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Abstract


A comprehensive investigation into sustainable agriculture and environmental health was conducted in the Baotou region, encompassing analyses of 90 vegetable samples across 12 varieties and their corresponding rhizosphere soil samples. The physical and chemical properties of the soil, along with the content and chemical speciations of heavy metals, were studied. Results indicated that the study area soil is alkaline to strongly alkaline, with significant heterogeneity in the organic carbon and phosphorus contents, affecting the uptake of heavy metals by these vegetables. The balance of Ca, K, Mg, and P is crucial for soil nutrient equilibrium and reducing heavy metal uptake. The heavy metal contents in the twelve vegetables were below the national food contaminant limit values, with notable accumulations of Cd, Zn, Cu, and Hg. There was a curvilinear correlation between the rhizosphere soil and vegetable contents of Cd and Hg, but differences in uptake were observed. Cd, Zn, Cu, and Hg contents in vegetables were significant, correlating curvilinearly with soil heavy metal content. Soil chemical forms influenced bioavailability, with Cd exhibiting the highest bioactivity. Thus, element migration variations in vegetables reflect the combined influence of the soil’s physical and chemical properties, heavy metal content, and chemical forms. This study validates food safety protocols and soil management practices. Results demonstrate key relationships between soil properties, metal behavior, and plant uptake, enabling targeted solutions for heavy metal contamination and soil remediation. Findings advance sustainable agriculture while protecting ecosystems and food security.
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1. Introduction


The migration of heavy metals from soil to vegetables in heavy industrial cities is a significant environmental concern, particularly due to the potential health risks associated with consuming contaminated produce. Several factors influence this migration process, including soil characteristics, plant species, and environmental conditions [1,2,3,4,5,6].



The physicochemical properties of soil play a crucial role in the bioavailability of heavy metals. Factors such as soil pH, organic matter content, and texture can significantly affect the mobility of metals. For instance, acidic soils often enhance the solubility of heavy metals, making them more available for uptake by plants. Conversely, higher organic matter can bind metals, reducing their bioavailability and subsequent uptake by plants [7,8]. Different plant species exhibit varying capacities for heavy metal uptake, influenced by their root structure, growth habits, and physiological mechanisms. Leafy vegetables, for example, tend to accumulate higher concentrations of heavy metals compared to root or fruit vegetables. This is due to their larger surface area and higher transpiration rates, which facilitate the uptake of contaminants from the soil and atmosphere [9,10]. Additionally, certain species have developed mechanisms to tolerate or sequester heavy metals, which can affect their accumulation levels.



Environmental factors such as rainfall, temperature, and humidity can also influence the migration of heavy metals. For example, heavy rainfall can lead to the leaching of metals from the soil, increasing their concentration in the soil solution and enhancing their uptake by plants. Conversely, dry conditions may limit the mobility of metals, reducing their availability for plant uptake of [11,12,13,14,15]. Seasonal variations can also affect plant growth and metal accumulation, with different growth stages potentially leading to varying levels of metal uptake. The proximity of industrial activities significantly impacts the levels of heavy metals in the surrounding soil. Industrial emissions, wastewater discharge, and the use of contaminated irrigation water can introduce heavy metals into the soil, increasing the risk of accumulation in crops. Studies have shown that areas near industrial sites often exhibit higher concentrations of metals such as lead, cadmium, and arsenic in both soil and vegetables [16,17,18,19,20].



The transfer factor, which quantifies the ratio of metal concentration in the plant to that in the soil, is a critical measure in understanding the migration process. Higher transfer factors indicate a greater propensity for plants to uptake metals from the soil. Factors influencing these transfer factors include the specific metal in question, the plant species, and the soil’s chemical composition [21,22,23,24,25,26].



Agricultural practices, such as the use of fertilizers and pesticides, can also influence heavy metal migration. Some fertilizers may contain trace amounts of heavy metals, contributing to soil contamination over time. Additionally, practices like irrigation with contaminated water can exacerbate the problem, leading to increased metal concentrations in crops [27,28,29,30,31,32,33,34].



The health implications of consuming vegetables contaminated with heavy metals are profound, particularly for vulnerable populations such as children. Chronic exposure to heavy metals can lead to various health issues, including developmental disorders, neurological damage, and increased cancer risk [35,36]. Therefore, understanding the factors influencing metal migration is essential for developing strategies to mitigate these risks.



Current research on heavy metal translocation between edaphic systems and agricultural produce has been predominantly compartmentalized, examining either pedological metal speciation or phytoaccumulation patterns independently. A significant knowledge gap exists regarding the mechanistic factors governing heavy metal mobility at the rhizosphere–plant interface. This investigation endeavors to elucidate these dynamics. The implications of our findings are far-reaching, encompassing agroecosystem preservation, food security enhancement, and public health protection. With emerging analytical capabilities, these investigations will provide robust empirical foundations for pedological conservation strategies and sustainable agricultural practices in our nation.



