction of metal aqueous species and silanol groups, the
possibility of a mere electrostatic interaction can be ruled out, as the three metal cations
are presented with the same charge. Meanwhile, if we consider the covalent index Xm

2r,
where Xm is the electron-attracting capability of an atom in a molecule based on Pauling’s
electronegativity and r is the ionic radius, the values for the three metals studied are in
the following order: Cu2+ > Cd2+ > Mn2+. These results could again justify the order
of retention exhibited in the experiments where Mn is the least retained followed by Cd
and Cu.

3.2.3. Effect of the Presence of Ligands

The behavior of heavy metals in the presence of organic ligands toward their adsorp-
tion on rice husk is crucial since organic compounds are typically present in natural waters,
industrial and processing waters, soils, sediments, and wastewaters, in addition to heavy
metals [45].

First, we chose a group of carboxylic acids with varying behaviors and increasing
complexity: oxalic, malonic, succinic, glutaric, tartaric, and citric acids. We also took into
account ligands that can be added to natural systems by anthropogenic activities, such
as EDTA and NTA. For instance, the extensive use of EDTA as a chelate in industrial and
agricultural settings raises the concentration of the chemical in a variety of water sources
and wastewaters that could affect soils with accidental floods and spills [46].

Given the complexity of the system, the distribution of species in the solution under
the experimental conditions used was calculated using PyEs software (Table S4). The
main forms of the ligands at the pH studied are as follows: H2EDTA2−, HNTA2−, HTart−,
HOxa−, HMal−, H2Succ, H2Glut and H2Citr−. For completeness, Table S5 summarizes the
pKa of the ligands and the formation constant of the complexes between the metals and
the ligands.

Figure 5 shows the results obtained in the presence of the different ligands compared
with the experiment led with the same conditions in the absence of ligands.

ANOVA results in Table S6 reported that for all metals, there was a statistically
significant difference between groups. The presence of ligands with high complexation
constants, such as NTA and EDTA, significantly prevents Cu from being retained by
rice husk. On the other hand, the presence of NTA increases Mn retention by rice husk.
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Although the formation constant of the Mn-NTA complex has a higher value than all the
complexes with other ligands (excluding EDTA), it is the lowest compared to Cd-NTA
and Cu-NTA. If we consider the results of PyEs in Table S4, Mn in the presence of NTA is
mainly free in the form of ions and there is no formation of the metal–ligand complex. This
leads to the greater retention of Mn on the rice husk in the presence of that ligand.

Figure 5. Percentages of retention of Cd, Cu, and Mn on rice husk obtained in the experiments
with the different ligands compared to with the experiment with no ligand. Black bars represent
confidence interval (95%).

Considering four dicarboxylic acids (oxalic acid, malonic acid, succinic acid, and
glutaric acid), there is a slight correlation between the results and the length of their
aliphatic chain. Ligands with smaller carbon chains (oxalic and malonic acids) have
formation constants with all three metals higher than those of ligands with longer structures
(succinic and glutaric acids). Therefore, the formation of metal complexes between smaller
carboxylic acids and the metals should be favored and should lead to a decrease in the
retention of the metal itself on the rice husk. In fact, if we report only statistically significant
differences (p value < 0.01), Cu exhibits a retention value of 27% in the absence of ligands,
while exhibiting values of 68 and 69% in the presence of succinic and glutaric acids, and a
value of 17% in the presence of oxalic acid. This is confirmed by the highest percentage of
free Cu in the presence of succinic and glutaric acid, also due to the fact that at a pH of 3.5,
these ligands are not dissociated, whereas a formation of complexes like ML and ML2 with
oxalic acid is observed that prevents the retention of Cu by rice husk.

Considering Mn and Cd with the four dicarboxylic acids, the formation of complexes
between the metal and the ligands is not favored. In fact, both metals exhibit a slight
increase in the retention on rice husk in the presence of ligands that is statistically significant
(p value < 0.01) for Mn with malonic acid (from 5% to 17%) and for Cd with malonic acid
(from 12% to 35%) and succinic acid (from 12% to 20%).
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Although it appears that tartaric acid does not form complexes with any of the three
metals investigated, experimental results show a significant increase in the retention with
the presence of this ligand (from 5% to 17% for Mn, from 12% to 30% for Cd and from
27% to 52% for Cu). It cannot be ruled out that there may be an interaction between
the rice husk exchange sites with the ligand in question that may facilitate greater metal
retention in respect of the results given by the distribution of the species calculated by
PyEs. In the study of Wong et al. (2003), in which different modifications of rice husk
by various carboxilic acids (namely oxalic, malic, citric, and tartaric acids) were tested to
improve metal sorptions from aqueous solutions, the results showed that the best were
those obtained with rice husk modified with tartaric acid, shedding light on how this ligand
interacts particularly with this matrix [47].

Finally, citric acid seems to not have an influence on the retention of the metals.
In summary, the results showed that the nature of the ligands affects the metal retention

percentage on the rice husk. The effect of the ligands is different and depends on the
structure of the ligands themselves but also on the type of metal, as well as on the pH of
the system. Cu turns out to be the most variable among the three metals and the one that
forms more stable complexes with all the ligands.

3.2.4. Total Retention Capacity

After 150 mL of elution, the rice husk reached saturation with all the metals inves-
tigated. The breakthrough values show that the total retention capacity decreases in the
following order: Cd (12.00 mg/g or 21.4 meq/100 g) > Cu (6.60 mg/g or 21.0 meq/100 g)
> Mn (4.00 mg/g or 14.6 meq/100 g). This order is confirmed by a study of Krishnani
et al. that investigated the capacity of alkali-treated rice husk on different metal ions
adsorption [48]. They explained that lignin and cellulose, as major components of rice husk,
have functional groups, i.e., alcohol, carboxyl, and ketone which interact with metallic
cations. They found values of adsorption on rice husk of 14.4, 10.8, and 7.7 mg/g for Cd, Cu
and Mn, respectively, for an initial concentration of the metal of 2.0 × 10−4 M at pH = 5.5.
Other studies have focused on the conversion of rice husk into biochar for using it as an
adsorbent for organic and inorganic pollutants. Bao (2023), Pellera et al. (2012), and Xu
et al. (2013) found a value of 2.92 and 4.96 mg/g for Cu adsorption on biochar obtained
from rice husk in the pH range 5–6 and an initial concentration of the metal of 0.1 M and
5.0 × 10−3 M [36,49,50].

Considering other types of materials that can be used as adsorbents, summarized in
Table 2, it can be seen that eggshell wastes exhibit a higher capacity for the absorption of
Cd and Cu than rice husk. On the other hand, the total retention capacity of rice husk
towards Cd is greater than that of Na-montmorillonite and comparable to that of wheat
straw and coal fly ash. The total retention capacity of rice husk for Cu is greater than that
of Na–montmorillonite and wheat shell, but smaller than that of the other sorbents. In
general, rice husk was found to have a good total capacity toward all considered metals.

Table 2. Total capacity calculated for Cd, and Cu expressed in mg/g for some materials.

Total Capacity (mg/g) References

Cd Cu

Banana peel 30.7 49.5 [51]
Cashew nutshell 22.11 - [52]

Wheat shell - 0.83 [53]
Wheat straw 14.56 11.43 [54]

Eggshell waste 111.1 142.6 [55]
Coal fly ash 19.98 20.92 [56]

Na–montmorillonite 5.20 3.04 [57]
Rice husk 12 6.6 This work
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3.3. Implementation in Semi-Field Conditions
3.3.1. Effect on Mobility and Reactivity of Heavy Metals in Soil

To investigate the impact of rice husk on the mobility and reactivity of heavy metals
in soil, we utilized a contaminated soil previously characterized by Malandrino et al.
(2011) [28]. The contaminated soil exhibited notable contamination with heavy metals,
surpassing regulatory thresholds established by “DECRETO 1 marzo 2019, n. 46” for
agricultural soils in Italy [58]. Cr concentrations were found to be 3262 mg/kg, greatly
exceeding the threshold limit of 150 mg/kg. Cu was 2777 mg/kg, surpassing the threshold
of 200 mg/kg, while Ni levels reached 624 mg/kg, exceeding the limit of 120 mg/kg. Pb
was also present at a concentration of 687 mg/kg, (threshold of 100 mg/kg), while the Zn
content was 364 mg/kg, just above the threshold of 300 mg/kg.

In this previous work, the distribution of the heavy metals among the fractions ob-
tained by applying Tessier’s protocol to Borgomanero soil was investigated. The results
revealed higher concentrations of metals in the first two fractions in samples from the center
of the site, indicating increased pollution levels. Particularly notable were the elevated
percentages of Cd, Cu, Ni, Pb, and Zn in these fractions, attributable to anthropogenic
sources. The large MgCl2-extractable fraction of these metals was influenced by the low
soil pH. The percentages of metals in the first two fractions were significantly higher in
the contaminated soil (Figure S2) compared to the control soil (Figure S3). Additionally,
most heavy metals were extracted into the third fraction, with Cu being an exception,
primarily found in the fourth fraction due to its complexation with organic matter. Cr
behavior suggested a possible input in the environment as Cr(VI), a more mobile and
toxic form, which could be reduced to Cr(III) in acidic soils, potentially adsorbed onto Fe
oxides. Mn exhibited low extraction percentages in the first four fractions, indicating strong
binding to the soil matrix and natural origin. This differentiation underscores the higher
mobility of anthropogenic elements compared to lithogenic ones, suggesting potential
environmental release under changing soil conditions [43]. The acidic environment found
in this soil can significantly affect metal mobility. In fact, as pH decreases, the solubility of
cationic species increases and H+ ions can compete with cations for binding sites in soil
particles. Another critical factor is the exceptionally high organic matter content (30% w/w)
of the contaminated soil. Repeated flooding from a nearby stream probably caused this
accumulation. The original creek, now diverted, received industrial effluent, including that
from electroplating plants. The high organic matter content can have a complex effect on
metal mobility. On the one hand, organic matter can function as a ligand, immobilizing
metals and reducing their availability. On the other hand, the decomposition of organic
matter can also release complexing agents that can increase metal mobility improving
their solubility also at higher pH values. Furthermore, the soil has a high cation exchange
capacity (CEC) of 31.3 cmol/kg. CEC represents the ability of the soil to hold positively
charged ions, including metals. A high CEC generally means a greater capacity to retain
metals, potentially reducing their mobility and subsequent environmental risks.

As shown in Figure 6, the addition of rice husk as a soil amendment resulted in a
noticeable change in the distribution of heavy metals. A clear decrease in the concentration
of Ni, Zn, and Pb was observed in the mobile fraction, suggesting that they may have been
immobilized by rice husk. In addition to the high sorption capacity, rice husk can increase
soil surface and porosity, further favoring metal retention and decreasing bioavailability
to plant species. In addition, the introduction of rice husk displaced Cr and Cu into the
strongly bound fractions compared to the unamended contaminated soil, likely due to
chelation mechanisms with rice husk components. Finally, rice husk increased soil Mn
mobility, probably due to the presence of Mn in the rice husk or to soil variability.
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Figure 6. Heavy metal percentages extracted into the first four fractions according to Tessier’s
protocol for contaminated soil amended by rice husk.

The Tessier sequential extraction was used to evaluate the availability of metals within
the Borgomanero soil and to predict the uptake propensity of certain metals by plants.
Significant positive correlations were found between the cumulative concentrations of Ni,
Zn, and Pb in the initial two Tessier fractions and their corresponding concentrations in
plant tissues (Ni − R = 0.83, p < 0.01; Zn − R = 0.97, p < 0.01; Pb − R = 0.87, p < 0.01). In
contrast, Cu showed a weak positive correlation (R = 0.17, p > 0.05), suggesting that the
fraction available to plants was not related to the first two Tessier fractions. Interestingly,
there appeared a negative correlation for Mn (R = −0.43, p > 0.05) and no significant
correlation was found for Cr (Cr − R = −0.09, p > 0.05), suggesting that the first two
Tessier fractions may not accurately reflect plant-accessible Mn and Cr species. It is worth
remembering that both metals can be present in soil at different oxidation states, influencing
their mobility and bioavailability. It is possible that the first two Tessier fractions allow
for a less accurate estimate of the pool available to plants for those metals that are mostly
present in the soil in different ionic forms. These observations underscore the necessity
for further research to refine the Tessier protocol or explore alternative methodologies to
effectively measure the bioavailability of Cu, Mn, and Cr in soil.

3.3.2. Effect on Lettuce and Spinach Heavy Metal Uptake

As shown in Table 3, lettuce and spinach plants grown in the heavy metal-contaminated
soil had significantly higher metal concentrations than the control group grown in the
uncontaminated soil. This indicates their ability to absorb and concentrate metals in their
tissues under contaminated conditions. To evaluate the effectiveness of rice husk in de-
creasing the heavy metal uptake by vegetables, we calculated the “reduction efficiency” as
follows: ([Me]C − [Me]RH)/[Me]C × 100. The incorporation of rice husk resulted in a sig-
nificant reduction in heavy metal uptake by plants. In fact, by comparing the plants grown
in the treated soils with the ones grown in the untreated contaminated soil, the reduction in
heavy metal uptake ranged from 40 to 60% for Mn and Zn to almost complete elimination
(close to 100%) for Cr, Cu, Ni, Cd, and Pb. These results are particularly noteworthy for Cr,
Cu, and Ni, since their concentrations in the contaminated soil significantly exceeded the
Italian limits.
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Table 3. Concentrations of heavy metals (mg/kg dry weight) in plants, including data for lettuce and
spinach cultivated in the control soil, in contaminated soil, and in contaminated soil amended with
rice husk.

Plant Metal Control Contaminated Soil
Contaminated Soil + Rice

Husk
Reduction
Efficiency

Lettuce

Cd <0.004 2.85 ± 0.30 0.38 ± 0.02 87%
Cr 0.18 ± 0.047 3094 ± 40 5.93 ± 0.42 100%
Cu 1.94 ± 1.334 3254 ± 215 18.6 ± 15.2 99%
Mn 6.14 ± 0.393 289.2 ± 7.5 171 ± 17 41%
Ni 0.97 ± 0.43 606.5 ± 25.5 68.7 ± 0.64 89%
Pb <0.125 632.9 ± 35.9 2.81 ± 2.05 100%
Zn 26.98 ± 1.064 352.1 ± 0.2 198 ± 28.7 44%

Spinach

Cd <0.004 2.57 ± 0.27 0.97 ± 0.03 74%
Cr 1.327 ± 0.022 3011 ± 77 14.6 ± 3.62 100%
Cu 3.717 ± 0.457 3062 ± 6 109 ± 3.39 98%
Mn 5.844 ± 0.154 304.9 ± 8.3 68.3 ± 7.23 59%
Ni 1.288 ± 0.291 589.1 ± 6.7 63.4 ± 0.43 89%
Pb <0.125 625.7 ± 0.7 5.98 ± 7.52 99%
Zn 136.7 ± 3.117 347.8 ± 0.4 201 ± 26.2 43%

Furthermore, the concentration of Pb, Cd, and Zn in the plants were found to be
below the critical concentration limit for a 10% yield loss of the plant [43,59]. This is very
important because it indicates that the concentration of these heavy metals does not result
in a loss of crop yield. On the other hand, Ni, Cr, and Cu remained at levels of concern;
however, the significant reduction observed compared to the initial highly contaminated
conditions is a promising result. Specifically, the concentration of Cu in lettuce plants
grown in soil amended with rice husk was similar to the baseline values found in the
literature, demonstrating that rice husk may be an effective amendment for reducing Cu
uptake by lettuce, confirming the high capability of the rice husk to retain Cu reported in
the above sections [59].

