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Abstract

:

Dissolved organic matter (DOM) serves as a critical link in the migration and transformation of heavy metals at the soil–solid interface, influencing the migration behaviour and transformation processes of Cu2+ in soil. There have been studies on the combination mechanisms between DOM and Cu2+ in paddy soils. However, the adsorption/complexation and redox processes between DOM and Cu2+ in other agricultural soil types (such as dry farmland and vegetable fields) are unclear. In order to reveal the combination process of DOM with Cu in different agricultural soil types and the dynamic changes in chemical behaviour that occur, this study analysed the variability of DOM components and structure in three soils using three-dimensional fluorescence spectroscopy and X-ray photoelectron spectroscopy. In addition, the priority order of different DOM compounds in combination with Cu and the change process in relation to the Cu valence state in the soil of Lujiang County, Anhui Province, was revealed based on laboratory experiments. The results showed that the composition of soil DOM was mainly composed of humic-like and fulvic-like substances with a clear terrestrial origin and that the organic matter showed a high degree of decomposition characteristics. The results indicated that the composition of soil DOM is mainly composed of humic and fulvic acid-like substances, and they have obvious characteristics of terrestrial origin. In addition, the soil organic matter showed high decomposition characteristics. The complex stability constants (lgKM) of humic acid-like substances with Cu2+ follow the order of forest land (lgKM = 5.21), vegetable land (lgKM = 4.90), and dry farmland (lgKM = 4.88). The lgKM of fulvic acid-like substances with Cu2+ is in the order of dry farmland (lgKM = 4.51) and vegetable land (lgKM = 4.39). Humic acid-like substances in soil DOM combine preferentially with Cu2+, showing a stronger chelating affinity than fulvic acid-like substances. Cu2+ complexes mainly include hydroxyl, phenolic hydroxyl and amino functional groups are included in soil DOM, accompanied by redox reactions. In comparison to dry farmland, the soil DOM in forest and vegetable fields undergoes more intense redox reactions simultaneously with the chelation of Cu2+. Therefore, the application of organic fertilisers to vegetable and forest soils may lead to uncertainties concerning the fate of heavy metals with variable chemical valence. These results contribute to a deeper understanding of the interaction mechanisms between DOM and Cu2+ in agricultural soils.
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1. Introduction


With the rapid development of the mining industry, concerns about copper (Cu) contamination in the soil near mining areas have attracted increasing global attention [1]. The levels of Cu contamination in the vicinity of mining areas in Oman, China, Australia, and the United Kingdom are of concern [2]. In addition, Cu poses a significant ecological risk to the soil surrounding mining areas, contributing 21.7% of the total risk [2]. In these areas, agricultural areas have higher Cu contamination than non-agricultural areas. As Cu levels in soil increase, its ecological toxicity can affect the growth and development of organisms, leading to reduced crop yields and even death, posing a risk to soil ecosystems [3]. It has been shown that anthropogenic activities (industrial, agricultural, and urbanisation) can not only elevate soil Cu concentrations and bioavailability but also lead to enrichment in the local biogenic skin (Bufo spinosus) in Algerian Riparian Areas [4]. Cu is an essential trace element for the growth and development of both animals and plants, serving as a major component of oxidase enzymes [5]. However, an excess of Cu in the soil can be transferred through the food chain to higher trophic levels, ultimately threatening ecological security and even causing direct harm to human health, including damage and mortality [6,7]. Therefore, the study of Cu migration and transformation in soil has become a focal point of current research in the field of environmental geochemistry.



Dissolved organic matter (DOM) refers to heterogeneous compounds that are capable of passing through a 0.45 μm pore size filter and contain numerous active functional groups (such as hydroxyl, phenolic hydroxyl, carboxyl, quinone, etc.) that can complex with heavy metals [8]. Soil structure, moisture, and organic matter can vary significantly between forest land, dry cropland, and vegetable land [9,10], resulting in DOM components with different expressions and structures of. Forest land typically has a good soil structure and moisture retention due to the stabilizing effect of tree root systems. Conventional tillage and irrigation in dryland areas may result in moisture loss. Vegetable land is subject to regular cultivation and management, which can reduce soil porosity and cause significant seasonal changes in moisture [10]. The molecular weight of DOM has been shown to decrease significantly with decreasing vegetation in dryland-to-grassland transition soil types [11]. In addition, the total relative abundance of lipids, proteins, and lignin increased significantly with the transition from meadow to grassland and desert steppe, while the relative abundance of carbohydrates, condensed aromatic hydrocarbons, and tannins decreasing significantly with the transition to grassland [11]. In contrast, the fraction of dissolved organic matter in forest soils is more closely related to temperature, microbial activity, and nutrient element content [12,13]. In the DOM of forest soils that experience long-term freezing and thawing, aromatic hydrocarbons were found to be the main compounds of DOM, accounting for 44.07%, followed by polycyclic aromatic hydrocarbons and polysaccharides [14]. In addition, under nutrient addition conditions, the content of hydrophilic fractions (tannins, polyphenols, oxidised polyphenols, and humus-bound carbohydrates) and hydrophobic fractions (aromatic compounds, paraffinic compounds, and amines) increased in the DOM of forest soils [15].