Baotou is an important vegetable production base in Inner Mongolia and a major heavy industrial city with various high-pollution industries. Therefore, this study aims to investigate (1) the physicochemical properties and mineral composition of urban soils, (2) the characteristics of soil heavy metal speciation, and (3) the influencing factors of heavy metal transfer in soil–vegetable systems by collecting typical urban vegetable crops, rhizosphere soils, and different soil types.




2. Materials and Methods


2.1. Study Area


Baotou city (109°15′~110°26) lies in the central–eastern part of Inner Mongolia, along the upper reaches of the Yellow River. Baotou is renowned as a major heavy industry hub, particularly led by the steel, aluminum, and equipment manufacturing sectors. Additionally, it serves as a significant agricultural base, being a vital vegetable-producing area in the Inner Mongolia Autonomous Region.




2.2. Sample Collection


Vegetable samples and rhizosphere soil samples primarily come from Baotou City, as depicted in Figure 1. There are 90 vegetable samples and 90 rhizosphere soil samples. We collected vegetable samples using a multi-point combination method within the sampling plot. At each sampling location, we collected multiple specimens of the same vegetable variety. Whole-plant sampling was employed: for root soil samples, it was essential to include the root system to analyze heavy metals and other elements taken up by the plant. At each sampling site, we excavated soil to a specified depth, retrieving the complete root system along with the associated soil.




2.3. Sample Processing and Analysis


2.3.1. Rhizosphere Soil Samples Collection and Analysis


In this study, 90 rhizosphere soil samples were selected, as shown in Figure 1. The vegetable plants were uprooted, and the adhered soil was shaken loose from the roots onto a clean disposable plastic sheet. The soil collected from individual crops was mixed thoroughly, and the grid or quartering method was used to retain 1.0~1.5 kg of soil, which was then placed into a clean and sturdy sample bag.



For heavy metal concentration analysis, first, the soil samples were air-dried. The air-dried sample was poured on the organic glass plate in a grinding room, impacted with a wooden mallet, crushed, collected with the impurities, mixed well, crushed using the quartering method, and passed through a 0.25 mm (20 mesh) nylon sieve. After the screening step, all samples were placed on the colorless polyethylene film, fully stirred, and mixed, and then two samples were subjected to the quartering method. One was placed in storage, and the other was used to obtain a finely ground sample. The finely ground samples were divided into two parts using the quartering method. One part was ground using an aperture of 0.25 mm (60 mesh) sieve, which was used for the analysis of pesticides or soil organic matter, soil total nitrogen, etc. The other part was ground using a full aperture of 0.15 mm (100 mesh) sieve for the analysis of heavy elements in rhizosphere soil.



Then, we weighed 0.1 g−0.5 g of the pretreated soil sample and transferred it into a polytetrafluoroethylene (PTFE) digestion vessel. We added 6 mL of aqua regia to the vessel. We placed the digestion vessel onto the support rack and inserted it into the microwave digestion system. We set the microwave digestion program, including temperature, pressure, and time parameters. After the digestion process was complete, we allowed the vessel to cool down. We extracted the digested solution and proceeded with filtration, dilution, and subsequent processing for analysis.




2.3.2. Sequential Extraction of Heavy Metal Species in Soil


In this study, we conducted speciation analysis on 24 soil samples to determine the fractionation of heavy metal elements (GB/T 25282-2010) [37]. Given the diversity of existing sequential extraction procedures and insufficient data comparability, we adopted the GB/T 25282-2010 standard, which is based on the BCR sequential extraction procedure established by the European Community Bureau of Reference. To address specific requirements and characteristics of ecological geochemical surveys and assessments, we expanded upon the original BCR protocol’s three extraction phases—acid-extractable, reducible, and oxidizable fractions—by incorporating residual and water-soluble extractions. Notably, the water-soluble extraction was performed as a discrete step to maintain the integrity and accuracy of the original BCR procedure.



This paper outlines a four-step sequential extraction procedure for nine trace element species in soil: the first step extracts ion-exchangeable and carbonate-bound forms; the second step targets iron–manganese oxide-bound forms; the third step extracts organically bound forms; and the fourth step involves dissolving the residual form using a mixture of hydrochloric, nitric, hydrofluoric, and perchloric acids. After completing these steps, a separate sample was used to extract the water-soluble form.