The assessment of the plant capacity to absorb chemical elements from its growth
medium, as determined by the Bioaccumulation Factor (BAF), showed that for Cd, BAF
values exceeded 10, indicative of a pronounced propensity for accumulation within the
plant, owing to the prevalence of mobile chemical forms that are readily accessible to plant
uptake. In contrast, Zn, Cu, and Pb typically exhibit BAF values ranging between 1 and
0.1, signifying an intermediate level of accumulation within the plant tissue, attributable to
the presence of chemical forms that are only moderately mobile. Meanwhile, Mn, Cr, and
Ni typically display BAF values between 0.1 and 0.01, indicating a comparatively modest
degree of accumulation within the plant, owing to the tendency of these metals to occur in
forms that are relatively immobile and less accessible to plants (Cr and Ni) or present in
large quantities in soils (Mn) [59].

As shown in Figure 7, BAF values were consistently below for plants grown in uncon-
taminated soils. This is likely due to the elevated organic matter content and substantial
cation exchange capacity inherent to the control soil. Only Zn accumulated in spinach,
which suggests an intrinsic predisposition of this plant toward the assimilation and accu-
mulation of Zn. Plants cultivated in contaminated soil matrices typically exhibit BAF values
approaching one, underscoring the accumulator behavior of lettuce and spinach in response
to heightened concentrations and mobility of heavy metals within the soil environment.

The incorporation of rice husk as an amendment significantly reduces BAF values
for most heavy metals. It is noteworthy that BAF values for Zn, Cr, and Ni return to
baseline levels, due to the high immobilization determined by rice husk. Furthermore, BAF
values for Cu, Pb, and Cd are significantly lower than the normal levels of bioaccumu-
lation, indicating the effectiveness of chemical immobilization mechanisms in reducing
the accumulation of these heavy metals in plant tissues [59]. Finally, the reduction in BAF
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values for Mn with the incorporation of rice husk is lower than those of other metals: this
outcome may be explained by the lower affinity of Mn for rice husk, as explained in the
previous sections of this study.

Figure 7. Bioaccumulation factors (BAFs) of heavy metals by plants, including data for lettuce and
spinach cultivated under various conditions: in uncontaminated soil (LNC for lettuce, SNC for
spinach), in contaminated soil (LC for lettuce, SC for spinach), and in contaminated soil amended
with rice husk (LRH for lettuce, SRH for spinach).

4. Conclusions

Rice husk has proven to be an efficient matrix in removing metal ions from aqueous
solutions. Its retention depends on solution pH, buffer concentration, and the particle
size of the rice husk. The highest retention efficiency was achieved with an intermediate
rice husk particle size (90–300 μm), 1.0 × 10−2 M buffer concentration, and pH > 5.5.
Organic acids that act as ligands may control the interaction of metals with the rice husk,
depending on their nature and complex constants. In particular, this study quantitatively
demonstrated that rice husk exhibits retention capacities of up to 100% for Cu, 64% for
Cd, and 18% for Mn. This makes rice husk a promising and sustainable material for the
amendment of contaminated soils, due also to its availability in massive quantities and at
low cost.

The decrease in plant heavy metal uptake observed after rice husk application high-
lights its potential as a viable solution for mitigating metal pollution and safeguarding food
safety. The pot experiments showed reductions in heavy metal uptake by Lactuca sativa
and Spinacia oleracea of 40–60% for Mn and Zn, and nearly complete immobilization (up to
100%) of Cd, Cu, and Pb. Additionally, the modification of heavy metal distribution within
soil fractions after amendment addition emphasizes the transformative role of rice husk in
immobilizing metals and reducing their bioavailability. When compared with other com-
mon remediation media such as activated carbon or chemically treated biochar, rice husk
offers a simpler, cost-effective alternative that is especially suitable for areas with significant
agricultural production of rice, where this byproduct is abundant. However, it is important
to note that while the rice husk was highly effective in immobilizing Cd, Cu, and Pb, its
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efficiency in reducing Mn mobility was lower, indicating a potential limitation for soils
heavily contaminated with Mn. Additionally, although the pH-dependent nature of metal
retention suggests broad applicability in soils with acidic to neutral pH, its performance
in alkaline soils or soils with high organic matter content requires further investigation.
However, further research is needed to refine remediation strategies and accurately predict
metal bioavailability. Future studies should focus on long-term field trials to assess the
durability of rice husk’s immobilization capacity under varying environmental conditions,
such as rainfall, temperature fluctuations, and soil microbial activity. In conclusion, the
chemical stabilization by rice husk evidenced in this study demonstrated to be a simple
and cost-effective remediation technique that allows for the reduction in heavy metal
assimilation from contaminated soils by edible plants and holds promise for sustainable
agricultural practices applicable in urban and peri-urban soils.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics12110790/s1, Table S1: Wavelengths chosen of the analytes
determined and the limit of detections (LOD, μg/L); Table S2: Characteristics of the contaminated soil
of Borgomanero and control soil; Table S3: Concentrations with standard deviation of the analytes
determined in the rice husk, expressed in mg/kg; Table S4: Percentage of the formation of the species
with the different ligands for Cu, Cd, and Mn, calculated by the software PyES. For each experiment
the concentration of the metal is 1.0 × 10−4 M, the concentration of the ligand 3.0 × 10−4 M, and the
concentration of the buffer acetate 1.0 × 10−2 M; Table S5: Equilibrium constants of the considered
ligands [60–62]; Table S6: ANOVA table for each metal and its significance between the groups;
Figure S1: A map of the location of the soils contaminated: on the top, the position of the site
in the European continent; on the bottom, the position of the site in the Italian region; Figure S2:
Heavy metal percentages extracted into the first four fractions according to Tessier’s protocol for
contaminated soil; Figure S3: Heavy metal percentages extracted into the first four fractions according
to Tessier’s protocol for non-contaminated soil.

Author Contributions: Writing—original draft: R.C. and A.D.; writing—review and editing: R.C.,
A.D., A.G., O.A., P.I., L.F., S.B., S.C., L.C. and M.M.; conceptualization: M.M.; methodology: M.M.
and L.C.; validation: M.M., L.C. and S.B.; formal Analysis: R.C. and A.D.; investigation: R.C. and
A.D.; resources: M.M., L.C., A.G. and O.A.; funding acquisition: M.M. and L.C.; supervision: M.M.
and L.C.; project administration: M.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was carried out within the Agritech National Research Center and received
funding from the European Union Next-GenerationEU (PIANO NAZIONALE DI RIPRESA E RE-
SILIENZA (PNRR)—MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4—D.D. 1032 17/06/2022,
CN00000022). This manuscript reflects only the authors’ views and opinions; neither the European
Union nor the European Commission can be considered responsible for them.

Data Availability Statement: Data will be made available on request.

Acknowledgments: The authors want to thank Simone Centoz and Thangaraja Chinnathangavel for
their help in the sample preparation and analysis.

Conflicts of Interest: The authors declare no conflicts of interest. The founders had no role in
the design of the study; in the collection; analysis or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References

1. Kiran, B.R.; Prasad, M.N.V. Rice husk and wood derived charcoal for remediation of metal contaminated soil. In Handbook of
Assisted and Amendment: Enhanced Sustainable Remediation Technology; John Wiley & Sons: Hoboken, NJ, USA, 2021; pp. 235–266,
ISBN 978-1-119-67039-1.

2. Laidlaw, M.A.S.; Filippelli, G.M.; Brown, S.; Paz-Ferreiro, J.; Reichman, S.M.; Netherway, P.; Truskewycz, A.; Ball, A.S.; Mielke,
H.W. Case Studies and Evidence-Based Approaches to Addressing Urban Soil Lead Contamination. Appl. Geochem. 2017, 83,
14–30. [CrossRef]

3. Pavel, L.V.; Gavrilescu, M. Overview of Ex Situ Decontamination Techniques for Soil Cleanup. Environ. Eng. Manag. J. 2008, 7,
815–834. [CrossRef]

86



Toxics 2024, 12, 790

4. Gupta, U.C.; Gupta, S.C. Trace Element Toxicity Relationships to Crop Production and Livestock and Human Health: Implications
for Management. Commun. Soil Sci. Plant Anal. 1998, 29, 1491–1522. [CrossRef]

5. Sarker, A.; Masud, M.A.A.; Deepo, D.M.; Das, K.; Nandi, R.; Ansary, M.W.R.; Islam, A.R.M.T.; Islam, T. Biological and Green
Remediation of Heavy Metal Contaminated Water and Soils: A State-of-the-Art Review. Chemosphere 2023, 332, 138861. [CrossRef]

6. Shahid, M.; Dumat, C.; Khalid, S.; Schreck, E.; Xiong, T.; Niazi, N.K. Foliar Heavy Metal Uptake, Toxicity and Detoxification in
Plants: A Comparison of Foliar and Root Metal Uptake. J. Hazard. Mater. 2017, 325, 36–58. [CrossRef]

7. Gurdon, L.; Esmahi, L.; Amponsah, N.Y.; Wang, J. Life Cycle Cost Analysis of Contaminated Site Remediation Using Information
Technology Tools. Environ. Dev. Sustain. 2021, 23, 10173–10193. [CrossRef]

8. Cai, M.; McBride, M.B.; Li, K.; Li, Z. Bioaccessibility of As and Pb in Orchard and Urban Soils Amended with Phosphate, Fe
Oxide and Organic Matter. Chemosphere 2017, 173, 153–159. [CrossRef]

9. El Rasafi, T.; Haouas, A.; Tallou, A.; Chakouri, M.; Aallam, Y.; El Moukhtari, A.; Hamamouch, N.; Hamdali, H.; Oukarroum, A.;
Farissi, M.; et al. Recent Progress on Emerging Technologies for Trace Elements-Contaminated Soil Remediation. Chemosphere
2023, 341, 140121. [CrossRef]
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Abstract: Industrial hemp is a crop with a high tolerance and accumulation of lead (Pb).
Improving the Pb tolerance and accumulation capacity of industrial hemp is of great
scientific and practical importance. This study utilized a pot with soil contaminated with
Pb to investigate the differences in Pb tolerance between two industrial hemp varieties,
Yunma1 (YM) and Shaanxi Industrial Hemp (SM), under Pb stress. The results indicated
that Pb mainly accumulates in the roots of YM and SM (70–80%), with YM having a higher
Pb accumulation than SM. It is worth nothing that under high Pb concentration conditions
(5000 mg/kg), the Pb accumulation capacity of YM is twice that of SM. Accumulation
characteristics of Pb in different plant tissues followed the pattern: roots > stems > leaves >
fibers > seeds. In YM, approximately 70% of the absorbed Pb was fixed in the roots and
30% was transported to the above-ground parts. In contrast, SM transported more than
50% of absorbed Pb by roots to the above-ground areas, causing some degree of damage to
stems and leaves. Even when Pb concentrations exceed 4000 mg/kg, YM exhibits strong
tolerance (tolerance index greater than 90%), with normal growth and no signs of toxicity.
However, SM showed a tolerance level of < 50% at high Pb concentrations, with significant
heavy metal toxicity symptoms in the above-ground areas. These results provide important
information for the remediation of Pb contaminated soils in mining areas.

Keywords: industrial hemp; lead (Pb); tolerance differences; lead accumulation

1. Introduction

In many terrestrial and aquatic ecosystems, the issue of heavy metal stress has become
a major global concern. Due to the heavy metal accumulation, extensive industrialization
in the recent past has been shown to have negative effects on agricultural productivity and
soil quality [1]. Heavy metal, like lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As),
chromium (Cr), and nickel (Ni), have harmful effects on agricultural ecosystems. Due to
their non-biodegradable features, they become a threat factor for human health and soil
ecosystems [2,3]. Lead, as a heavy metal element typically toxic to plants, enters animal and
plant systems through atmospheric deposition and soil absorption [3–6]. In plants, lead
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absorption disrupts critical physiological processes such as seed germination, root growth,
and chlorophyll synthesis [7,8]. For instance, Pb was absorbed by the roots of hemp, and
accumulated in the grains of the rice [9,10]. Pb lowers the photosynthetic rate of plants by
damaging chloroplast ultrastructure, reducing chlorophyll production, blocking electron
transport, and suppressing Calvin cycle enzyme activity [11]. Pb stress interferes with
the plant’s normal physiological processes. It suppresses enzyme activity, water balance,
mineral nutrition, photosynthesis, and may lead to cell death [12]. However, the extent of
lead accumulation, tolerance, and inhibition varies between plant species and even among
varieties of the same species.

Cannabis sativa L. is an annual herbaceous plant of the Cannabaceae family, tradition-
ally cultivated as an economic crop [13]. It is widely used in industrial, agricultural, and
pharmaceutical sectors. Industrial hemp, a genetically improved variant with tetrahy-
drocannabinol (THC) levels below 0.3%, is distinguished by its short growth cycle, high
biomass production, robust root system, adaptability, and ability to accumulate various
heavy metals [9,14]. These characteristics not only confer high economic value but also
highlight its significant potential for remediating heavy metal-contaminated soils [15].

The taproot of industrial hemp absorbs a large amount of non-nutrient elements
from the soil during growth [16–18]. For example, studies by Golia et al. and Xu et al.
demonstrated the strong Pb accumulation capacity of industrial hemp, making it uniquely
advantageous for remediating heavy metal-contaminated soils [19,20]. Differences in Pb
accumulation traits and tolerance mechanisms among various industrial hemp cultivars
have not, however, been thoroughly studied.