DOM influences the migration, transformation, and toxicity of heavy metals, especially Cu, in soils [16,17,18]. Studies indicate that electron-donating substituents (-OH, -NH2) present in humic and fulvic acid-like components of the DOM in biomass char have strong ionic bonding with positively charged Cu2+ [19]. In addition, as the concentration of DOM in soil increases, the transformation of Cu shifts from unstable exchangeable forms to stable organic-bound and residual forms, with DOM inhibiting the migration of Cu in soil [20]. However, additional studies have confirmed that in soils with added manure, the increase in soil dissolved organic matter (DOM) promotes the mobility of Cu. This is because the addition of manure increases the content of aromatic carbon in the soil, and the formation of complexes between large aromatic carbon molecules and Cu enhances the mobility of Cu [21]. The types, structures, and properties of DOM generated during different composting periods (dominated by proteinaceous substances in the early stages and predominantly humic substances in the later stages) vary, thereby affecting their chelating capacity with Cu [22]. There are significant differences in the binding of Cu with DOM from different sources and components, altering the mobility and availability of Cu. However, there is currently a lack of systematic research on the specific mechanisms underlying the interaction between agricultural soil DOM and Cu2+, especially considering the varying degrees of anthropogenic influences on different agricultural soil cultivation practices. This leads to differences in the sources, composition, and structural characteristics of DOM, as well as variations in the combination processes and mechanisms between different components and Cu2+. Further exploration and research are needed to fully understand this process. In addition, the differences in DOM components and the structures of different soil types are analyzed through practical cases to reveal the binding mechanism of DOM with Cu. The roles played by different DOM components in the binding process with Cu (accelerated migration/co-precipitation) can be clarified. Furthermore, by artificially regulating the component and structural changes to soil DOM, the transport behaviour of Cu can be inhibited and the bioavailability can be reduced to achieve the effect of controlling Cu pollution.



These differences in structure, moisture, and organic matter among agricultural soil may lead to variations in the structure and composition of DOM, thus obscuring its relationship with Cu. Lujiang County in Anhui Province, located in the transition zone between subtropical and temperate regions (30°57′~31°33′ N, 117°01′~117°34′ E), is not only an important agricultural county in Anhui but also characterised by diverse agricultural land uses (dryland, vegetable growing, forests, etc.). In addition, the county is located in the Tan-Lu fault seismic zone, which is rich in non-ferrous metal deposits, and these mining activities pose a risk of soil contamination. Therefore, investigating the Cu content in different agricultural soils in Lujiang County and studying the combination processes and mechanisms between DOM from different sources and Cu2+ is essential to understanding Cu migration and transformation in different agricultural soils.



This study focused on dry farmland soil, vegetable field soil, and forest land soil in Lujiang County and investigated the morphological characteristics and source composition of DOM in soil. Various methods, including three-dimensional fluorescence spectroscopy, two-dimensional analysis, and X-ray photoelectron spectroscopy (XPS), were used to analyze the complexation processes and mechanisms between DOM and Cu2+. The aim was to further elucidate the migration characteristics of Cu2+ in different agricultural soils and to provide new insights for the control of Cu pollution in agricultural soils.