The extractants selected for different fractions were as follows: water for water-soluble fractions; magnesium chloride (pH = 7.0) for exchangeable fractions; acetic acid–sodium acetate (pH = 5.0) [37] for carbonate-bound fractions; sodium pyrophosphate (pH = 10.0) for weakly organic (humic acid) bound fractions; hydroxylamine hydrochloride (pH = 2.0) for Fe-Mn oxide-bound fractions; hydrogen peroxide for strongly organic-bound fractions; and hydrofluoric acid for the residual fractions.



A sequential four-step extraction procedure was implemented to analyze the speciation of 9 trace elements in soil and sediment samples. The procedure consisted of (1) acetic acid extraction for weak acid-extractable fractions (including exchangeable and carbonate-bound forms); (2) hydroxylamine hydrochloride solution extraction for reducible fractions (bound to Fe, Mn, and Al oxides); (3) hydrogen peroxide and ammonium acetate solution extraction for oxidizable fractions (including organically bound and sulfide forms); and (4) mixed acid digestion using HCl-HNO3-HF-HClO4 for residual fractions. Additionally, a separate sample aliquot was analyzed for water-soluble fractions.




2.3.3. Vegetable Sample Analysis


Vegetables were cleaned, air-dried, chopped, and homogenized for digestion analysis. We weighed 0.2 g to 1.0 g of solid sample and placed it in the digestion vessel and added 5 mL of nitric acid and let it stand for 1 h or overnight. We secured the inner lid and tightened the stainless steel outer sleeve, then placed the vessel in a constant temperature drying oven at 140 °C to 160 °C for 4 to 5 h. We allowed it to cool naturally to room temperature inside the oven. We slowly loosened the stainless steel sleeve and remove the inner digestion vessel, then rinsed the inner lid with a small amount of water. We placed the digestion vessel on a temperature-controlled hot plate and heated it at 80 °C to remove brown gasses. We removed the inner digestion vessel and transferred the digested solution to a 25 mL volumetric flask and then rinsed the inner vessel three times with small amounts of water, combined the rinsing solutions in the volumetric flask, and filled it to the mark. We then mixed it well and set it aside until use. Then, As and Hg quantification was performed via atomic fluorescence spectrophotometric analysis. The measurement of Pb, Cr, Ni, Cd, Cu, Mn, and Zn was conducted using atomic uptake spectrophotometry and plasma spectroscopy.





2.4. Bioconcentration Factor


The BCF is a critical metric for assessing the enrichment capacity of heavy metals from soil to crops. It reflects the bioavailability of heavy metals. The formula is as follows:


  B C F =      C   p l a n t       C   s o i l       



(1)




where BCF is the bioconcentration factor;     C   p l a n t     is the heavy metal content in seeds, fruits, or primary utility parts of plants; and     C   s o i l     is heavy metal content in soil.





3. Results and Discussion


3.1. Physicochemical Properties of Soil


The statistical results of the soil physicochemical properties in the study area are presented in Table 1. Based on the characteristics of seven key nutrient elements in the soil, it is evident that the soil pH ranges from 7.29 to 9.6, with an average of 8.5 and a coefficient of variation (Cv) of 0.04, indicating that the soil in the study area is generally alkaline. In alkaline soils, heavy metals may form insoluble hydroxide precipitates, reducing their bioavailability. Under alkaline soil conditions, the increased concentration of OH- leads to the formation of insoluble metal hydroxide precipitates, such as Pb(OH)2 and Cd(OH)2. These precipitates effectively reduce the free concentration of heavy metals in the soil solution matrix.



P, Ca, K and Mg in soil are critical indicator elements for assessing soil fertility. The levels of plant-beneficial elements such as P, K, Ca, and Mg in the study area are within normal ranges, while there is a deficiency of N and Org_C. Insufficient nitrogen in the soil can lead to slow plant growth, poor root development, and reduced uptake of other nutrients, potentially increasing the uptake of heavy metals. When soil organic matter is lacking, the chelation and adsorption processes weaken, making heavy metals more soluble and more easily taken up by plant roots. Therefore, management practices such as the application of organic fertilizers and nitrogen fertilizers can effectively improve soil nutrient status, reduce plant uptake of heavy metals, and ensure crop health and food safety.




3.2. Distribution of Heavy Metal Species


The total quantity of an element serves as a basic indicator for assessing the abundance or deficiency of elements in soil. It significantly influences the content of elements in crops. However, the ecological significance of elements varies with their different forms. While the total quantity is crucial for determining elemental abundance in crops, these forms show distinct effects on plant uptake. Crops primarily uptake the bioavailable active forms of elements. Different research institutions adopt varied classification methods for elemental speciation. This study extracts and analyzes the chemical forms of heavy metals in soil through a seven-step sequential chemical extraction method. The water-soluble, ion-exchangeable, and carbonate-bound forms of heavy metals are relatively reactive and are often termed the bioavailable components. In contrast, the weak organic, iron–manganese oxide, and strong organic phases are more stable and are considered potential bioavailable components. The residual phase represents the stable state of heavy metals housed in mineral lattices with low mobility [17,18,19].