Industrial hemp is widely recognized as an excellent potential crop for the remediation
of heavy metal contaminated soils. However, previous studies have focused primarily on
on-site remediation of field contamination. For example, Luyckx et al. (2022) replaced
industrial hemp with bioenergy in lead-contaminated farmland in northern France by
growing crops and spraying silicon on the pages to increase the heavy metal content of the
crops and to improve and maintain the mechanical properties of the fibers [21]. Flajšman
et al. (2023) investigated the uptake of heavy metals, such as Pb, by two industrial hemp
varieties in areas with different levels of contamination, and found that the plant uptake of
lead was highest in heavily contaminated soils [22]. The soils in these studies contained
multiple heavy metals at the same time, and the natural environment was subject to a
variety of uncontrollable factors that affected the experimental results. In view of this, this
study focuses on two industrial hemp varieties with differing Pb tolerance levels. These
two varieties originate from southern (YM) and northern (SM) part of China. This study
examines the impact of Pb on the growth of these two species using pot experiments with
artificially administered Pb to resemble natural environmental Pb stress. The study also
looks at how different plant components absorb and accumulate Pb. Investigating the
mechanisms of industrial hemp’s tolerance to Pb stress and providing theoretical insights
into its safe application in Pb-affected farmlands, soil restoration, and environmental
enhancement are the objectives.

2. Materials and Methods

2.1. Experimental Materials

Two industrial hemp materials were used to study differences in Pb tolerance: Yunma
1 (YM), a Pb-tolerant, high-biomass, late-maturing variety bred by the Economic Crops
Research Institute of the Yunnan Academy of Agricultural Sciences, and Shaanxi Industrial
Hemp ym478 (SM), a Pb-sensitive, low-biomass, early-maturing variety. The test soil is
red loam, derived from the cultivated layer (0–20 cm) at the experimental base of the
Industrial Crops Research Institute of Yunnan Academy of Agricultural Sciences, Panlong
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District, Kunming City, Yunnan Province, China. The physicochemical properties of soil are
presented by Inductively Coupled Plasma Mass Spectrometry (ICAP RQ, Thermo Fisher
Scientific, Waltham, MA, USA) (Table 1).

Table 1. Physical and chemical properties of the tested soil.

pH
Organic
Matter
(g/kg)

Total
Nitrogen

(N, %)

Total
Phosphorus

(P, %)

Total
Potassium

(K, %)

Hydrolyzable
Nitrogen

Available
Phosphorus

Available
Potassium

Total Lead

(N, mg/kg) (P, mg/kg) (K, mg/kg) (Pb, mg/kg)

6.69 97.5 0.392 0.213 0.176 263 27.6 642 65.03

2.2. Experimental Design

The pot experiment was carried out in the greenhouse of the Industrial Crops Research
Institute of Yunnan Academy of Agricultural Sciences. Analytical grade Pb (NO3)2 was
used as the treatment agent. Seven Pb2+ concentration levels were established, correspond-
ing to soil Pb concentrations of 0 (65), 500 (647), 1000 (1468), 2000 (2497), 3000 (3275), 4000
(4861), and 5000 (5676) mg/kg. There were three “replicated“ treatments. Each copy was
a pot with a diameter of 50 cm, a height of 30 cm, and contained 21 kg of soil. After the
addition of Pb, the soil was equilibrated for 15 days by 3 saturation cycles with distilled
water and dry air. pot was given 2.35 g Potassium, 6.18 g Superphosphate, and 3.82 g Urea
Sulfate as the base fertilizer. 20 seeds were sowed in each pot and 5 seedlings were kept
after germination. After sowing, they were watered once a week, using 5 L of tap water per
pot. Industrial hemp is grown at 18–25◦ with 13 h of sunlight in the day and 75% relative
humidity. When the industrial hemp grows to the 3–4 pairs of true leaves stage, each pot is
given 10 g of urea as a follow-up fertilizer. YM and SM plants reached seed maturity at
180 and 150 days, respectively. Plants were hand-harvested whole, dried naturally. Five
plants per pot were sampled for traits, biomass, and metal content. All measurements
were repeated three times. The roots of harvested plant samples were washed three times
with tap water, then three to four times with distilled water, and finally vacuumed with
absorbent paper. Each sample was re-watered to avoid cross-contamination of roots, stems,
and leaves with soil.

2.3. Experimental Methods
2.3.1. Measurement of Agronomic Traits and Biomass of Two Industrial Hemp Varieties

A vernier caliper was used to measure stem diameter at harvest, and a measuring tape
was used to measure plant height and root length. The biomass of the various plant parts
was ascertained by measuring the dry weights of roots, stems, leaves, seeds, and fibers
after the harvested plants were allowed to air dry naturally.

2.3.2. Determination of Pb Content in Samples

The dried plant samples were quenched at 105 ◦C for 0.5 h and dried in an oven at
70 ◦C to a constant weight, ground in an agate mortar with liquid nitrogen, and passed
through a 0.42 mm sieve. They were weighed at approximately 0.2–0.5 g (accurate to
0.0001 g) with an electronic balance, then 5–10 mL of 68% nitric acid was added, they were
covered and left for 1 h or overnight, according to the microwave digestion instrument
(GB 5009.268-2016 National Standard for Food Safety Determination of Multi-Elements in
Food Table B.1) operation. After cooling, ultrapure water of a volume up to 25 mL was
used, then a blank test was performed.

ICP-MS (ICAP RQ, Thermo Fisher Scientific, Waltham, MA, USA) inductively cou-
pled plasma mass spectrometry (GB-5009.268-2016 National Standard for Food Safety
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Determination of Multiple Elements in Foods First Method) was used to determine the
lead content.

2.3.3. Calculation of Accumulation and Tolerance Capacity in Industrial Hemp

The bioconcentration factor (BCF), which measures how well plants absorb heavy
metals, was used to evaluate the plants’ ability to accumulate heavy metals. It was found
that the plant’s capacity to absorb heavy metals was directly proportional to their biocon-
centration factor (BCF) values [23,24]. The effectiveness of moving heavy metals from the
roots to the above-ground organs is gauged by the translocation factor (TF), whose value
shows how the metals are distributed and accumulate inside the plant.

The tolerance index (TI) is a key indicator of a plant’s resistance to heavy metals,
directly reflecting plant physiological adaptation to heavy metal stress. According to Lux
et al., plants can be classified into three categories based on their TI values: highly tolerant
(TI > 60%), moderately tolerant (35% ≤ TI ≤ 60%), and sensitive (TI < 35%) [25]. It is further
noted that when plant biomass is reduced to 50% of the control group (i.e., TI = 50%),
this can be considered the toxicity threshold for heavy metals, marking the critical point
at which a plant transitions from tolerance to sensitivity [26]. Bioconcentration factor
(BCF) = heavy metal content in a specific plant organ/heavy metal content in rhizosphere
soil, translocation factor (TF) = heavy metal content in a specific plant organ/heavy metal
content in the transport organ of the plant, and tolerance index (TI) = (Biomass of industrial
hemp under Pb treatment/Biomass of control group industrial hemp) × 100%.

2.4. Data Statistical Analysis

SPSS 20.0 was used to analyze the experimental data, and GraphPad Prism 8 was used
to visualize the results.

3. Results

3.1. The Effect of Pb Stress on Agronomic Traits of Industrial Hemp

The normal growth of plants can be indicated by their agronomic characteristics. In
Pb-contaminated soils, the most directly impacted part is the root system, and root length,
to some extent, reflects the development, growth, and metabolic status of the root system.
After Pb is absorbed by roots, it will affect the plant’s height and stem diameter; therefore,
plant height, stem diameter, and root length are key indicators of the growth vigor of
industrial hemp.

The effects of Pb stress on the growth of the two industrial hemp varieties are shown
in Table 2. With an increase in Pb concentration, the plant height, stem diameter, and root
length of both varieties initially increased and then decreased. Low concentrations of Pb
exhibited a growth-promoting effect, whereas higher concentrations had an inhibitory effect
on plant height and stem diameter. For YM, plants demonstrated strong growth within
a Pb concentration range of 0–4000 mg/kg. However, when the concentration increased
to 5000 mg/kg, plant growth was moderately inhibited. Despite this, the overall growth
process continued to be normal. Compared to the control group, plant height decreased by
roughly 15–17 cm, with notable changes seen as relative to other treatments. In addition,
both stem diameter and root length decreased. At the seed maturity stage, no symptoms of
heavy metal toxicity or plant death were observed, indicating that YM exhibited strong
self-repair capacity. SM, the plant height, stem diameter, and root length followed a similar
trend of initially increasing and then decreasing with increasing Pb concentration, peaking
at a Pb concentration of 1000 mg/kg. When the Pb concentration reached 4000 mg/kg, these
growth parameters were significantly inhibited, showing notable differences compared to
the control group (CK). At a Pb dose of 5000 mg/kg, the height, stem diameter, and root
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length of SM decreased by 12.16%, 13.99%, and 13.01%, respectively. Compared with SM,
YM has superior resistance to Pb stress.

Table 2. Agronomic traits of different hemp cultivars under Pb stress.

Varieties
Pb

(mg/kg)
Plant Height

(cm)
Stem Diameter

(mm)
Root Length

(cm)

YM

0 310.3 ± 2.1 b 10.2 ± 0.2 b 28.3 ± 0.5 a
500 328.3 ± 5.9 a 12.5 ± 0.4 a 28.7 ± 0.6 a

1000 308.1 ± 4.2 bc 10.0 ± 0.1 bcd 27.3 ± 0.3 b
2000 303.2 ± 2.0 cd 10.3 ± 0.7 bc 26.6 ± 0.3 b
3000 302.0 ± 3.0 d 9.7 ± 0.3 cd 25.8 ± 0.2 c
4000 295.7 ± 4.0 e 9.5 ± 0.5 d 25.6 ± 0.5 c
5000 293.0 ± 3.0 e 9.4 ± 0.5 d 22.9 ± 0.3 d

SM

0 148.7 ± 6.1 ab 6.8 ± 0.3 b 14.0 ± 0.5 ab
500 149.7 ± 4.8 ab 7.0 ± 0.1 b 14.3 ± 0.5 ab

1000 155.5 ± 5.3 a 7.6 ± 0.2 a 14.6 ± 0.4 a
2000 147.1 ± 7.4 ab 6.7 ± 0.2 b 13.8 ± 0.4 b
3000 145.9 ± 5.0 ab 6.8 ± 0.1 b 13.8 ± 0.3 b
4000 135.5 ± 3.6 c 6.2 ± 0.2 c 12.6 ± 0.1 c
5000 130.7 ± 4.4 c 5.8 ± 0.2 c 12.2 ± 0.5 c

Note: Data in the table are mean ± standard, different lowercase letters indicate significant differences between
different concentrations (p < 0.05).

3.2. Effects of Different Pb Concentrations on the Biomass of Industrial Hemp Organs

The inhibitory effects of Pb stress on the biomass of different industrial hemp organs
varied with Pb concentrations (Figure 1). At a low Pb concentration (500 mg/kg), the
biomass of YM and SM organs was slightly higher than that of the control group, indicating
that low Pb concentrations may have a stimulating impact on industrial hemp development
of industrial hemp. With increase in Pb concentration, the biomass of industrial hemp
organs demonstrated a decreasing tendency, which was significantly different from the
control group.

For root biomass (Figure 1A) in the Pb concentration range of 500–1000 mg/kg, there
was no significant difference between the two varieties and the control group. As the Pb
content increased, the root biomass of both types gradually decreased. At Pb concentrations
of 2000–4000 mg/kg for YM and 2000–3000 mg/kg for SM, significant differences (p < 0.05)
were observed in root biomass compared to the control. However, the downward trend
was not dramatic. However, under Pb stress at 5000 mg/kg for YM and 4000 mg/kg for SM,
root growth was significantly inhibited. At these concentrations, root biomass decreased
by 21.56% for YM and 17.47% for SM compared to control. The root biomass of YM was
more than twice that of SM.

For stem and leaf biomass (Figure 1B,C), as the Pb concentration of the stems increased
from 500 to 4000 mg/kg, YM biomass showed a statistically significant downward trend
(p < 0.05), although the reduction was not significant. At a concentration of 5000 mg/kg,
stem biomass was significantly impacted, showing a reduction of 16.45% compared to the
control group. In SM, stem biomass showed no significant variation from control at Pb
doses ranging from 500 to 2000 mg/kg. At concentrations above 3000 mg/kg, significant
differences (p < 0.05) were observed compared to control. For leaves, low Pb concentrations
(500–1000 mg/kg) did not significantly affect biomass compared to the control. At doses
above 2000 mg/kg, Pb significantly impeded leaf growth, affecting biomass accumulation.
At 5000 mg/kg, leaf biomass decreased by 44.67% relative to control, presumably due to
Pb-induced cellular damage, which compromised photosynthetic efficiency. For fiber and
seed biomass (Figure 1D,E), Pb stress had different effects on the accumulation of fiber
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and seed dry matter in YM and SM, especially at high Pb concentrations (5000 mg/kg).
Compared with the control, the biomass of YM fibers and seeds decreased by 11.3% and
25.0%, respectively, but SM showed reductions of 31.1% and 31.7%, indicating a substantial
inhibition of SM fibers and seeds. Compared to SM, YM showed greater resilience under
elevated Pb stress. This was evident from its reduced biomass reduction across multiple
organs, especially roots, fibers, and seeds.

Figure 1. Biomass of different cultivars under Pb stress. (A): Comparison of root biomass;
(B): Comparison of stem biomass; (C): Comparison of leaf biomass; (D): Comparison of fiber biomass;
(E): Comparison of seed biomass. Data in the figure are mean ± standard, different lowercase letters
indicate significant differences between different concentrations (p < 0.05).

3.3. Accumulation Characteristics of Pb in Two Industrial Hemp Varieties

As the Pb treatment concentration increased, the Pb content in all plant organs also
increased, although the rate of increase varied significantly, with roots showing a much
greater increase than other organs (Figure 2). Pb accumulation in different organs followed
the pattern: roots > stems > leaves ≈ fibers > seeds. Lead was mainly contained in roots,
followed by stems, leaves, and fibers, with the least amount found in seeds. However, the
deposition of Pb varied significantly between the two materials. In YM, the concentration
of Pb in roots was 1–20 times greater than in stems, leaves, and fibers, and 5–70 times
higher than in seeds. In SM, when Pb concentration increased, Pb accumulation in roots
progressively migrated to aerial organs, leading to elevated Pb levels in stems, leaves,
and fibers. In SM, the Pb concentration in roots was only 0.17–0.43 times than that in
stems, 1–10 times than that in leaves and fibers, and 8–170 times than that in seeds. In
both materials, the lead level in the seeds was minimal; even at a lead concentration of
5000 mg/kg, the lead content in the seeds did not exceed 10 mg/kg. At soil Pb values below

95



Toxics 2025, 13, 90

2000 mg/kg, no significant variation in root Pb content was observed between YM and
SM. However, when the concentration exceeded 3000 mg/kg, the Pb level in YM roots was
significantly higher than in SM roots. At a dose of 5000 mg/kg, the lead content in YM roots
was approximately twice that of SM roots, measuring 414.33 mg/kg and 242.70 mg/kg,
respectively (Figure 2A). Figure 2B–D illustrate that at low Pb concentrations (0–500 mg/kg),
Pb levels in stems, leaves, and fibers of both materials showed no significant differences.
At values of 1000 mg/kg and above, the Pb content in YM was lower than that in SM. At
5000 mg/kg, Pb levels in the SM stems, leaves, and fibers were 1.34, 1.06, and 1.96 times
higher than YM, respectively. In seeds (Figure 2E), the Pb concentration in both YM and SM
was minimal (<10 mg/kg), although the Pb concentration in YM was significantly higher
than in SM.