2. Materials and Methods


2.1. Overview of the Study Area and Sample Collection


Lujiang County (30°57′~31°33′ N, 117°01′~117°34′ E) is located in the central part of Anhui Province and has a relatively low elevation (Figure 1). The region is rich in agricultural land resources, covering a total agricultural land area of 123,429 hectares, accounting for approximately 52.66% of the county’s total area. The county is also abundant in mineral resources, with a Cu reserve of 2.15 million tons, ranking second in Anhui Province. There are many iron ore mines, pyrite mines, aluminium mines, and polymetallic mines that have been established in Lujiang County (Figure 1). A total of 38 forest soil samples, 32 dry farmland samples, and 14 vegetable samples were collected (Figure 1). The forest soil type is Luvisols, and the overstorey vegetation is mainly dominated by trees of the Coniferopsida and Camphoraceae families. The soil type of the dry farmland and vegetable fields is Anthrosols, with wheat being the main crop in the dry farmland and Chinese cabbage and radish in the vegetable fields. Among them, the soil-forming parent material of forest soils, dry farmland soils, and vegetable fields was dominated by argillaceous rocks, and the soils of the three land use types were acidic (pH 6.2 ± 1.7, 6.3 ± 0.9, and 6.2 ± 1.4, respectively), with soil organic matter contents of 11.65 ± 3.72, 11.91 ± 4.33, and 14.13 ± 4.21 g/kg, respectively, and there was no statistical significance in the variability of the pH value (p > 0.05), and organic matter contents (p > 0.05) among the three types. The spatial distribution of Cu in the county is generally more in the south than in the north, with an average content of 33.20 ± 28.10 mg·kg−1, surpassing the background value of 21.6 mg·kg−1 in widespread areas.



Sampling points were uniformly distributed in a 3 km × 3 km grid, and a cloverleaf-type sampling method was used to collect surface soil samples (0–20 cm) at each point. A total of 14 soil samples were collected from vegetable fields, 35 from dry farmland, and 35 from surface forest land. The collected samples were air-dried for 30 d, broken into pieces, and sieved through 2 mm and 0.149 mm screens (nylon sieve).




2.2. Extraction and Analysis of DOM


The sieved soil samples were mixed with ultrapure water at a solid-to-liquid ratio of 1:10 (w:v) [23,24]. The mixture was shaken at 220 r·min−1 for 24 h at 25 °C with agitation. After the completion of shaking, the samples were centrifuged at 4000 rpm for 30 min, and the supernatant was collected. The supernatant was filtered through a 0.45 μm glass fibre filter membrane to obtain the DOM solution. The filtrate was then transferred to a 500 mL amber glass bottle and stored in the dark at 4 °C in a refrigerator. Samples for machine measurement were analyzed within 24 h. A portion of the original DOM solution was centrifuged and dried using a vacuum freeze dryer (FD-1A-50, BaYue, Changsha, China) for subsequent analysis.




2.3. Complexometric Titration of DOM and Cu2+


To avoid filtration effects, the DOM solution was diluted to a concentration of 10.0 mg·L−1. The pH of the titration system was controlled using 0.1 mol·L−1 NaOH and HNO3 solutions (pH = 7.0 ± 0.1) to prevent precipitation. Concentrated CuSO4 solution (0.1 mol·L−1) was titrated into a 25 mL DOM solution, generating a series of titration samples. Different gradient concentrations of Cu2+ solution (0, 5, 10, 20, 30, 50, 75, and 100 μmol·L−1) were added to the titration samples [25]. The titration samples were kept in the dark at 25 °C for 24 h to achieve complexation equilibrium, and dynamic light scattering, three-dimensional fluorescence spectroscopy, and synchronous fluorescence analysis were conducted on the complexation solution.




2.4. Spectral Analysis


Fluorescence excitation–emission matrix (EEM) spectroscopy is a simple, sensitive, and non-destructive technique that can provide valuable information on the molecular structure of DOM. EEM spectroscopy in combination with bursting methods can be applied as a reliable technique for a better understanding of the binding properties of metal ions and fluorescent substances of DOM in soils [26]. Fluorescence spectra were measured using a fluorescence spectrophotometer (F97Pro, Shanghai Lingguang, Shanghai, China). The excitation wavelength (Ex) ranged from 200 to 450 nm (5 nm increment), and the emission wavelength (Em) ranged from 25 to 550 nm (5 nm increment). The scanning speed was 240 nm·min−1, and the slit width was set to 5 nm [27]. Synchronous fluorescence (FM-4P-TCSPC, HORIBA JY, Paris, France) was performed with an excitation wavelength range of 250 to 550 nm, a constant offset Δλ of 60 nm, and both excitation and emission slit widths set at 5 nm. The scan speed was 240 nm·min−1. A 150 W ozone-free xenon arc lamp was used as the light source, and ultrapure water was used as the blank. The system automatically corrected for Rayleigh and Raman scattering.