The average cumulative distribution of different chemical forms of soil heavy metal elements in the study area is shown in Figure 2 and Table 2. The diagram visually demonstrates that elements such as Cr, Zn, As, Ni, Cu, and Pb predominantly exist in the residual phase. Furthermore, the content of the water-soluble form (F1) of each heavy metal element is extremely low, averaging less than 0.5% of the total quantity. There exist significant differences in the proportional distribution of other chemical forms, likely because of varying affinity potentials between different heavy metal ions and soil components.



3.2.1. Water-Soluble Phases and Ion-Exchangeable


These states represent exchangeable heavy metals susceptible to environmental conditions with high bioavailability. The highest to lowest relative contents are as follows: Cd > Hg > Cu > Mn > As > Pb > Ni > Cr > Zn. Cd, at 6.822%, shows the greatest bioactivity, allowing crops to take it up easily. Cd predominates in the carbonate form at 40.073%, indicating substantial association with carbonate’s surface charge sites. Mn is also significant at 24.72% and it associates with carbonates, implying potential for interaction. As pH reduces, carbonate minerals may dissolve, releasing bound metals into the solution and increasing their mobility and bioavailability. This has significant implications for environmental risk assessment and soil remediation, as pH changes could enhance the release of Cd and Mn, risking entry into food and water sources. Thus, controlling the pH is crucial in handling contaminated soil.




3.2.2. Carbonate Phase


Carbonate-bound metals are taken up, precipitated, or co-precipitated by carbonates, showing pH-sensitive solubility. Cd predominates at 40.324%, Mn at 27.512%.




3.2.3. Iron–Manganese Oxide Phase


This phase describes heavy metals forming complexes with hydrated iron and manganese oxides or substituting Mg2+ and Fe2+ in their lattice. Despite its numerical significance, the bioavailability of copper in this form is relatively lower. In the iron–manganese oxide bound form, Pb is highest at 22.624%, followed by Mn and Cd.




3.2.4. Organic Phase


The organic phase refers to heavy metals taken up or integrated with organic particles through integration or ion exchange. These organically bound metals are relatively stable and less bioavailable. Compared with the residual state, both weak and strong organic phases are generally lower in abundance. Of the strong organic phase, Hg is the highest at 50.412%, followed by Ni. In the weak organic phase, Cu reaches 19.134%, followed by Cd, As, and Mn.




3.2.5. Residual Phase


Most elements exist largely in the residual phase. The residual phase includes heavy metal found within the crystalline lattice of solid mineral particles that are stable and biologically inactive. Higher proportions of this form result in lower bioavailability. The content of residual heavy metals in the soil varies by soil development and type. Residual phase elements are difficult to extract with general solvents, usually embedded within mineral lattices. Elements such as As, Cr, Ni, Pb, Cu, and Zn have the highest relative contents in the residual phase, all exceeding 70%; notably, As occurs at 85.34% and Cr occurs at 98.14%, indicating very low bioavailability.



The predominant speciation forms of different heavy metals in soil significantly influence their uptake and accumulation in plants. As shown in Table 2, Cd primarily exists in the carbonate phase, forming insoluble CdCO3 with carbonate ions, resulting in low bioavailability and reduced phytotoxicity. Hg predominantly exists in the strong organic phase, forming stable complexes with soil organic matter (such as humic and fulvic acids), exhibiting low bioavailability. However, under specific conditions (acidic conditions, redox conditions, and microbial activity), organic complexes (such as methylmercury and ethylmercury) may gradually be released, potentially causing toxic effects on plants and soil environments. As, Mn, Ni, Pb, and Zn show high proportions in the weak organic phase, forming complexes with organic matter like humic acids, which are highly soluble only under acidic conditions and readily taken up by plants. However, in the study area’s alkaline conditions, their bioavailability remains low. Cu exists in the iron–manganese oxide Phase, where Cu2+ is adsorbed onto iron–manganese oxides or hydroxide surfaces, forming stable complexes resistant to plant root uptake. Understanding the behavior of different heavy metal species in soil enables the implementation of effective management and remediation measures, reducing negative impacts on plants and ensuring sustainable ecological development.