Figure 2. Pb content in different organs of two industrial hemp varieties under Pb stress (mg/kg).
(A): Comparison of Pb content in roots; (B): Comparison of Pb content in stems; (C): Comparison of
Pb content in leaves; (D): Comparison of Pb content in seeds; (E): Comparison of Pb content in fibers.
Different lowercase letters represent significant differences in different concentrations (p < 0.05).

3.4. Effects of Pb Stress on the Accumulation Capacity of Different Parts of the Two Industrial
Hemp Varieties

As shown in Figure 3, significant differences were observed in bioconcentration
factors (BCFs) for roots, stems, leaves, fibers, and seeds of the two industrial hemp varieties.
BCFs in roots were consistently higher than those in other organs. For both YM and SM,
root BCFs decreased gradually as Pb concentration increased, with significant differences
observed between treatments (p < 0.05). YM root BCF was higher than SM, especially at Pb
concentrations of 0 mg/kg and 5000 mg/kg, where YM root BCF was 2.99 and 1.71 times
that of SM, respectively.
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Figure 3. Bioconcentration factor of Pb from different organs in two industrial hemp varieties.
(A): Root bioconcentration factor; (B): Stem bioconcentration factor; (C): Leaf bioconcentration factor;
(D): Seed bioconcentration factor; (E): Fiber bioconcentration factor. Different lowercase letters
represent significant differences in different concentrations (p < 0.05).

Figure 3B–D illustrate that BCFs in stems, leaves, and fibers for both YM and SM
decreased to different extents as Pb concentration increased, with statistically significant
differences between treatments (p < 0.05). In contrast to roots, YM BCFs in stems, leaves,
and fibers were inferior to SM, except for the control group. Figure 3E shows that bioaccu-
mulation factors (BCFs) for seeds in both YM and SM were low (BCF < 0.03). However,
YM seed BCF was significantly higher than SM seed. While Pb mainly accumulated in
the roots of both types, their bioconcentration capacities significantly. YM exhibited the
ability to absorb significant amounts of Pb and withstand elevated Pb concentrations
(5000 mg/kg). The bioconcentration capacity of SM decreased dramatically at a Pb concen-
tration of 5000 mg/kg. YM showed significantly greater bioconcentration capacity in roots
and seeds compared to SM, but SM exhibited superior BCFs in stems, leaves, and fibers
compared to YM.

3.5. Effects of Pb Stress on the Translocation Ability of Different Parts of Two Industrial
Hemp Varieties

Figure 4 demonstrates that Pb transfer coefficients (TFs) for stems, leaves, fibers, and
seeds in both types of industrial hemp decreased progressively with elevated Pb concentra-
tions, with significant variations seen between treatments (p < 0.05). Transcription factors
for SM stems (excluding the control group) and leaves were elevated compared to YM
(Figure 4A,B). This suggests that SM has a superior ability to translocate Pb from roots
to aerial stems and leaves compared to YM. This may explain why SM leaves exhibited
chlorosis and biomass loss at a Pb concentration of 4000 mg/kg, indicative of toxic symp-
toms. TFs for both YM and SM fibers decreased gradually as Pb concentration increased,
with significant differences between treatments (p < 0.05). Although TFs for both vari-
eties were generally low (TF < 0.6), TF for fibers were significantly lower than SM fibers
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(Figure 4C). This suggests that a large amount of Pb transferred from the roots to stems in
SM accumulated in bast fibers, causing severe damage to stem tissue.

Figure 4. Translational factors of Pb form different organs in two industrial hemp varieties. (A): Stem
translocation factor; (B): Leaf translocation factor; (C): Fiber translocation factor; (D): Seed transloca-
tion factor. Different lowercase letters represent significant differences in different concentrations
(p < 0.05).

Correspondingly, seed transfer factors for both YM and SM decreased as Pb levels
increased with significant differences between treatments (p < 0.05). Transcription factors
(TFs) for seeds in both types were low (TF < 0.2), although YM exhibited significantly
stronger TFs in seeds than SM (Figure 4D). In summary, SM exhibited a significantly
superior ability to translocate Pb to stem, leaf, and fiber relative to YM, which likely
resulted in increased damage observed in SM under elevated Pb stress. In contrast, YM
had a superior ability to transfer Pb to seed relative to SM.

3.6. Comparison of Pb Tolerance Indices in Two Industrial Hemp Varieties

As the concentration of Pb increased, the root tolerance index (TI) initially increased
and then decreased, with variations between the two varieties (Figure 5A). At a low Pb
concentration (500 mg/kg), there was little difference in YM and SM root TIs, and both
were higher than the control. Between 1000 and 3000 mg/kg, the TI for YM roots was lower
than for SM. At concentrations of 4000–5000 mg/kg, both varieties exhibited root TIs above
60%, with YM showing slightly higher TIs than SM. This indicates that the roots of both
varieties have a high tolerance to heavy metal Pb.
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Figure 5. Tolerance index in different organs of two industrial hemp varieties under Pb stress.
(A): Comparison of root tolerance index; (B): Comparison of stem tolerance index; (C): Comparison
of leaf tolerance index; (D): Comparison of seed tolerance index; (E): Comparison of fiber tolerance
index. The error line in the figure represents the mean ± standard.

For stems, the TI for YM was higher than the control at a low Pb concentration
(500 mg/kg). As the concentration of Pb increased, TI gradually decreased, although the
decrease was small, and TI remained above 60% across all concentrations (Figure 5B). In
SM, stem TI increased as Pb concentration increased to 2000 mg/kg but began to decrease
at concentrations above 2000 mg/kg. At 4000–5000 mg/kg, TI decreased to its lowest level
and below YM, indicating that SM stems have a lower tolerance to Pb in high concentration
environments compared to YM.

For leaves, YM showed a slow increase in TI as Pb concentration rose to 3000 mg/kg.
At doses of 4000–5000 mg/kg, TI showed only a marginal decline, maintaining above 90%
even at 5000 mg/kg, indicating significant Pb tolerance in YM leaves (Figure 5C). TI for SM
leaves was below 50% at 5000 mg/kg. Wang et al. [26] indicates that a toxicity index of 50%
serves as the threshold for heavy metal toxicity in plants. At a concentration of 5000 mg/kg,
SM leaves showed a 50% decrease in biomass, indicating that the soil lead toxicity threshold
for SM leaves is 5000 mg/kg. For seeds and fibers, YM showed higher TIs than control
at a low Pb dose (500 mg/kg). As Pb concentration increased, TIs gradually decreased
but remained above 60% at all concentrations (Figure 5D,E). However, the tolerance index
for SM seeds at 5000 mg/kg was lower than that for YM seeds, suggesting that YM seeds
exhibit more tolerance to Pb than SM seeds.

Overall, YM showed significant tolerance to Pb, with translocation indices for roots,
stems, leaves, seeds, and fibers consistently exceeded 60% at all concentrations. In SM, TIs
surpassed 60% at low Pb concentrations but decreased significantly in high Pb conditions.
Notably, SM leaves showed a 50% TI at 5000 mg/kg, confirming the soil Pb toxicity
threshold for SM leaves to be 5000 mg/kg. YM consistently shows superior tolerance to Pb
in all plant organs relative to SM.
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4. Discussion

4.1. Differences in Pb Tolerance Response Between Two Industrial Hemp Materials

Depending on the plant species and the specific organs involved, different plants have
different capacities for absorbing and accumulating heavy metals [27–35]. For example,
plants such as ramie, pepperwood, paper mulberry, and black nightshade mainly fix Pb
in their roots, limiting their transport to parts above ground. This reduces damage to
photosynthetic tissues and respiratory systems in above-ground organs, thereby enhancing
Pb tolerance [36,37].

Pb is mostly accumulated in the roots of SM and YM cultivars in our investigation.
Nevertheless, significant variations in Pb accumulation were noted between the two types.
The Pb concentration in YM roots was twice that of SM roots under heavy Pb stress
(>4000 mg/kg). YM showed that it could withstand elevated Pb concentrations and
continue to grow normally under such circumstances. On the other hand, SM showed
severe signs of heavy metal toxicity, including leaf chlorosis, poor seed development,
hollow seeds, and premature aging, at comparable high Pb stress levels. The differences
can be explained by the fact that YM retains a significant amount of lead (about 70%)
in its roots, while only a small part (about 20%) is transferred to organs above ground.
Pb-tolerant industrial hemp uses this retention mechanism as one of its methods to reduce
heavy metal stress [38–40]. In contrast, SM caused high Pb concentrations in stems, leaves,
and fibers by moving a large amount of Pb absorbed by the roots (>50%) to above-ground
areas. SM may have a reduced tolerance to Pb due to the damage to terrestrial organs
caused by this excessive accumulation, resulting in signs of Pb contamination. Although
the bioconcentration factors (BCFs) and translocation factors (TFs) of both varieties did
not meet the criteria for hyperaccumulator plants as proposed by Baker and Brooks [41]
(BCF and TF > 1, Pb concentration in above-ground areas >1000 mg/kg, and no impact on
normal plant growth under heavy metal stress), industrial hemp exhibited high biomass.
In addition, YM showed no apparent signs of Pb toxicity under high Pb stress and showed
higher tolerance and accumulation capacity than SM. Depending on local conditions,
industrial hemp materials can be used selectively for the restoration of Pb contaminated
soils in mining sites because of the different Pb accumulation and translocation capacities
of both types.

4.2. Differences in Lead Tolerance Between Two Industrial Hemp Varieties

Plants’ ability to acquire metals is only one aspect of their tolerance to heavy metals;
another is their ability to continue growing normally in the face of heavy metal stress. As a
key determinant of typical plant growth, biomass fully captures a plant’s ability to store
and use resources and energy [42,43]. According to Kandziora-Ciupa et al. [44], biomass
allocation is a plant’s method of balancing reproduction and survival while adjusting to its
external environment. Increased biomass leads to a higher accumulation of heavy metals
at constant concentrations. However, plant growth and development are impeded when
heavy metals accumulate above a certain threshold. Arthur et al. [45] classified crops into
high, medium, and low accumulators based on heavy metal accumulation levels. In this
study, significant differences were observed between YM and SM in morphology, biomass,
and tolerance to Pb stress.

1. Morphological differences: Plant height, stem diameter, and root length were some-
what suppressed in YM at Pb concentrations of 4000–5000 mg/kg, but no contamina-
tion symptoms were observed. In contrast, SM exhibited severe toxicity symptoms,
including leaf chlorosis, poor seed development, hollow seeds, and premature aging.
This phenomenon of “low promotion, high inhibition” under Pb stress is consistent
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with findings in other plants, such as Sedum alfredii, where low Pb concentrations
promote growth while high concentrations inhibit growth [46,47].

2. Biomass differences: YM biomass was more than 2.5 times larger than SM biomass.
When soil Pb concentration was less than 1000 mg/kg, industrial hemp growth
was promoted, with higher root and leaf biomass compared to the control group.
However, biomass accumulation and plant development were inhibited at elevated
Pb concentrations. Both YM and SM showed a considerable inhibition of root growth
at Pb values of 5000 mg/kg and 4000 mg/kg. At doses as low as 3000 mg/kg, the
biomass of SM differed significantly from control (p < 0.05), and at 5000 mg/kg, it
decreased by more than 50%, suggesting a severe suppression of plant growth.

3. Tolerance differences: The tolerance indices (TIs) for roots and stems in both YM and
SM exceeded 60%. However, at high Pb concentrations (>4000 mg/kg), TI for YM
was significantly higher than for SM. In leaf tissue, YM exhibited higher TIs than SM,
with TI exceeding 90% even at 5000 mg/kg. However, at Pb concentrations above
5000 mg/kg, SM showed a TI < 50%, suggesting that SM leaves have a Pb toxicity
threshold of 5000 mg/kg. Industrial hemp is classified as a medium accumulator with
high tolerance based on the accumulation characteristics seen in YM and SM in this
study as well as the criteria established by Arthur [45] for dividing crops into high,
medium, and low accumulators of heavy metals. In addition, YM showed greater Pb
tolerance than SM.

5. Conclusions

Industrial hemp, as a fiber crop not used for consumption, ensures that heavy metals
do not enter the food chain, making it an excellent candidate for remediating heavy metal
contaminated soils. Regarding Pb accumulation in tissues, Pb mainly accumulates in roots
of both YM and SM varieties, with YM showing a higher accumulation capacity than SM.
Only 30% of the Pb absorbed by YM was transferred to the above-ground portions; the
remaining 70% was sequestered in its roots. On the other hand, under high Pb conditions,
SM caused toxicity symptoms by translocating 50% of the Pb that had accumulated in the
roots to its stems and leaves. Industrial hemp is classified as a medium accumulator with
exceptional Pb tolerance by combining phenotypic, biomass, and Pb accumulation and
translocation assessments. When it comes to Pb tolerance, YM is more resilient than SM.
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Abstract: The increase in the concentration of potentially toxic elements in farmland soil
attracts more and more attention. To identify the sources of potentially toxic elements in
agricultural soils, 148 soil samples in Yingtan were selected as a case study, potentially
toxic elements levels were analyzed, and principal component analysis (PCA) and pos-
itive matrix factorization (PMF) were employed. The results indicate that the average
of Zn (89.62 mg· kg−1 d.w.), Cu (76.30 mg· kg−1 d.w.), Pb (35.56 mg· kg−1 d.w.), Mo
(0.66 mg· kg−1 d.w.), and Cd (0.59 mg· kg−1 d.w.) exceed the corresponding soil back-
ground values of Jiangxi Province. Moreover, the high spatial coefficient of variation
(above 1.00) for these elements suggests a significant influence from long-term external
inputs. Among all of the elements above, the soil Cu and Cd concentrations indicate a
relatively high pollution ranked by Igeo. Further analysis of sources apportioned by PCA
and PMF implies that the potentially toxic elements input into agricultural soil may be
attributed to mining activity, natural sources, smelting, and agricultural activity. This study
implies that PCA-PMF combined with the field survey may be helpful tools for discerning
the pollutants’ sources, and it addresses a view that the increasing Cu and Cd levels in
farmland is concerning, as it is associated with the historical use of mixed fertilizers and a
lack of supervision.

Keywords: agricultural soil; potentially toxic elements (PTEs); principal component
analysis (PCA); positive matrix factorization (PMF)

1. Introduction

Over the past four decades, highly intensive agricultural production alongside rapid
industrialization and urbanization has led to increasingly severe farmland soil pollution
and quality decline in China, posing a grave threat to agrarian product quality and safety [1].
According to the National Soil Pollution Status Survey Bulletin [2], 16.1% of the soil samples
and 19.4% of the agricultural soils are contaminated based on China’s soil environmen-
tal quality limits, mainly by potentially toxic elements (PTEs), with cadmium pollution
exceeding the standard the most severely (7.0%).