UV-visible spectroscopy was used to analyze the complexation solution, with ultrapure water used as the blank. The absorption spectra were scanned in the wavelength range of 200 to 900 nm using a UV-visible spectrophotometer (Genesys 50, Thermo Scientific, Waltham, Massachusetts, USA), with a step size of 2 nm. The calculation formulas and parameter meanings for fluorescence index (FI), humification index (HIX), biological index (BIX), SUV254, and EET/EBz are detailed in Table S1 of the Supplementary Materials (SI).




2.5. Characterisation Analysis


Scanning electron microscopy (SEM) (Gemini 300, Carl Zeiss AG, Oberkochen, Germany) with an accelerating voltage set between 0.02 and 30 kV was utilised to observe the surface morphology of dried DOM and the DOM-Cu2+ complex after the reaction [28]. Transmission electron microscopy (TEM) (JEOL 2100F, JEOL Corporation, Tokyo, Japan) with an accelerating voltage set at 200 kV was used to observe the morphology and particle size of DOM [28]. X-ray photoelectron spectroscopy (XPS) (ESCALab 250, Thermo Fisher Scientific, Waltham, Massachusetts, USA) was used to characterise the surface elemental composition and chemical state of DOM.




2.6. Data Analysis


2.6.1. Two-Dimensional (2D-COS) Analysis


Based on the Noda theory [29] and the method provided by Ozaki [30], 2D Shige ver. 1.3 (Shigeaki Morita, KwanseiGakuin University, Hyogo, Japan) was used for 2D-COS analysis of DOM-Cu2+, which generated two types of spectra: synchronous spectra and asynchronous spectra. These spectra were used to study their interaction mechanisms.




2.6.2. Complexation Parameter Fitting


The modified Stern–Volmer equation, as shown in Equation (1) [31], was used for complexation parameter fitting to estimate the complexation abilities of different fluorescence components in DOM with Cu2+.


      F   0       F   0   − F   =   1   f ×   K   M   ×   C   M     +   1   f    



(1)




In Equation (1), F0 and F represent the fluorescence intensity without and with the addition of different concentrations of Cu2+, respectively. f is the proportion of fluorescent groups capable of combining with Cu2+, KM is the stability constant satisfying the complexation conditions, and CM is the concentration of Cu2+.




2.6.3. Data Statistics


SPSS 20.0 software was utilised for data analysis and testing, while Origin 2019 and XPSPEAK41 software were used for graphical presentation. Non-parametric tests (one-sample K-S test) were used to test for differences between data sets.






3. Results and Discussion


3.1. DOM Spectral Characteristics and Source Analysis


3.1.1. UV-Visible Spectral Parameter Analysis


Analysis of UV-visible spectra of DOM in soil revealed that the SUV254 value of DOM in forest soil was higher than that in other land use of soil. A higher SUV254 value indicates a higher content of aromatic compounds in DOM [32]. Compared to the other two land use types, forest soil DOM in Lujiang County contains more aromatic compounds, and the aromaticity of soil humus is higher (p = 0.001 < 0.05) (Table 1). Studies indicate that aromatic substances produced by trees can undergo chemical reactions with soil and remain stable in the soil [33]. The SUV260 value of forest soil DOM is greater than 4, while the SUV260 values of vegetable field and dryland soil DOM are below 4. A higher SUV260 value indicates a higher proportion of hydrophobic components in DOM, indicating stronger activity in the migration and transformation of pollutants [34]. This implies that the DOM components in forest soil are mainly composed of hydrophobic substances, while the DOM components in the other two types of agricultural soil are mainly composed of hydrophilic substances. This may be due to the higher content of aromatic substances in forest soil, which have strong hydrophobic properties [35]. Therefore, forest DOM exhibits hydrophobicity, which is consistent with the conclusion drawn from the SUVA254 value. Although the variability in soil organic carbon content among the three land use types was not statistically significant, the structure of DOM in forest soils was different from the structure of DOM in the other two agricultural soils. This is because forest soils tend to have a richer vegetation cover, which can result in more organic matter being deposited on the soil surface. This organic matter may be more difficult for water to break down or dissolve under the influence of plant residues, making the soil more hydrophobic overall. In addition, forest soils tend to have higher levels of clay, and these components form a more stable structure in the soil, making it less permeable to water and more difficult for organic matter to be dissolved by water. In contrast, dry farmland and vegetable soils may be more susceptible to ploughing or human disturbance, resulting in a looser soil structure and organic matter that is more soluble in water [10,11].