3.3. Characteristics and Safety of Heavy Metals in Vegetables


This study examines leafy greens (cabbage and Chinese kale), stems (celery and green beans), fruits (cucumber, eggplant, tomato, and chili), bulbs (onion and shallot), and florets (cauliflower). The analysis of Figure 3 shows a disparity in heavy metal contents across vegetables. All levels are below the national food contaminants limits (GB 2762-2022). When ranked by category, they fall in the following order: stem vegetables > leafy greens > fruits > bulbs > florets. The element levels in vegetables from high to low: Zn > Mn > Cu > Pb > Cr > Ni > Cd > As > Hg. Certain metals, such as Pb, Cr, and Ni, are more prevalent in onions, shallots, chilies, kale, eggplants, celery, and tomatoes. While Pb appears in all, onions, shallots, cucumbers, chilies, and eggplants have higher Pb, whereas cauliflower, cabbage, and beans have lower amounts. This indicates variable heavy metal uptake and translocation because of environmental influences, resulting in differing concentrations across vegetable types.



Research findings indicate significant variations in metal element uptake across different vegetables. Leafy vegetables, particularly cabbage and savoy cabbage, consistently demonstrate elevated levels of multiple metallic elements. Tomatoes and cauliflower exhibit relatively lower overall metal concentrations. Beans display the highest total metal concentrations, with notably elevated levels of Zn and Mn. Chili peppers and eggplants also show considerable total metal concentrations. While heavy metals such as Pb and Cd are generally present in low concentrations, the potential bioaccumulation effects as a result of their long-term consumption warrant attention.




3.4. Characteristics of Heavy Metals in Rhizosphere Soils of Different Vegetables


The characteristics of the rhizosphere soil and the heavy metal content in various vegetables are presented in Table 3. During the data analysis of the risk screening values (pH > 7.5) outlined in the soil environmental quality standards (GB 15618-2018), it was observed that the average concentrations of the root zone soil samples studied were generally below the standard values. However, in the root zone soils of specific vegetable crops, including scallion, beans, cucumber, eggplant, green pepper, and tomato, the levels of cadmium (Cd) exceeded the risk screening values, indicating potential cadmium contamination in these agricultural lands. Furthermore, the analysis of the root zone soil for cauliflower revealed the presence of mercury (Hg) contamination. This finding suggests that while the overall soil environmental quality meets national standards, certain plots and crop types may be at risk of heavy metal contamination, warranting further attention and the implementation of appropriate pollution prevention measures.




3.5. Enrichment Characteristics of Heavy Metals in Different Soil–Crop Systems


BCFs are a crucial indicator measuring the ability of heavy metals to accumulate from soil to crops, reflecting the bioavailability of heavy metals. Figure 4 shows that from the perspective of vegetable categories regarding heavy metal enrichment characteristics.From the perspective of individual vegetables, the order of the enrichment characteristics of different elements is as follows. In cauliflower, the order of heavy metal enrichment is Cd > Zn > Cu > Hg > Pb > Ni > Mn > Cr > As; in Chinese cabbage, it is Cd > Zn > Hg > Cu > Ni > Mn > Pb > Cr > As; in green onion, it is Zn > Cd > Cu > Hg > Pb > Ni > Mn > Cr > As; in onion, it is Cd > Zn > Cu > Pb > Ni > Mn > Cr > Hg > As; in string beans, it is Zn > Cu > Cd > Ni > Pb > Mn > Hg > Cr > As; in cucumber, it is Zn > Cd > Cu > Hg > Ni > Pb > Mn > As > Cr; in chili pepper, it is Cd > Zn > Cu > Hg > Pb > Ni > Mn > Cr > As; in cabbage, it is Zn > Cd > Hg > Cu > Pb > Mn > Ni > Cr > As; in eggplant, it is Cd > Zn > Cu > Hg > Ni > Pb > Mn > Cr > As; in celery, it is Cd > Zn > Hg > Cu > Pb > Ni > Mn > Cr > As; in green pepper, it is Cd > Zn > Cu > Pb > Hg > Ni > Mn > Cr > As; and in tomato, it is Zn > Cd > Cu > Pb > Hg > Ni > Mn > Cr > As. Figure 4. reveals that the enrichment coefficients of Cd, Zn, Cu, and Hg are relatively high. As essential elements for plant growth, Cu and Zn exhibit a higher uptake capability. Cd and Hg, typical harmful elements, possess characteristics of high mobility, allowing them to readily be taken up by plants.



The bioconcentration factor (BCF) of Cd in chili peppers significantly exceeds that of other vegetables, reaching values above 12, indicating their exceptional cadmium uptake capacity. The BCFs for As, Hg, Cr, Cu, Mn, Ni, Pb, and Zn exhibit substantial variation across different vegetable species. Notably, onions demonstrate elevated accumulation levels for these heavy metals and metallic elements. Cucumbers and tomatoes also show high enrichment factors for certain elements. Overall, distinct variations exist in the uptake capabilities of different vegetables for various heavy metals and metallic elements. Chili peppers exhibit particularly remarkable cadmium uptake, while onions show strong bioaccumulation potential for multiple heavy metals and metallic elements. These differential accumulation patterns may be attributed to vegetable species diversity and their respective root system characteristics.