Currently, PTE pollution in China’s farmland is characterized by an expanding area
and increasingly diverse sources [3]. Agricultural soil pollution distribution is spatially
uneven, with contamination being more severe in the south and east compared to the north
and west. Regions such as the Yangtze River Delta, Pearl River Delta, and the Northeast old
industrial bases, which are major grain-producing areas with intensive industrial activities
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and high agricultural intensification, face prominent soil issues [4]. The sources of PTEs
are also relatively complex, with parent materials and human activities being the main
factors affecting their sources. Human activities mainly include industrial production
emissions, sewage irrigation, mineral resource development, pesticide and fertilizer use,
etc. [5,6]. However, with the modernization of agriculture and the development of the rural
economy, the scope and severity of PTE pollution are expanding and worsening [7]. The
safe utilization of agricultural soils in China is gathering increasing concern [8,9].

Exceeding the contaminant limits in food crops is widespread in some areas, espe-
cially Cd in rice in the southern region, which is often related to contaminated agricultural
soils [10,11]. There are various inputs of contaminants, such as anthropogenic activities
involving irrigation water, atmospheric deposition, utilizing fertilizers containing poten-
tially toxic elements, accumulating hazardous waste containing PTEs [12,13], and even
leachate from hazardous waste disposal [14–16]. Except for PTEs due to human activities,
the background PTEs in soil or its acidic nature are thought to promote crop species or
cultivars prone to PTE accumulation. An accurate identification of contaminant sources in
agricultural systems is crucial for risk control strategies.

Source apportionment techniques can be categorized into qualitative source identifi-
cation and quantitative source contribution. Qualitative methods primarily use principal
component analysis (PCA) and isotope fingerprint analysis to identify major sources, while
quantitative methods employ receptor models such as positive matrix factorization (PMF),
geostatistical analysis, and chemical mass balance (CMB) [17–20]. PCA and PMF are widely
used for PTE source apportionment in soils [21–23]. PCA simplifies data and reveals intrin-
sic structures by reducing dimensionality, which enhances source identification efficiency
while preserving original data information. PMF allocates sources without prior knowl-
edge of source profiles, which is advantageous when profiles are unknown or difficult to
obtain [24]. However, PCA is qualitative, while PMF is quantitative, lacking an intuitive
display of factor numbers and requiring multiple calculations [25]. Combining PCA and
PMF compensates for their shortcomings, providing precise estimates of each element’s
source contributions and minimizing biased judgments in source apportionment. For
example, a study using this combined approach found that coal combustion (34.15%),
livestock farming (17.44%), traffic emissions (12.42%), and natural factors (35.99%) were
the main sources of pollution [26].

However, the complexity of the environment inevitably affects the accuracy of source
resolution. If the sample number is limited, more variations may occur. Therefore, the
combined auxiliary information should be obtained and integrated into PCA-PMF to
improve the prediction’s accuracy.

The primary aim of this study is to develop PCA-PMF techniques by combined land-
use type, which will be used for the source apportionment of PTEs in agricultural soils.
This study emphasizes the advantage of the improved PCA-PMF and sheds light on the
source of the PTEs of farmland, which is expected to help with risk reduction strategies on
agricultural soil.

2. Materials and Method

2.1. Study Area and Sampling

The study area is located in Yingtan City, Jiangxi Province, China. It is characterized
by a subtropical, humid monsoon climate; the region experiences high temperatures, ample
sunlight, and abundant rainfall. The predominant soil type is Ferralsols (based on the FAO
Soil Classification System), and the primary crop cultivated is rice. Yingtan City is endowed
with abundant mineral resources, with reserves of Pb, Zn, Ag, and Mn ranking among the
top in Jiangxi Province. The Guixi Smelter, the largest modern copper smelter in China, is
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located in the research area. Its main products include copper, sulfuric acid, electrolytic
copper, electrolytic silver, etc. In 2022, a total of 148 agricultural soil samples (depth of
0–20 cm) were collected using clean stainless-steel shovels (Delixi Electric Co., Ltd., Leqing,
China), each comprising a mixture of five closely located subsamples. After applying the
quartering method, approximately 1 kg of the mixed soil sample was retained and stored
in a polyethylene bag away from light, and the sampling information was recorded. The
sampling sites are shown in Figure 1.

Figure 1. Sample sites.

2.2. Field Investigation

Zhoufang Town (ZF Town) is situated at the northern end of Guixi City, Yingtan City,
approximately 30 km from the Guixi Smelter. It is a typical green agricultural area with
no industrial activities, sharing a similar climate, geological background, and agricultural
cultivation situation with the aforementioned research area. According to the local data
regarding the safe use and stringent control of contaminated agricultural land in 2021,
certain rice samples have been identified as having PTE levels that exceed the limits set by
the National Food Safety Standard (GB 2762-2012) [27].

Field investigations have been carried out along with face-to-face interviews to obtain
more historical information on the farmland. The data reveal that the main irrigation
water is taken from the local reservoir storage or a small river nearby. According to the
villagers’ statements, it was confirmed that for some land, Cd rice exceeded the standard
and had a history of mixed fertilizers being applied. The compound fertilizers had a lack
of labels relating to PTE testing and were purchased from various sellers and producer
sites, including Jiangxi, Hunan, Hubei, and Zhejiang. The usage of compound fertilizers is
estimated to reach approximately 50~80% of the total fertilizer, but no detailed purchase
and usage data have been recorded. Some sites are reported as old farmhouses or woodland;
thus, they are assigned as soil without any fertilizer added. In some areas, slag piles in the
surface soil have been observed along rural roads with low traffic volume, far away from
rush-hour highways. The sample sites were classified based on the field investigation.
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2.3. Analysis of PTEs

The soil samples were first sieved to remove debris such as roots, leaves, and stones.
They were then dried at 60 ◦C to a constant weight for 48 h to ensure the removal of all
free water. After drying, the samples were ground and passed through a 100-mesh sieve to
obtain a homogeneous powder. All subsequent analyses were conducted on these prepared
samples, and the results are reported on a dry weight basis (mg· kg−1 d.w.). The samples
were comprehensively analyzed at the China Customs Science and Technology Research
Center (STRC), which holds the necessary certification qualifications from China Metrology
Accreditation (CMA) and is recognized as a proficiency testing provider by the China
National Accreditation Service for Conformity Assessment (CNAS PT0012). The sample
preparation and analysis process strictly adhered to the soil and sediment determination of
aqua regia extracts of 12 metal elements by inductively coupled plasma mass spectrometry
(HJ 803-2016) [28].

The determination of PTEs was carried out on an ICP-MS (PerkinElmer NexION 350X,
Waltham, MA, USA) with a carrier gas flow rate of 1.10 L/min and a sampling depth of 6.9
mm. The instrument automatically measured three times. Two laboratory blank samples
per batch were analyzed, with results below the detection limit. A zero-point analysis of
the standard curve was conducted after each batch analysis. Furthermore, parallel sample
analyses and spiked recovery tests were conducted on 10% of the samples per batch. The
detection results met the standard requirements (refer to HJ 803-2016), with a relative
standard deviation of less than 5% and a recovery rate ranging from 95.6% to 104.0%. A
total of twelve PTEs were detected, including vanadium (V), chromium (Cr), manganese
(Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), molybdenum (Mo),
cadmium (Cd), antimony (Sb), and lead (Pb).

2.4. Index of Geo-Accumulation

The Index of Geo-accumulation (Igeo), as introduced by Müller, is a widely recognized
tool for assessing the degree of potentially toxic element contamination. It compares the
element concentrations in the sampled soils to those in the background environment [29,30].
It is calculated using Equation (1).

Igeo = log2[Cn/k × Bn] (1)

Here, Cn (mg· kg−1 d.w.) represents the measured PTE content in sampled soil, while
Bn denotes the background value of potentially toxic elements in soil (mg· kg−1 d.w.)
based on the soil background values in Jiangxi Province. k, usually denoted as 1.5, is the
correction factor that indicates the possible variation of the background value of potentially
toxic elements in the soil rock layer [30–33]. The Igeo values are categorized into seven
classes, ranging from 0 to 6 (Table 1).

Table 1. Igeo of contamination degrees ranking.

Class Igeo Value Soil Quality

0 Igeo ≤ 0 Practically uncontaminated
1 0 < Igeo ≤ 1 Uncontaminated to moderately contaminated
2 1 < Igeo ≤ 2 Moderately contaminated
3 2 < Igeo ≤ 3 Moderately to heavily contaminated
4 3 < Igeo ≤ 4 Heavily contaminated
5 4 < Igeo ≤ 5 Heavily to extremely contaminated
6 Igeo > 5 Extremely contaminated
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2.5. Principal Component Analysis (PCA)

The principal component analysis (PCA) adopted in this study is a dimensionality
reduction method that applies a linear transformation to numerous interrelated original
variables. It extracts fewer essential variables that are uncorrelated with each other. Using
fewer representative factors, PCA can explain the primary information of multiple variables
and infer relevant pollution sources, enabling the more accurate qualitative identification
of pollution sources [34].

2.6. Positive Matrix Factorization (PMF)

The positive matrix factorization (PMF) employed in this study is a receptor model
recommended by the US EPA and first introduced by Paatero and Tapper in 1994 [35]. This
model identifies pollution sources using sample composition or fingerprints, applying
non-negative constraints during the factor matrix decomposition process to achieve a
quantitative analysis of pollution sources. In the PMF model, the concentration data
matrix of receptor samples (X) is decomposed into a factor score matrix (G), a factor
loading matrix (F), and a residual matrix (E). The matrix form is expressed as follows
(Equations (2) and (3)):

X = GF + E (2)

xij = ∑p
k=1 gik fkj + eij (3)

Here, xij represents the concentration of compound j in sample i (mg· kg−1 d.w.); gik

denotes the contribution of source k to sample i; fkj is the concentration of compound j in
source k (mg· kg−1 d.w.); p represents the total number of identified pollution sources in
the model; and eij is the residual for each sample and compound. The results of the PMF
model are determined by the objective function (Equation (4)).

Q(E) = ∑n
i=1 ∑m

j=1

(
eij

uij

)2

(4)

Here, uij represents the uncertainty of each compound in each sample, which is
dimensionless, and the method for calculating uncertainty refers to the literature [36].

When the concentration of potentially toxic elements is below the detection limit of
the corresponding method, the parameters are suggested as follows (Equation (5)):

xij =
dij

2
, uij =

5
6

dij (5)

In reverse, the parameters can be set as follows. The value xij can be seen as
the PTE concentration detected. The uncertainty factor will be chosen depending on
Equation (6) or (7).

xij ≤ 3dij, uij =
dij

3
+ 0.2 × cij (6)

xij > 3dij, uij =
dij

3
+ 0.1 × cij (7)

Here, cij is the measured concentration of the sample, mg· kg−1 d.w.; values of xij are
the input concentration during the model operation process, mg· kg−1 d.w.; dij is the detec-
tion limit of the method, mg· kg−1 d.w.; and uij is the uncertainty factor, dimensionless.

2.7. Data Analysis

The concentrations of each PTE were statistically analyzed using Microsoft Excel
2016. Subsequently, all test data were subjected to a normality test using the Kolmogorov–
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Smirnov test within SPSS 18.0 software, and the results were visualized using OriginPro
2024. The data are considered to have a normal distribution if the p-value is more significant
than 0.05. For source apportionment analysis, the PCA module of SPSS 18.0 is employed in
conjunction with PMF 5.0, downloaded from the US EPA website [37].

3. Results and Analysis

3.1. Descriptive Statistics of PTEs in Soil

The profiles of PTE levels in agricultural soil were surveyed (Table 2). The descending
order of mean value in the soil is as follows: Mn, Zn, Cu, Pb, Cr, As, Ni, Sb, Mo, and Cd. It
is noteworthy that the average concentrations of Mo and Pb are marginally elevated above
the corresponding soil background values in Jiangxi Province. Also, the average of Cu and
Cd are substantially higher, with 3.76 and 5.40 times the background levels, respectively.
Of particular concern, over 80% of the surveyed sites had Cu and Cd concentrations
surpassing the background values. Furthermore, compared to the risk screening values for
soil contamination on agricultural land, as stipulated by the standard GB 15618-2018 [38],
this indicates that the average of Cu and Cd are 1.53 and 1.97 times, respectively.

The coefficient of variation (CV) is defined as the degree of spatial variability in PTE
concentrations [39], and it is sorted as low (CV ≤ 0.30), moderate (0.30 < CV ≤ 0.50), high
(0.50 < CV ≤ 1.00), or extremely high (CV > 1.00). The CV values for PTEs in this study
range from 0.51 to 2.56, with an average of 1.33 (Table 2), indicating an extremely high level
of variation in the study area, which might be affected by external factors.

Table 2. Statistical analysis of PTE concentrations in soil.

Mean of
All Soil (1)

(mg·kg−1

d.w.)

Minimum
(1)

(mg·kg−1

d.w.)

Maximum
(1)

(mg·kg−1

d.w.)

Variation
Coefficient

Soil Back-
ground

Value in
Jiangxi

Province (2)

(mg·kg−1)

Risk
Screening
Value (3)

(mg·kg−1)

Average of
the Igeo

Mn 137.88 14.63 1861.00 1.31 328.00 - −2.43
Zn 89.62 25.81 2717.60 2.56 69.40 200.00 −0.77
Cu 76.30 10.23 739.05 1.39 20.30 50.00 0.73
Pb 35.56 7.47 990.83 2.48 32.30 80.00 −1.06
V 20.58 4.59 96.76 0.65 95.80 - −3.02
Cr 15.47 3.49 57.14 0.51 45.90 250.00 −2.31
As 8.57 1.13 116.05 1.60 14.90 30.00 −1.91
Ni 8.42 2.13 28.55 0.57 18.90 60.00 −1.93
Co 3.21 0.66 11.36 0.65 11.50 - −2.70
Sb 0.90 0.02 9.92 1.26 1.15 - −1.73
Mo 0.66 0.16 4.19 0.98 0.50 - −0.56
Cd 0.59 0.03 10.85 2.00 0.11 0.30 0.84

Notes: (1) The concentrations of the elements analyzed are reported on a dry weight basis (mg· kg−1 d.w.).
(2) Soil background value of layer A in Jiangxi Province (background values of soil elements in China, China
National Environmental Monitoring Centre, 1990). (3) Risk screening values for soil contamination of agricultural
land, pH ≤ 5.5 (Soil Environmental Quality Risk Control Standard for Soil Contamination of Agricultural Land,
GB15618-2018, Ministry of Ecology and Environment of China, 2018).