The range of EET/EBz is related to the proportion of oxygen-containing functional groups in the aromatic structure of DOM [36]. The results show that the EET/EBz value of forest soil DOM is significantly higher than that of other types of agricultural soil DOM, indicating a higher proportion of oxygen-containing functional groups in its aromatic structure. The oxygen-containing functional groups on the surface of DOM directly affect its combination capacity with heavy metal ions [37]. Additionally, the E4/E6 value of forest soil DOM is greater than 4, indicating a higher degree of benzene ring carbon skeleton polymerisation and aromatisation. E2/E3 is used to characterise the relative molecular weight of DOM and is inversely proportional to the molecular weight of DOM [38]. The E2/E3 value of vegetable field soil (3.90 ± 0.07) is significantly higher than that of other types of agricultural soil, while the E2/E3 value of forest soil is the smallest (2.69 ± 0.04). This suggests that the molecular weight of forest soil DOM is larger, while the molecular weight of vegetable field DOM is smaller. Vegetable field soil, due to the large application of organic fertilisers such as livestock and poultry manure, has a relatively high natural source of DOM, and the molecular weight of DOM from such sources is generally smaller [39]. Moreover, with frequent plowing and good soil aeration, the decomposition of DOM is more thorough, leading to a smaller molecular weight [40]. In contrast, in forest soil, DOM mainly comes from the litter of woody plants, animal and plant residues, and microbial secretions. The lignin and cellulose of woody plants, under the action of microorganisms, not only decompose slowly but also are often not completely decomposed, resulting in a larger molecular weight in terms of DOM [41]. The DOM components of forest soils with high molecular weights and unsaturated oxidised or aromatic structures, such as aromatic and lignin substances, can preferentially bind to metals (Cu) through hydrophobic partitioning, hydrogen bonding, and electrostatic interactions [42].




3.1.2. The Fluorescence Components and Source of DOM in Different Agricultural Soils


Three-dimensional fluorescence spectroscopy was used to further analyze DOM in different types of agricultural soils. As shown in Figure 2, the three-dimensional fluorescence of dryland and vegetable field soil DOM is similar, with two fluorescence peaks, namely, humic-like fluorescence peak C1 (λEx/λEm = 315/427 nm) and fulvic-like fluorescence peak C2 (λEx/λEm = 245/500 nm); the humic-like fluorescence peak is C1 (λEx/λEm = 315/434 nm) and the fulvic-like fluorescence peak is C2 (λEx/λEm = 255/500 nm) [43,44]. The three-dimensional fluorescence spectrum of forest soil DOM shows only one fluorescence peak, which is the humic-like fluorescence peak of C1 (λEx/λEm = 350/423 nm). Among the different land use types, forest soils are less affected by anthropogenic activities than dry farmland soils and vegetable soils, with the main components of DOM coming from the decomposition of plant litter itself. However, agricultural soils, dry farmland soils, and vegetable soils have been cultivated for a long time with inorganic and organic fertilisers, resulting in more DOM components than that of forest soils [39].



The values of FI, BIX, and HIX were employed to analyze the source characteristics and humification degree of soil DOM in different agricultural soils (Table S2). The FI values for dryland, forest land, and vegetable field overall approach 1.4, indicating that the external characteristics of soil DOM are very typical. BIX measures the proportion of autochthonous organic matter, with BIX values less than 1 indicating that the autochthonous source characteristic of DOM is not significant. The BIX values for different agricultural soils in Lujiang County are all less than 1. This suggests that the autochthonous source characteristic of soil DOM in agricultural soils is not significant. HIX reflects the degree of organic matter decomposition in the environment [45], where a higher HIX value indicates the higher of organic matter decomposition and aromaticity, as well as greater stability. The HIX values for soil DOM in different agricultural soils in Lujiang County are all greater than 6, with the order being forest land being higher than vegetable field and dryland. Therefore, compared with other types of agricultural soil DOM, the degree of organic matter decomposition and aromaticity of soil DOM in forest land are higher, consistent with the conclusions drawn from the changes in spectral parameters. The main reason for the differences in DOM structure between the different agricultural types is human activity, as vegetable and dryland soils are subject to long-term anthropogenic cultivation and the application of organic/inorganic fertilisers and regular ploughing disrupts the decomposition process of organic matter [46]. In contrast, forest soils are less cultivated, which favours the microbial decomposition of dead leaves, resulting in high decomposition and aromatisation of organic matter. In addition, forest soils typically have more complex and abundant microbial communities, which play an important role in the degradation and transformation of DOM. Microbial activity can facilitate the decomposition process of DOM, transforming it into more complex and aromatic organic matter. Soil microbial exoenzymes break down lignin in plant biomass into smaller, partially degraded lignin oligomers. These oligomers undergo oxidation to form unstable quinones, which can polymerise into high-molecular-weight humic substances [47].