3.6. Factors Affecting the Transfer of Heavy Metals in Vegetables


3.6.1. Relationship Between Soil Physicochemical Properties and Heavy Metal Content in Vegetables


The correlation analysis results of heavy metals in 12 types of vegetables and the physicochemical parameters of root soil are presented in Table 4. The findings indicate that soil pH is a significant influencing factor, showing a negative correlation with the accumulation of various heavy metals in vegetables, suggesting that alkaline soil may help reduce the uptake of these heavy metals by vegetables. The content of organic carbon and nitrogen is positively correlated with the accumulation of certain heavy metals (such as Cd and Hg) in vegetables, which may imply that the application of organic matter and nitrogen fertilizers should be approached with caution to avoid increasing the uptake of heavy metals by vegetables. The negative correlation between the content of K, Ca, and Mg and the accumulation of heavy metals in vegetables may suggest that these elements can reduce the uptake of heavy metals by vegetables through different mechanisms.



The study area predominantly consists of alkaline to strongly alkaline soils. This typically reduces the solubility and bioavailability of these heavy metals [23]. However, there is significant variability in soil organic matter within the area. When the soil’s organic matter content is low, the soil’s ability to adsorb heavy metals weakens [12]. This results in more heavy metals remaining in the soil solution, increasing the likelihood of plant roots contacting and taking up these metals, which can lead to higher heavy metal concentrations within the plants. Org_C can influence soil structure to some extent and, in turn, affect the content and migration of heavy metals within the soil.



Organic matter possesses strong cation exchange and chelation abilities. It can form stable complexes with heavy metals, reducing their concentration in the soil solution. The heterogeneity of soil Org_C in the study area is pronounced. When the organic matter content is low, this adsorption ability diminishes, resulting in more heavy metals in the free state in the soil solution, thus increasing the possibility of uptake by plants. The spatial variability in organic matter content may lead to differences in the amounts of heavy metals taken up by vegetables.



Ca, K, Mg, P, and N in the soil are distributed more uniformly, achieving a basic nutritional balance. This improves the soil environment, promotes plant health, and thus reduces heavy metal uptake.




3.6.2. Relationship Between Soil Heavy Metal Content and Vegetable Heavy Metal Content


Cd and Hg, among the heavy metals, exhibit high mobility and easy uptake in vegetables. Meanwhile, according to Section 3.5, heavy metal accumulation is more prevalent in leafy vegetables and fruit vegetables. Thus, this study selects three types of vegetables (cabbage, cucumber, and green pepper) to examine the correlation between two elements (Cd and Hg) in rhizosphere soil and the heavy metal content in the vegetables.



Figure 5 illustrates the correlation between Hg and Cd concentrations in the edible portions of vegetables and their corresponding elemental concentrations in rhizosphere soil. For mercury, distinct uptake patterns were observed across different vegetable species, while for cadmium, all three plant species demonstrated positive correlations. If the soil is contaminated with heavy metals, the vegetables planted in that soil will likely uptake these metals through their roots and accumulate them within the plant. Additionally, while vegetable roots directly uptake water and nutrients from the soil, they also uptake heavy metals. Vegetables can serve as an indicator for assessing soil heavy metal pollution. By analyzing the heavy metal content in vegetables, one can gain insights into soil pollution status and its potential risks.



Furthermore, the fitted curves of certain vegetables exhibit an upward-opening parabolic shape, indicating that within these ranges, there may exist a threshold or optimal concentration range for elemental uptake by plants. The varying R2 values observed in the curve fitting across different vegetables suggest differential relationships between heavy metal content in edible portions and rhizosphere soil concentrations. The relatively low R2 values further reveal the complex relationship between mercury and cadmium concentrations in edible plant portions and their corresponding environmental concentrations, which may be influenced by multiple factors including plant species, soil type, and environmental conditions.