3.2. Assessment of Soil PTs Contamination

To further investigate the degree of PTE pollution in agricultural soils, the Index of
Geo-accumulation was applied. The regional Igeo mean is ranked from lowest to highest
(Figure 2a), listed as V < Co < Mn < Cr < Ni < As < Sb < Pb < Zn < Mo < Cu < Cd. The
pollution status of Cu and Cd in the soil is particularly concerning, with their respective
Igeo mean values of 0.73 and 0.84, both falling within the class 1 zone (Table 1), which is
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a scope of moderate contamination. In contrast, all other PTEs fall in the zone of class
0, with no pollution. As far as how PTEs in soil fall into the scope of contamination is
concerned, the Igeo indicates that Cu, Cd, Mo, and Sb are 74.32%, 70.95%, 25.00%, and
11.49%, respectively, whereas Mn, Ni, As, Pb, and Zn are below 10%. No contamination
of V, Co, or Cr is found (Figure 2b). After calculating the Igeo value, it emphasizes the
necessity to pay more attention to the risk that Cu and Cd may pose.

Figure 2. Index of Geo-accumulation in the study area.

3.3. Source Apportionment of Soil PTEs
3.3.1. Homology Analysis of Soil PTEs

The theory of elemental geochemistry puts up a view that the correlation among
elements can reflect the similarities in their sources, and accordingly, the homogeneity
analysis of PTEs can provide a basis for identifying the sources of PTEs [40–42], which
is performed using correlation statistics and clustering analysis [40,43]. The content of
soil PTEs in the study area was found to be normally distributed, determined by R-type
clustering and Spearman correlation analysis.

Figure 3a shows that PTEs are clustered into three types: Cluster I includes V, Cr, Co,
and Ni; Cluster II includes Mn, Zn, Pb, and Cd; and Cluster III includes Cu, Mo, Sb, and As.
The inter-cluster elements have significant autocorrelation, indicating that these PTEs may
have homologous sources [44]. In conjunction with the correlation heat map (Figure 3b), it
can be inferred that V, Cr, Co, and Ni in Cluster I may have homologous sources. Similarly,
Mn, Zn, Pb, and Cd in Cluster II and Cu, Mo, Sb, and As in Cluster III are speculated as
having homologous sources. A comparative analysis across the three clusters shows poor
correlation among the elements in different clusters, suggesting a lower homology among
these clusters. As a result, it can be concluded that there are at least three potential sources
of PTEs in agricultural soils.

Figure 3. Homology analysis of potentially toxic elements in soil. (a,b) R-type cluster map and
Spearman correlation heat map, respectively.
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3.3.2. PCA Analysis of Soil PTEs

PCA is further utilized to delineate the sources of PTEs in the soil. The Kaiser–Meyer–
Olkin test gave a value of 0.76, a value suitable for factor analysis, and the Bartlett sphericity
examination passed. Following varimax rotation to maximize variance, three principal
components were identified, adhering to the criterion of eigenvalues exceeding 1 in PCA.
These components cumulatively account for 80.34% of the total variance, suggesting that
the majority of PTE sources can be attributed to these three principal components. The three
factors after rotation are shown (Table 3), and the loadings on each factor are displayed
(Figure 4).

Table 3. Rotating loadings of potentially toxic elements on principal components.

Elements
Component

PC1 PC2 PC3

V −0.06 0.84 0.02
Cr −0.07 0.85 0.03
Mn 0.89 0.27 −0.06
Co 0.23 0.85 −0.01
Ni 0.07 0.88 0.14
Cu −0.02 −0.13 0.89
Zn 0.97 0.01 0.03
As 0.08 0.09 0.83
Mo 0.13 0.24 0.83
Cd 0.87 −0.08 0.21
Sb 0.06 −0.01 0.89
Pb 0.97 −0.01 0.08

Eigenvalues 4.00 2.88 2.76
Variance contribution ratio % 29.29 25.70 25.36

Cumulative contribution ratio % 29.29 54.98 80.34
Note: (1) The rotation method used varimax with Kaiser Normalization, and the rotation converged in 4 iterations;
(2) the bold numbers represent the higher values of the load in each principal component.

Figure 4. PCA loading contribution of potentially toxic elements.

The first principal component (PC1) explains 29.29% of the total variance, with high
loadings (>0.85) observed for Mn, Zn, Cd, and Pb, which indicates that these elements likely
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share a homologous source or similar transport pathways, as evidenced by their significant
correlations (Figure 3). Based on the Mineral Resource Master Plan of Yingtan City (2008–
2015), it is confirmed that the area boasts a significant abundance of lead–zinc mineral
resources. According to previous research, PTEs such as Pb, Zn, and Cd are released
into the environment during the mining process and subsequently enter the soil through
weathering, erosion, and other environmental processes [45–47]. Also, a large amount of
wastewater and slag is discharged during the ore dressing process, which contains high
concentrations of PTEs [46]. For example, in a typical lead–zinc mining area in Guizhou
Province, the average concentrations of Pb and Zn in the ore dressing wastewater reach
10.5 mg/L and 25.3 mg/L, respectively, far exceeding the national discharge standards
(GB 8978-1996) [48,49]. If these wastewaters are discharged directly without treatment, they
can cause severe pollution to the soil and groundwater. The research area has a developed
mining industry, which might be one of the pollution source contributors. Moreover, Cd
has been identified as an element associated with agricultural practices, and the excessive
use of phosphate fertilizers can result in Cd accumulation in soil [50,51]. Similar fertilizers
were applied in the investigation areas; therefore, PC1 is assigned as a composite source
encompassing both mining and agricultural activities.

The second principal component (PC2) explains 25.70% of the total variance, in which
strongly positive correlations of V, Cr, Co, and Ni were explored, and the CV values of
the four elements were all relatively weak (0.51~0.65); meanwhile, their average contents
did not exceed the soil background values in Jiangxi Province. All the data suggest that
external activities have minimal impact on their distribution. Concerning the source of
V, Cr, Co, and Ni, the previous report indicated that natural sources originating from soil
matrix matrices and weathering processes may be the main input [30,32,52,53]. Combined
with the level of background PTEs in Jiangxi Province, it is speculated that PC2 may be a
natural source.

The third principal component (PC3) explains 25.36% of the total variance, with Cu,
As, Mo, and Sb being the main loading elements. Among them, Cu pollution is the most
severe, with an average content exceeding 3.76 times the soil background value in Jiangxi
Province. According to Zhou [54], the Guixi Smelter did not plan and control the discharge
of waste residue, wastewater, and exhaust gas generated during the smelting process in the
early stages of operation. After more than 30 years of accumulation, it has caused pollution
to the surrounding environment, with the main pollutants including Cu. The investigation
conducted by Wu et al. [55] and Xu et al. [56] also confirms this statement. In addition,
substantial acid waste containing As, Mo, and Sb was generated from copper smelting and
released into the environment by slag, wastewater, and flue gas [57,58]. These PTEs enter
the soil via atmospheric deposition, waste residue leakage, sewage irrigation, and other
pathways, resulting in enrichment in the soil. Thus, the main source of elements of PC3
can be identified as copper smelting activities.

3.3.3. PMF Analysis of Soil PTEs

To further elucidate the origins and contributions of PTEs in agricultural soils, PMF
was employed to determine the sources. The PTE concentration data and their correspond-
ing uncertainty parameters were introduced into the PMF model. Based on the results
from PCA, the parameters of three primary sources were set, but an unsatisfactory fitting
was obtained. To improve the fitting degree, more source numbers were selected to reflect
the multiple sources of soil PTEs in the research area, and the Robust model was adopted.
The number of runs was set as 20, and the mode of “random starting seed number” was
optioned in PMF, and then parameters of five source factors were identified. The fitting
results between the real and predicted values are presented in Table 4. All PTEs exhibit
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high correlation coefficients (R²) above 0.50, indicating that the PMF simulation yields
well-fitting results in response to the sources.

Table 4. Fitting results of measured value and simulated predicted value of potentially toxic element
content.

Elements R2 Intercept Slope

V 0.68 6.92 0.60
Cr 0.85 1.82 0.85
Mn 0.64 58.86 0.47
Co 0.88 0.62 0.72
Ni 0.68 2.88 0.62
Cu 0.86 12.21 0.76
Zn 0.76 47.95 0.19
As 0.63 3.91 0.38
Mo 0.70 0.17 0.63
Cd 0.87 0.02 0.89
Sb 0.80 0.04 0.80
Pb 0.59 18.45 0.14

In PMF, the loading factors for each potentially toxic element can help to apportion the
sources (Figure 5), and it can be observed that PM1 is more loaded on Mn. However, the
average concentration of Mn does not exceed the background values for Jiangxi Province,
and only a few sample sites are found in a state of pollution. Regarding the sources, natural
sources are the first focus. Mn, a constituent of the Earth’s crust, is naturally abundant in
soils. Yingtan, a city with abundant manganese ore resources, is one of the main production
areas of manganese ore in China. According to official statistical data, the manganese ore
production in Yingtan has remained at more than 300,000 tons in the past few years. Most
of these mines are open mines, and Mn would be released into the environment along with
slag disposal and atmospheric sedimentation, which explains the increasing Mn soil in
the local area. Considering the fact of mining activities, it is inferred that PM1 is mainly
influenced by natural origin and mining activities.

Figure 5. Factor fingerprints of potentially toxic elements.
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The main loading factors of PM2 are Sb, As, and Mo, which overlap with the composi-
tion of PC3 in PCA. These elements are tightly associated with the by-products of copper
smelting. Thus, PM2 is apportioned as an industrial source relating to copper smelting
activities.

In PM3, the contribution ratios are dominated by V, Cr, Ni, Co, Zn, and Pb, with
loading factor ratios of 78.67%, 81.14%, 65.41%, 46.12%, 39.58%, and 32.57%, respectively. It
is worth noting that there is no correlation between the group of Zn and Pb and another
group of V, Cr, Ni, and Co, which mainly come from soil parent materials and are less
affected by human activities [30,32,52,53]. The study area was found to be rich in lead–zinc
minerals and mining activities. In this study, the average contents of V, Cr, Ni, and Co are
lower than the corresponding soil background values in Jiangxi Province (Table 2), with a
low CV value, which means these PTEs come from natural sources, while soil Zn and Pb
are contributed by anthropology activities. Therefore, PM3 can be characterized as a mixed
source of natural origin and mining activities.

PM4 was mainly characterized by loadings from Cu. In this study, over 80% of the
survey sites showed Cu concentrations exceeding the background value, with an average
exceedance multiple of 3.76, which indicates that Cu has been related to severe external
input. The copper smelting activities mentioned may have a role in contributing to Cu in
soil. As far as other input ways, it cannot be ignored that Cu, as an inherent component
of additives in livestock feed, will be transferred to the soil via animal manure [59]. In
addition, using fertilizers and pesticides can lead to the accumulation of Cu in the soil [60].
So, PM4 is set as a mixed source of agriculture and copper smelting.

PM5 has a relatively high contribution of 84.37% to Cd. It was often regarded as
a hallmark element in agricultural activities [50,51]. In general, some research found
that phosphate ores contain 5–100 mg/kg of Cd, and most or all of the Cd enters the
fertilizer [51]. Excessive application of phosphate fertilizer can cause the accumulation of
Cd in the soil. Hence, PM5 is considered an agricultural source.

3.3.4. Integrating PCA-PMF with Field Survey

The source apportionment and counterpart contribution ratios obtained from both
PCA and PMF are shown (Figure 6). PCA has accounted for the sources of PTEs in soil by
using three factors, while PMF, based on three factors, has yielded suboptimal model fitting
because of the complexity of input sources. Due to a complex environmental background,
the pathways through which PTEs enter the soil are diverse, making it challenging to
define them with a single source. The PMF model provides an advantage to overcome
the shortage by optimizing the parameters of input sources and uncertainties. In terms of
the source apportionment results, it can be observed that despite the use of five factors by
PMF to describe the sources of PTEs, which still include the PCA analysis, the sources are
mining activity, natural, smelting, and agricultural activity. This integration of PCA-PMF
can be cross-validated for allocating pollution sources, which is more suitable for dealing
with the complexity of PTE sources in soil.

The escalating pollution of agricultural soils with Cd and Cu not only impacts crop
growth but also poses a prolonged risk to human health through the food chain [61,62]. This
study underscores that the contamination of Cu and Cd in the study area’s soil warrants
significant attention (Figure 2). For the specific area, an extra field survey combined
with PCA-PMF can help apportion sources. For example, ZF Town, a green farmland
area far away from the industrial zones, has found that Cd rice exceeded the standard.
It is important to identify the source of PTEs. Information on historical land use in ZF
is inquired, and the soil can be classified into two categories: soil with mixed fertilizer
application (SF) and soil without mixed fertilizer application (SNF). The technology of
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PCA-PMF was employed in the specific green agricultural area, and the results are shown
in Figure S2 and Table S4. The results show that Cd and Cu were alien pollution elements
in farmland soils, and there was a significant correlation between them (Figure S1). In
the previous analysis, it has been pointed out that soil Cd and Cu are closely related to
the application of fertilizers. However, an interesting phenomenon was found in Table S1.
The average of Cd in SNF soil is 0.06 mg· kg−1 d.w., which is considerably lower than the
0.18 mg· kg−1 d.w. observed in SF soil and the soil background value of 0.11 mg·kg−1 in
Jiangxi Province. In contrast, the mean Cu concentration in SNF soil is 30.21 mg· kg−1 d.w.,
significantly lower than the 39.09 mg· kg−1 d.w. in SF soil, but it exceeds the background
value of 20.3 mg·kg−1. This result indicates that fertilization is likely the predominant
source of Cd, whereas Cu, although also present in higher concentrations in SF soil, may
have additional anthropogenic sources contributing to its levels in the soil. For example, the
long-term application of pig manure can lead to Cu accumulation in farmland soil [63,64].
This methodology of PCA-PMF merged with field survey will enable a more comprehensive
understanding of the origins of Cd and Cu, particularly in the agricultural area.

Figure 6. A comparison of source apportionment by PCA and PMF.

4. Discussion

Cd and Cu contamination in farmland soil poses significant risks to human and
environmental health. Cd, a toxic metal, enters the human body through the food chain,
causing kidney damage, bone deformities (e.g., Itai-Itai disease), and increased cancer
risk with long-term exposure [65]. It also impairs soil biota and plant growth, reducing
biodiversity and ecosystem services [66]. Cu, essential in small amounts, becomes harmful
at high levels, causing gastrointestinal, liver, and kidney issues in humans and disrupting
the nervous system. In soil, elevated Cu levels inhibit microbial activity that is crucial for
nutrient cycling and plant growth, leading to reduced crop yields and quality [67].