3.6.3. Sensitivity of Vegetables to Heavy Metal Elemental Forms in Soil


The forms of elements taken up by vegetables are not limited to the exchangeable form but also include other highly reactive forms. Under specific conditions, water-soluble forms, ion-exchangeable forms, carbonate forms, and weak organic forms can be taken up by crops. These forms significantly affect the efficiency of plant uptake by their percentage contribution to the total soil content. Figure 6 shows the order of percentage of nine heavy metals that are easily taken up by vegetables: Cd > Mn > Cu > Pb > Hg > As > Ni > Zn > Cr. The primary forms affecting vegetable uptake of heavy metals include carbonate, ion-exchangeable, and weak organic forms. Previous studies found that Cd and Hg show high mobility and ease of uptake by vegetables. The chemical species, including ion-exchangeable, carbonate, and weak organic, are readily taken up by vegetables, which is the principal cause of Cd accumulation in these plants.The Hg form that is easily taken up by vegetables is mainly the weak organic form, with a form uptake percentage of 9.26%. This is relatively low compared with Cd, and the reason for vegetable enrichment might be due to the high Hg concentration in the soil.






4. Conclusions


As an important vegetable production base and heavy industrial city, Baotou Vegetable Research Facility’s soil physicochemical properties, heavy metal content, and chemical forms in rhizosphere soils were studied to understand their impact on heavy metal accumulation in vegetables. The results indicated that the pH level of soil, along with the content of Org_C and N, significantly influences the accumulation of heavy metals in vegetables. Alkaline soils help reduce the uptake of heavy metals, while the application of organic matter and nitrogen fertilizers should be approached with caution to avoid increasing the absorption of these metals by vegetable. The balanced distribution of Ca, K, Mg, and P plays a crucial role in maintaining soil nutrient equilibrium, promoting plant health, and reducing heavy metal uptake.



The heavy metal content in 12 vegetable samples was below the national food contaminant limits, differences exist in the uptake and enrichment of heavy metals across various types of vegetables. The concentrations of Cd, Zn, Cu, and Hg in vegetables are significant. There was a curvilinear correlation between the heavy metal content in root soils and the Cd and Hg content in vegetables, suggesting that soil heavy metal content is a key factor affecting heavy metal accumulation in vegetables. In addition, the greater the proportion of carbonates, exchangeable ions, and water-extractable phases in the soil, the more significant the impact on biological growth, as these are highly bioavailable and readily absorbed by organisms, indicating a direct proportional relationship. Conversely, the higher the proportion of residual phases, iron–manganese oxides, and organic phases in the soil, the lesser the impact on biological growth, reflecting lower bioavailability and biological effects, thus showing an inverse relationship. Therefore, Cd exhibits the highest bioactivity and is the most readily absorbed element by crops. Other elements have a lower proportion of exchangeable forms in the total content, ranked as Mn > Cu > Pb > Hg > As > Ni > Zn > Cr. The exchangeable forms of Cd, Hg, Cu, and Mn had the highest relative content and were most readily absorbed by vegetables. Therefore, the variation in elemental migration in vegetables reflects the combined influence of soil physicochemical properties, heavy metal content, and chemical forms. This research has significant sustainable development implications for environmental conservation, agricultural productivity, economic benefits, societal welfare, and scientific advancement. These investigations provide empirical evidence and technological support essential for achieving sustainable development objectives.
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Figure 1. Map of the study area and sample points. 
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Figure 2. Average percentages of various phases of heavy meatal elements in soil. 
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Figure 3. Cumulative graph of average heavy metal content in different vegetable categories. 
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Figure 4. Mean enrichment factor (BCF) of heavy metals in twelve different vegetables. 
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Figure 5. Correlation between Cd and Hg in three types of vegetables (Chinese cabbage, green onion, and cucumber) and root-zone soil. (a,d): Correlation diagram of cabbage and itsrhizosphere soils concentrations of Hg and Cd concentrations; (b,e): Correlation diagram of cucumber and itsrhizosphere soils concentrations of Hg and Cd concentrations; (c,f):Correlation diagram of Green pepper and itsrhizosphere soils concentrations of Hg and Cd concentrations. 
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Figure 6. Proportion of heavy metal speciation in soil easily taken up by vegetables. 
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Table 1. Statistical parameters of soil chemical properties and major elements.
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	pH
	Org_C
	N (mg/kg)
	P (mg/kg)
	K
	Ca
	Mg





	Mean
	8.5
	1.02
	727.1
	819.3
	2.17
	5.11
	1.91



	Cv
	0.04
	0.72
	0.38
	0.86
	0.09
	0.32
	0.19







The units of Mg, Ca, K, and Org_C as %.













 





Table 2. The mean percentages of extractable heavy metal elements in soil composition.
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	HES
	Water-Soluble Phases
	Ion-Exchangeable

Phase
	Carbonate Phase
	Iron–Manganese Oxide Phase
	Weak Organic Phase
	Strong Organic Phase
	Residue Phase





	As
	0.457
	0.42
	0.147
	8.168
	8.963
	1.308
	80.538



	Cd
	0.302
	6.52
	42.073
	10.035
	20.127
	3.262
	17.682



	Cr
	0.032
	0.221
	0.178
	2.011
	2.895
	3.714
	90.95



	Cu
	0.311
	0.708
	1.16
	13.035
	12.348
	3.567
	68.87



	Hg
	0.814
	0.345
	0.246
	7.859
	4.737
	44.061
	41.938



	Mn
	0.053
	0.886
	24.72
	8.372
	20.271
	3.212
	42.487



	Ni
	0.095
	0.335
	3.615
	2.033
	11.235
	9.663
	73.025



	Pb
	0.11
	0.372
	4.794
	4.789
	21.938
	1.5
	66.498



	Zn
	0.073
	0.121
	0.914
	1.698
	9.544
	5.385
	82.265










 





Table 3. Average content of heavy metal elements in different vegetable rhizosphere soils.
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Vegetable Types

	
Quantity

	
Mean (mg/kg)




	
Cd

	
As

	
Hg

	
Cr

	
Ni

	
Cu

	
Zn

	
Pb






	
Cabbage

	
6

	
0.20

	
7.22

	
0.10

	
36.30

	
18.35

	
100

	
300

	
32.43




	
Cauliflower

	
2

	
0.14

	
7.85

	
(0.2–1.56) 0.88

	
71.25

	
20.9

	
35.90

	
107.85

	
22.80




	
Scallion

	
11

	
(0.11–0.67) 0.3

	
7.05

	
0.17

	
56.13

	
17.57

	
28.59

	
90.55

	
36.52




	
Green onion

	
2

	
0.14

	
6.7

	
0.09

	
1.25

	
18.10

	
21.20

	
64.80

	
21.40




	
Beans

	
12

	
(0.10–0.71) 0.33

	
6.96

	
0.16

	
55.68

	
17.95

	
30.45

	
97.38

	
28.90




	
Cucumber

	
10

	
(0.11–0.89) 0.25

	
6.95

	
0.24

	
57.06

	
17.61

	
29.87

	
80.44

	
27.02




	
Chili pepper

	
8

	
0.20

	
7.08

	
0.21

	
57.73

	
16.95

	
32.48

	
73.59

	
22.20




	
Savoy Cabbage

	
7

	
0.19

	
6.51

	
0.15

	
57.31

	
16.69

	
29.19

	
66.21

	
23.57




	
Eggplant

	
10

	
(0.11–0.70) 0.34

	
6.76

	
0.17

	
55.33

	
17.83

	
32.43

	
87.13

	
28.00




	
Celery

	
4

	
0.19

	
6.83

	
0.15

	
64.83

	
19.30

	
23.95

	
85.08

	
28.15




	
Green pepper

	
8

	
(0.13–0.80) 0.33

	
6.89

	
0.24

	
57.21

	
18.2

	
35.36

	
75.85

	
22.81




	
Tomato

	
10

	
(0.19–0.67) 0.34

	
7.50

	
0.30

	
64.83

	
19.02

	
23.95

	
85.08

	
23.16




	
Risk screening value

	

	
0.60

	
25

	
1.0

	
250

	
190

	
100

	
300

	
170








Note: The values in brackets for the elements Cd and Hg represent the range of maximum and minimum concentrations of heavy metals in the root system. This annotation is to indicate that the average concentrations of both elements are below the risk screening values; however, the maximum concentration values of these elements have exceeded the standard values.













 





Table 4. Correlation analysis between soil physicochemical properties and average heavy metal content in 12 vegetables.
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	Cd_veg
	As_veg
	Hg_veg
	Cr_veg
	Cu_veg
	Mn_veg
	Ni_veg
	Pb_veg
	Zn_veg





	PH
	−0.63611
	−0.0024
	−0.36774
	−0.47401
	−0.31511
	0.02925
	−0.37128
	0.02887
	−0.59078



	Org_c(%)
	0.31197
	−0.15437
	−0.02143
	−0.0491
	0.0091
	−0.5061
	−0.07524
	0.26369
	−0.19436



	N
	0.32078
	−0.23997
	0.71733
	−0.17435
	−0.20253
	−0.51824
	−0.27125
	−0.06262
	0.11478



	P
	0.13373
	−0.19123
	0.19905
	−0.12691
	−0.14176
	−0.11086
	−0.16667
	0.0889
	0.31816



	K
	−0.63611
	−0.0024
	−0.36774
	−0.47401
	−0.31511
	0.02925
	−0.37128
	0.02887
	−0.59078



	Ca
	−0.63611
	−0.0024
	−0.36774
	−0.47401
	−0.31511
	0.02925
	−0.37128
	0.02887
	−0.59078



	Mg
	−0.63611
	−0.0024
	−0.36774
	−0.47401
	−0.31511
	0.02925
	−0.37128
	0.02887
	−0.59078
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