Given the complex pollution distribution in the study area, a multi-method approach
is recommended for highly polluted small-area farmland patches. Deep plowing combined
with guest-soil methods can dilute contaminants. Acidic modifiers like ferrous sulfate
can adjust soil pH to precipitate Cd and Cu without harming the acidic environment. For
bioremediation, local acid-tolerant hyperaccumulators such as Rumex species, which excel
in Cd enrichment, can be planted in treated soils to boost phytoremediation efficiency.
Additionally, acid-tolerant microorganisms like Acid thiobacillus can be introduced, which
can transform Cd and Cu to enhance the removal of PTEs when cooperating with plants.

This highlights the need for government departments to enhance the environmental
supervision of the copper-smelting industry, drive smelters to upgrade pollution-control
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facilities, ensure standard waste discharge, and curb PTE migration to farmland. They
should strictly enforce ecological protection for mining, regulate mining procedures, im-
prove drainage systems, and prevent PTE wastewater from entering farmland. Ecological
restoration, like vegetation cover on abandoned mines, should be implemented to block
PTE spread. In agriculture, scientific fertilization and pesticide use should be promoted.
Organic fertilizer use should be encouraged to replace some chemical fertilizers, PTE input
from fertilizer impurities should be reduced, and farmers should be guided on using
low-toxicity, low-residue pesticides with minimal impact on soil PTEs, building a PTE
source-control system.

Additionally, current research has limitations in scale, and relying solely on PCA
and PMF may not fully capture the complexity of PTs sources, especially considering the
influence of various environmental factors and the dynamic nature of soil interactions. It is
recommended that introducing isotope methods could provide a more robust framework
for source identification by offering geochemical fingerprints that are less affected by exter-
nal conditions and more closely related to the compositional features of the source region.

5. Conclusions

This study suggests that the input of PTEs into agricultural soil may be attributed
to mining activity, natural sources, copper smelting, and agricultural practices. Among
these elements, Cu and Cd were significantly enriched in agricultural soils and identified
as the most critical pollutants in the region. The comparative analysis using PCA and PMF
demonstrated a high degree of congruence in identifying pollution sources, providing
mutual validation for the large-scale region with complex sources. PCA excels in determin-
ing the primary number of predominant pollution sources, while PMF is more precise in
calculating their contribution rates. For specific sites, the integration of PCA-PMF with field
investigations effectively pinpoints the sources and has proven to be a robust approach in
this study.
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loading contribution of the PTEs.
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Abstract: To explore the phytoremediation effect of ornamental chrysanthemums on cad-
mium (Cd)-contaminated farmland soil, a 2-year field trial was conducted on 23 chrysan-
themum cultivars in Cd-contaminated soil in Zhejiang Province, China. The biomass yields,
Cd content of the plants, Cd enrichment coefficient, and remediation efficiency were evalu-
ated. The aboveground biomass of the tested chrysanthemums was 67.10–166.08 g/plant,
the aboveground Cd content was 1.97–5.92 mg kg−1, and the Cd enrichment coefficient was
2.98–9.84. In a screening test of twenty-three chrysanthemum cultivars, six cultivars, such
as marigolds, were characterized by high cadmium accumulation, with the average cad-
mium accumulation of chrysanthemums exceeding 0.6 mg per plant, and the remediation
of rhizosphere-contaminated soils took only 4–5 years. Fourteen chrysanthemum cultivars
have good multiple-cropping characteristics, and five multiple-cropping chrysanthemum
cultivars, such as QX-yz, have high heavy metal tolerance. The multiple-cropping JL-yg
cultivars with higher Cd accumulation could be recommended for the remediation of
Cd-contaminated farmland. The application of bamboo vinegar to the chrysanthemum
rhizosphere effectively promoted Cd absorption. After estimating the economic benefits
of artificially planting five dominant varieties of chrysanthemums for polluted farmland
remediation, it is concluded that the annual income of a worker can be slightly higher than
the average annual income level of local residents.

Keywords: phytoremediation; cadmium remove; soil contamination; chrysanthemum
cultivars

1. Introduction

Heavy metal cadmium (Cd) is among the most serious and common pollutants in the
soil. Soil pollution with heavy metals can harm animals and humans by getting into the
food chain [1,2]. Currently, heavy metal-contaminated soil can be remediated by physi-
cal, chemical, or ecological methods (e.g., phytostabilization, microbial remediation, and
biochar amendment) [3–7]. Phytoremediation employs hyperaccumulators to extract and
concentrate soil heavy metals [8–11]. While phytoremediation can be cost effective when in-
tegrated with cash crops, traditional monoculture hyperaccumulators often lack economic

Toxics 2025, 13, 360 https://doi.org/10.3390/toxics13050360
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returns [12]. In Chinese culture, chrysanthemum is known as one of the ‘Four Gentlemen’
and is widely used for ornamental purposes. A suburban area of Shanghai has been re-
stored for safe use (Cd < 0.3 mg/kg, Zn < 150 mg/kg through the removal of excessive
Cd and Zn by planting the chrysanthemum ‘June White’ [13,14]. Chrysanthemums have
been found to have the advantages of easy cultivation, high survival rate, and heavy metal
tolerance, and they have economic benefits as ornamental flowers, chrysanthemum tea,
Chinese medicinal materials, etc. We consider the selection of chrysanthemums that bring
economic benefits while achieving the reuse of contaminated land. The selection criteria
are (1) BCF > 1.5; (2) market price ≥ RMB50/kg; and (3) biomass ≥ 3 tons/hectare.

In addition, some researchers are exploring the possibility of ethylenediamine
tetraacetic acid (EDTA) [15], ethylenediamine succinic acid (EDDS) [16], diethyl triacetic
acid (NTA) [17], and other synthetic chelating agents and low-molecular-weight organic
acids to improve phytoremediation efficiency. Although a synthetic chelating agent can
induce the desorption of heavy metal ions in the soil, such as Cd2+ and Pb2+, it also creates
the potential environmental problem of complexing and making other mineral elements in
the soil unavailable, such as Ca2+ and Mg2+ [18], which is not conducive to the recovery
and subsequent reuse of the remediated soil. Even at low doses, EDTA can inhibit the
growth of rhizosphere microorganisms [19]. The biodegradable chelating agent NTA is not
recommended for soil remediation as a result of its potential carcinogenicity. Citric acid
can effectively promote plant absorption and the accumulation of Cd without affecting the
normal growth of plants [20]. However, compared with an artificial chelating agent, a natu-
ral organic acid is more expensive, so there remain considerable limitations in the practical
application and promotion of organic acids under the premise of limited remedial efficiency.
The main component of bamboo vinegar is natural organic acid, which can increase the
content of exchangeable heavy metals in the soil by forming soluble complexes with heavy
metals or lowering the pH value of the soil to improve the efficiency of the plant’s root
system in absorbing heavy metals such as Cd2+, Pb2+, and other cations with similar ionic
radii without affecting the normal growth of the plant. In addition, bamboo vinegar can be
obtained in the process of bamboo charcoal production, and bamboo charcoal firing and
product development have been industrialized.

In this study, heavy metal-contaminated farmland soil in a typical industrial area
was selected for remediation. Chrysanthemum cultivars that have strong heavy metal
accumulation, high tolerance characteristics, high biomass production, and additional
economic benefits were selected for field trials. Testing the effectiveness of the chelating
agents was combined with phytoremediation.

2. Materials and Methods

2.1. Study Site

This study was conducted in a 1 ha area of Cd-contaminated farmland (28◦56′30′′–
28◦56′50′′ N, 120◦07′30′′–120◦07′40′′ E) located in a hardware-processing industrial town
in Zhejiang Province, eastern China, with a subtropical monsoon climate. In 2020, a survey
found that the Cd content in farmland soil from the study area exceeded the permitted limit
of the Chinese national standard ‘Soil Environmental Quality Standard for Soil Pollution
Risk Control of Agricultural Land (Trial)’ [13]. The content of Cd in soil is 0.32 mg kg−1,
and the exceeding rate of rice samples is nearly 30%. Cd pollution was mainly caused by
sewage leaching from surrounding hardware-processing enterprises.

2.2. Experiment Design and Treatments

In the trial field, we established 23 test plots, and each plot covered an area of 12 m2.
The ridges with 0.3 m (height) multiplied by 0.3 m (width) were wrapped with film
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up to the bottom of the plow and encircled the test plots. Each plot had a one-way
drainage ditch installed. A total of 23 cultivars of chrysanthemums were planted in
a nearby plant factory for the experiment. Seedlings were grown between 10 March
and 10 April 2021, and the best-growing cuttings were selected and transplanted to the
experimental field. Each plot had only one type of chrysanthemum transplanted, and we
planted the chrysanthemums in three rows with a spacing of 20 cm. The growth cycle
of the chrysanthemum was from 10 April to 10 October. After the flowering period, all
the chrysanthemums for the test were pruned, keeping a stem length of 10–12 cm and
3–4 chrysanthemum leaves, and the transplanting of chrysanthemums to the test field was
not repeated in 2022. The 2022 campaign focused on multi-cropping effects rather than
mere repetition, with sequential sampling conducted at the flowering stages of each crop
cycle. Photographs of the test area and chrysanthemum cultivars are shown in Figure 1,
and the full cultivar names are shown in Table 1. All the chrysanthemums purchased from
Chrysanthemum Base of Nanjing Agricultural University, Jiangsu Province, China.

Figure 1. Chrysanthemum cultivars used in this study.

In order to improve the chrysanthemum remediation efficiency of contaminated
soil, the Chrysanthemum × morifolium ‘Qianxiuyinzhen’ cultivar was selected to perform
heavy metal chelator-coupled phytoremediation experiments based on the results of the
2021 experiment. There were five groups of treatments in the experiment, and each group
of treatments had three experimental plots. The method and dosage of the chelating agent
are shown in Table 2, all the chelating agents purchased from Jiangsu Fertilizer Industry
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Co., LTD, Jiangsu Province, China. The chelating agent was sprayed between the roots of
chrysanthemums in small quantities several times during the application.

Table 1. The full cultivar names of chrysanthemums.

Code Variety Code Variety Code Variety

ZS-zc Zhongshanzichen QJ-bh1 Qingjianbaihuang1 JL-yg Jinlingyuegui
L-xf Lüxuanfeng QJ-qn Qingjianqingniao ZS-hy Zhongshanhongyun

QX-yz Qianxiuyinzhen JJ-hl Jinjihongling ZS-gh Zhongshanguanghui
Marigold Marigold QJ-tp Qingjiantaiping JL-dc Jinlingdianchun

QL-xh Qunlongxihai JS-hj Jinsihuangju JL-cj Jinlingcuiju
QH-fmd Qinhuaifenmudan JS-bx Jinsibaoxiao JL-xy Jinlingxiaoye

QJ-hg Qingjianhuanggai QJ-bh2 Qingjianbaihuang2 QJ-ht Qingjianhuangtianzan
JH-hj Jiuhuahongjing QJ-dh Qingjiandahuang

Table 2. Experimental design to test the effects of bamboo vinegar and EDTA-Si application on
Cd accumulation.

Preparation Application

Control (CK) Purified water 1000 mL
Treatment 1 Diluted 15 mL of bamboo vinegar with purified water to 4500 mL 1500 mL
Treatment 2 Diluted 15 mL of bamboo vinegar with purified water to 3000 mL 1000 mL
Treatment 3 Dissolved 15 mg EDTA-Si in purified water and diluted it to 3000 mL 1000 mL

Treatment 4 Dissolved 15 mL of bamboo vinegar and 15 mg EDTA-Si
in purified water and diluted it to 6000 mL 2000 mL

Note: EDTA-Si is a silica-immobilized EDTA composite.

2.3. Sampling and Experiment Analysis

Three groups of chrysanthemum plants and their rhizosphere soil were randomly
taken from each plot during their flowering in 2021, and flower, stalk, and rhizosphere
soil of multiple-crop chrysanthemum cultivars were collected in 2022. All samples were
collected from the plant rhizosphere soil with a thickness of 0–20 cm, air-dried, ground,
and passed through a 2 mm sieve before the test. The flower and stalk were dried, weighed,
and pulverized for the test.

Cd content in soil and chrysanthemum plant samples was determined by ICP-MS (Agi-
lent 7500 series, Agilent Technologies, Tokyo, Japan). Samples were pulverized (<100 mesh),
digested with HNO3-HF (3:1) in a microwave system (Mars 6, CEM), diluted to 50 mL with
2% HNO3, and filtered (0.45 μm) prior to analysis, with detection limits of 0.03 and 0.0001.
All sample analyses were strictly conducted in compliance with the standards [21,22], with
quality control implemented using GBW series soil-certified reference materials (CRMs).
The test results are of acceptable quality.

2.4. Evaluation of the Soil Remediation Capacity of Chrysanthemum Plants

Cadmium accumulation and years of remediation of contaminated soil were used
in this study to assess the remediation capacity of chrysanthemum plants, and they were
calculated as follows:

Msoil = Ssoil × hsoil × ρsoil/1000 (1)

MCd = (Cdsoil − 0.3)× Msoil (2)

CCd = Mc × Cdc/1000 (3)

T = MCd/CCd (4)
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where Msoil is the mass of the soil to be removed (kg); Ssoil is the area of the soil to be
removed (cm2); hsoil is the depth of the soil to be removed (cm); ρsoil is the density of
the soil (g cm−3); MCd is the mass of Cd in the soil to be removed (mg); Cdsoil is the Cd
accumulation in the soil (mg); 0.3 is the current Chinese soil cadmium pollution control
standard (mg kg−1); CCd is the Cd accumulation of chrysanthemum plants (mg); Mc is the
dry weight of chrysanthemum plants (g); Cdc is the Cd content of chrysanthemum plants
(mg kg−1); and T is the remove period.

2.5. Data Analysis

This paper used Microsoft Office Excel 2019 for data reduction and analysis, the
statistical software Statistical Product and Service Solutions 25 for statistical analysis, and
Origin Pro 2022 for drawing statistical charts.

3. Results and Discussion

3.1. Cd Cumulative Abilities of 23 Chrysanthemum Cultivars

The Cd content of the rhizosphere soil ranged from 0.47 to 0.96 mg kg−1, with an
average of 0.65 mg kg−1. Referring to the current Cd pollution control standard for soil
in China (0.3 mg kg−1), the exceedance rate of Cd in the soil samples was 100%. Plants
absorb heavy metals through the roots and use transport proteins to translocate the metals
to aboveground organs for storage. The goal of removing heavy metals in the soil can be
achieved by harvesting the plants. Thus, high biomass production is an important factor for
harvesting plants to extract greater quantities of heavy metals. All 23 tested chrysanthemum
cultivars grew to the full flowering stage in the experimental field. As shown in Figure 2a,
the aboveground partial biomass of the tested chrysanthemum cultivars ranged from
67.10 g to 166.08 g, with an average of 111.25 g. A marked difference can be observed
between the highest and the lowest values. Among the tested cultivars, the six cultivars
with biomass exceeding 140 g were QJ-ht, marigolds, JL-dc, ZS-zc, ZS-gh, and ZS-hy, in
that order. The comparison of Cd content between chrysanthemum plants and rhizosphere
soil can reflect the Cd absorption capacity of chrysanthemum plants. The aboveground Cd
contents of the tested chrysanthemum cultivars ranged from 1.97 to 5.92 mg kg−1, with
an average of 4.45 mg kg−1. As shown in Figure 2b, chrysanthemum plants had a high
enrichment capacity for Cd, with enrichment coefficients ranging from 2.98 to 9.84 and
averaging up to 6.95. The chrysanthemum cultivars with enrichment coefficients over
8 were, in descending order, QJ-hg, QJ-dh, JL-yg, JL-cj, ZS-gh, QJ-bh1, marigolds, and JS-hj.
Under natural conditions in the field, the ability of chrysanthemums in this experiment
to accumulate soil heavy metal Cd was higher than reported in high-accumulation plants
such as Arabis paniculata [20], Centella Asiatica [23], Phytolacca americana [24], Potentilla
griffithii [25], Sigesbeckia orientalis [26], and Viola baoshanensis [27].

The mass of Cd that can be accumulated by each chrysanthemum plant per season is
determined by biomass and Cd content [28], and the mass of Cd accumulated by a single
chrysanthemum plant in a single season is shown in Figure 2c. The mass of Cd accumulated
by the 23 chrysanthemum cultivars ranged from 0.26 to 0.83 mg, with an average of 0.49 mg
(Equation (3)). The six chrysanthemum cultivars that accumulated over 0.6 mg Cd were,
in descending order, marigold, ZS-gh, QJ-ht, JL-cj, QJ-hg, and JL-dc. Based on the 20 cm
chrysanthemum spacing, the average area occupied by each chrysanthemum was 400 cm2,
hsoil was taken as 20 cm, and ρsoil was 1.1 g cm−3. As shown in Figure 2d, the remediation
of rhizosphere Cd-contaminated soil by the test chrysanthemums required 4–13 stages,
with an average of 8 stages (Equations (1), (2), and (4)). There were nine chrysanthemum
cultivars with five or fewer remediation stages: ZS-gh, JL-dc, JL-cj, marigolds, QJ-ht, QJ-hg,
ZS-hy, QL-xh, and QJ-dh.
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Figure 2. Aboveground biomass (a), enrichment coefficient (b), Cd accumulation (c), and remediation
stage (d) of 23 chrysanthemum cultivars.

The 23 tested chrysanthemum cultivars were compared with domestic and foreign
reported Cd hyperaccumulating plants, such as Portulaca oleracea [29] and Sedum alfredii [30],
and a variety of chrysanthemums in this test had obvious Cd hyperaccumulation character-
istics and had excellent efficiency in removing soil Cd.

3.2. Heavy Metal Tolerance in Multiple-Cropping Chrysanthemum Cultivars

Multiple-cropping chrysanthemum cultivars can reduce the cost and increase the
efficiency of soil remediation. Fourteen chrysanthemum cultivars grew to full bloom after
overwintering in 2022: ZS-zc, L-xf, QX-yz, QJ-hg, JH-hj, QJ-tp, QJ-bh2, QJ-dh, JL-yg, ZS-gh,
JL-dc, JL-cj, JL-xy, and QJ-ht. The tolerance of these chrysanthemum cultivars to heavy
metals is a prerequisite for their continued use in soil remediation, as shown in Figure 3,
which compares the biomass of multiple-cropping chrysanthemums in 2021–2022. The
biomass of five chrysanthemum cultivars, QX-yz, QJ-hg, QJ-bh2, JL-xy, and JL-yg, remained
stable compared to the previous year, showing that these chrysanthemum cultivars are
more tolerant to heavy metals. Most of the multiple-cropping chrysanthemum biomass
was lower than that of the previous year, which may be due to the decline in soil fertility or
the growth inhibitory effect of the heavy metal Cd on chrysanthemum plants. Based on Cd
content in chrysanthemum plants in 2021, the remediation of rhizosphere soils should be
extended by an average of 3.29 stages.
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Figure 3. Changes in aboveground biomass of multiple-cropping chrysanthemum cultivars.

3.3. Enrichment Coefficient to Different Aboveground Parts of Multiple-Cropping
Chrysanthemum Cultivars

The mechanism of heavy metal absorption may differ among plant cultivars growing
in heavy metal-contaminated soil. Some toxic heavy metals are fixed in the root, whereas
other cultivars tend to transport the heavy metal to the aboveground parts [31]. The
xylem vessels play an important role in the long-distance transport of solutes from the
roots, and some toxic heavy metals in the roots can bypass the phloem to enter the xylem
and are then transported to aboveground organs [32]. Previous studies have reported
that the relative Cd accumulation factors for different organs of chrysanthemums were
ranked as follows: leaf > stem > flower [33]. In the present study, 14 multiple-cropping
chrysanthemums were analyzed for the content and enrichment coefficient of Cd in flowers
and stalk, as shown in Figure 4. The Cd content in the flower of 14 chrysanthemum cultivars
was distributed between 1.98 and 4.98 mg kg−1, with an average of 3.28 mg kg−1, and
the enrichment coefficients were distributed between 2.67 and 8.94, with an average of
5.30. The Cd content of the stalk was distributed between 4.20 and 15.00 mg kg−1 with
an average of 8.19 mg kg−1, and the enrichment coefficients were distributed between
7.80 and 23.77, with an average of 12.86. The Cd content and enrichment coefficients of all
tested chrysanthemum stalks were higher than those of flowers, and chrysanthemum plant
stalks were superior to flowers, which showed that chrysanthemum stalks accounted for
the major portion of the whole chrysanthemum plants in terms of Cd accumulation.

3.4. Cd Enrichment Efficiency of Chrysanthemum Plants Under Organic Acid and EDTA-Si

The QX-yz cultivar with stable biomass and high Cd accumulation was subjected
to bamboo vinegar and EDTA-Si application tests, as shown in Figure 5. There was no
significant change (p < 0.05) in chrysanthemum biomass in treatments 1 and 2 compared to
the control, which showed that the concentration of bamboo vinegar used in the experiment
did not have a toxic effect on chrysanthemum growth. The Cd content of chrysanthemum
plants in treatments 1 and 2 was significantly increased by 29.52 and 16.65 percentage
points (p < 0.05) compared with the control, which indicated that the bamboo vinegar
promoted Cd2+ accumulation through the roots of chrysanthemum plants, and the forma-
tion of Cd2+ complexes and the decrease in soil pH led to the increase in the Cd content
of the exchangeable state in the soil. Cd accumulation in chrysanthemum plants was
elevated by 29.63 and 34.99 percentage points in treatments 1 and 2 compared with the
control. Treatment 3 chrysanthemum biomass significantly decreased by 62.22 percentage
points (p < 0.05) compared to the control; treatment 4 significantly decreased by 74.85 and
77.53 percentage points (p < 0.05) compared to the control and treatment 2, which showed
that the growth of chrysanthemum plants was inhibited. Similarly, the toxic effect of EDTA
on plants was observed in the enrichment study of heavy metals in Brassica juncea [34].
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Studies have shown that high levels of Cd are toxic to chrysanthemum plants, and in
addition, EDTA may complex Ca2+ and Zn2+ to disrupt the biofilm, causing damage to
chrysanthemum plants during the growth period [35]. Since the chelation of EDTA-Si with
Cd2+ in the soil formed a stable water-soluble complex, the Cd content of chrysanthemum
plants in treatments 3 and 4 significantly increased by 97.53 and 61.02 percentage points
(p < 0.05). A comparison of treatment 2 with treatment 3 showed that the biological activity
of Cd under EDTA-Si treatment was higher than that of bamboo vinegar (p < 0.05). How-
ever, the reduced biomass of chrysanthemum plants under EDTA-Si treatment caused a
decrease in Cd accumulation in chrysanthemum plants in treatments 3 and 4.

Figure 4. The Cd content (a) and enrichment coefficient (b) in flowers and stalks.

Figure 5. Aboveground biomass (a), Cd content (b), and Cd accumulation (c) of chrysanthemum
plants under organic acid and EDTA-Si. Note: Lowercase letters a,b,c,d above the error bar represents
the significant differences (p < 0.05) among different treatments, these containing the same letters
show no significant difference (i.e., ab and a), while those with different letters indicate a significant
difference between the two (i.e., a and b).

128



Toxics 2025, 13, 360

Bamboo vinegar solution and EDTA-Si could significantly promote the accumula-
tion of Cd in chrysanthemum plants in this experiment; in addition, the use of EDTA-Si
caused a significant decrease in the biomass of chrysanthemums; however, the effects
on chrysanthemum plants at different application rates were not clear. Although treat-
ments 1 and 2 used different concentrations of bamboo vinegar, they did not differentiate
in the amount applied, and no significant changes in chrysanthemum biomass and Cd
content were observed (p < 0.05). Therefore, the rational application of bamboo vinegar
and EDTA-Si to chrysanthemum plants needs to be further investigated. As far as the
results are concerned, treatments 1 and 2 better improved the Cd accumulation efficiency
of chrysanthemum plants, and under the premise of constant biomass, the remediation of
contaminated soil by QX-yz cultivars after applying bamboo vinegar could be advanced by
1 year, which can be used for the remediation of contaminated soil by popularizing the use
of chrysanthemum plants.

3.5. Estimation of the Economic Benefits of Chrysanthemum Remediation for Cd-Contaminated
Agricultural Land

The remediation of heavy metal-contaminated soil through engineering excavation
methods often requires a long time and high costs [36]. Moreover, during the remediation
process, the contaminated farmland generates no economic returns. Although phytoreme-
diation has received increasing attention in recent decades as an environmentally friendly
and cost-effective green technology, its practical application remains limited. This is pri-
marily due to the slow growth and low biomass of remediating plants, resulting in low
remediation efficiency, and the long duration typically required for the remediation of
heavy metal-contaminated farmland. A more critical issue is that most hyperaccumulator
plants for heavy metals are non-economic species, meaning that the long-term remedia-
tion process of contaminated farmland does not generate income but requires significant
investment [37]. To promote the practical application of phytoremediation, it is necessary
to establish an effective and economically beneficial phytoremediation system. This would
enable owners of contaminated farmland to earn annual economic returns during the
phytoremediation of contaminated soil.

In this study, the selected chrysanthemum varieties for remediation can be continu-
ously harvested and sold during the remediation process of contaminated soil, generating
economic benefits. If we consider only the input costs and revenue from chrysanthemum
sales, without considering the environmental and social benefits of contaminated soil
remediation, we have calculated a detailed economic account.

To enhance the effectiveness of phytoremediation in removing heavy metals from the
soil, it is necessary to construct some auxiliary planting facilities to ensure double cropping
of chrysanthemums and maximize their biomass. The construction and maintenance costs
of chrysanthemum planting facilities are 0.75 × 104 RMB per hectare per year, while the
costs of fertilizers and pesticides for chrysanthemum cultivation are 3.15 × 104 RMB per
hectare per year, and the costs of machinery and tools are 0.525 × 104 RMB per hectare per
year. Additionally, land rental costs are 1.8 × 104 RMB per hectare per year.

The average yield of chrysanthemum branches per hectare of contaminated farmland
is 3.89 × 106 branches (Table 3). Most chrysanthemums are sold as ceremonial items to
funeral homes across Zhejiang Province. The price of chrysanthemums varies with time
and quality. Generally, ordinary-grade chrysanthemums account for 80%, with each bundle
(14 branches) selling for 2.5 RMB; high-grade chrysanthemums account for 5%, with each
bundle selling for 5 RMB; and low-grade white chrysanthemums account for 15%, with
each bundle selling for 1 RMB.
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Table 3. Annual yield of chrysanthemum flowers in the contaminated farmland and theoretical
annual income per hectare.

Chrysanthemum Varieties Flower Count (hm−2 year−1) Net Income (RMB hm−2 year−1)

QX-yz 3.96 × 106 ± 0.42 × 106 61.67 × 104 ± 9.26 × 104

QJ-hg 3.89 × 106 ± 0.72 × 106 60.46 × 104 ± 8.38 × 104

QJ-bh2 4.02 × 106 ± 0.86 × 106 62.69 × 104 ± 11.34 × 104

JL-xy 3.69 × 106 ± 0.41 × 106 57.03 × 104 ± 7.87 × 104

JL-yg 4.16 × 106 ± 0.58 × 106 65.09 × 104 ± 10.43 × 104

Average 5.31 × 106 ± 1.00 × 106 60.46 × 104 ± 8.63 × 104

Marigold 16.88 × 104~55.70 × 104

A farmer can plant chrysanthemums on 0.1 hectares of land and harvest two crops
per year. After deducting all the aforementioned costs, the farmer’s net income from
chrysanthemum cultivation is 6.17 × 104 RMB, which is higher than the average annual
income of residents in Yongkang City, Zhejiang Province, which is 5.67 × 104 RMB.

This indicates that by planting chrysanthemums for the remediation of heavy metal-
contaminated soil, there is no need to pay for land clearing costs and land idleness losses,
and economic benefits can be earned through the sale of chrysanthemums. The net in-
come from chrysanthemum cultivation in this study is higher than that generated by the
phytoremediation of heavy metal-contaminated soil using marigolds [38]. In conclusion,
the selected dominant chrysanthemum varieties exhibit vigorous growth, high biomass,
strong tolerance to toxic heavy metals, and demonstrate strong Cd accumulation and
removal effects. This study primarily focuses on the accumulation and removal effects of
chrysanthemums on Cd, and they may have similar effects on other harmful heavy metals.
More importantly, planting white chrysanthemums for phytoremediation can also generate
considerable economic benefits.

4. Conclusions

In this study, 23 chrysanthemum cultivars were tested. Six Cd hyperaccumulating
chrysanthemum cultivars were marigolds, ZS-gh, QJ-ht, JL-cj, QJ-hg, and JL-dc, the average
Cd accumulation per plant was over 0.6 mg, and their remediation of rhizosphere soils
required 4–5 years. There are 14 multiple-cropping cultivars, of which the biomass of
chrysanthemum cultivars QX-yz, QJ-hg, QJ-bh2, JL-xy, and JL-yg remain stable. The
highest Cd accumulation was 0.64 mg in the QJ-hg single plant. The use of EDTA-Si can
bring about toxic effects and cause chrysanthemum biomass to decline. Bamboo vinegar is
more helpful to increase the Cd accumulation of chrysanthemum plants. In this experiment,
the application of bamboo vinegar led to Cd accumulation within chrysanthemums being
elevated by up to 34.99 percentage points, and the number of stages of soil remediation
was expected to be reduced by 1. Additionally, chrysanthemum sales provide sustainable
economic benefits to the phytoremediation process, with practitioners in chrysanthemum
cultivation earning above the local residents’ average annual income level.
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