3.2. Combination Process of Soil DOM with Cu2+ in Different Agricultural Soils


3.2.1. Fluorescence Quenching Characteristics of DOM at Different Cu2+ Concentrations


The fluorescence intensities of soil DOM in dryland, forest land, and vegetable field all decreased with increasing Cu2+ concentrations (Figure 3 and Figures S1–S3). When the added Cu2+ concentration was 100 μmol·L−1, the Fmax values of C1 (humic acid-like) and C2 (fulvic acid-like) in dryland soil DOM decreased by 59.3% and 55.9%, respectively. In vegetable field soil DOM, the Fmax values of C1 and C2 decreased by 70% and 69.3%, respectively. These results indicate that both components present in dryland and vegetable field soil DOM can bind with Cu2+, and there are differences in their combination modes. Among them, the combination strength of humic acid-like components is greater than that of fulvic acid-like components (Figure 3). As shown in Figure 3b, when the added Cu2+ concentration reached 100 μmol·L−1 in forest land soil DOM solution, the Fmax of C1 (humic acid-like) decreased by 54.6%, suggesting that the humic acid-like components in forest land soil DOM can combine with Cu2+.




3.2.2. Kinetic fitting of DOM combines with Cu2+


The combination stability constants (lgKM) of various fluorescent components in different agricultural soil DOM with Cu2+, as well as the relationship between the combination fluorescence groups and Cu2+ concentration (CM−1), were fitted using the modified Stern–Volmer equation. The quenched fluorescence values of the three types of agricultural soil DOM components showed a good linear relationship with CM−1 (1/Cu concentration) (R2 = 0.80–0.99) (Figure 4 and Table 2).



The combination fitting curves of dryland and vegetable field DOM indicate that C1 > C2 (Figure 4a,c), suggesting that the humic acid-like component binds more strongly with Cu2+ than the fulvic acid-like component. Looking at the proportion of combination fluorescence groups (f value), the humic acid-like component in DOM has a higher proportion of fluorescence groups coordinating with Cu2+ than the fulvic acid-like component. The combination fitting curve of forest land DOM (Figure 4b) suggests a strong combination affinity of the humic acid-like component in forest land DOM with Cu2+.



The lgKM values for the C1 component in agricultural soil DOM follow the order: forest land, vegetable field, and dryland (Table 2); however, for the C2 component, the order is dryland and vegetable field. This further illustrates the heterogeneity and asynchrony in the combination interactions between different components of agricultural soil DOM and Cu2+. Previous studies indicate that with the accumulation of time, complex substituents will replace simple substituents in soil DOM, and these complex substituents often contain a large number of unsaturated bonds [48], which can serve as combination sites for Cu2+. Since forest land soil is subjected to less anthropogenic disturbance, forest land DOM contains more complex substituents, and the higher proportion of hydrophobic components leads to higher lgKM values compared to other types of agricultural soil DOM [34]. Except for forest land, the lgKM values of C1 in other types of agricultural soil DOM are higher than C2, indicating a stronger combination affinity of the humic acid-like component with Cu2+ compared to the fulvic acid-like component. This may be related to the aromaticity and higher degree of organic matter decomposition of the humic acid-like component [49]. Simultaneously, the interaction between humic acid-like components and Cu2+ forms a multi-dentate complex, enhancing the combination between them [50]. The proportion of fluorescence groups coordinating with Cu2+ is highest in forest land DOM components because forest land soil DOM contains more oxygen-containing functional groups and has a higher aromaticity, thus enhancing the combination between soil DOM and Cu2+ through providing combination sites for cation–π interactions [51].





3.3. The Combination Mechanism of DOM with Cu2+


3.3.1. Morphology and Structural Changes before and after Combining DOM with Cu2+


To further investigate the changes in the surface morphology of different types of agricultural soil DOM after combination with Cu2+, scanning analysis was conducted using SEM and TEM on dried combination powders (Figure 5 and Figure 6).



Before combination with Cu, the particles of dryland soil DOM were aggregated, leading to tight connections between particles, uniform particle sizes, and a smooth surface (Figure 5a and Figure 6a). After adding Cu2+, the combination pores between the originally aggregated particles disappeared, becoming more compact. The particle diameter increased compared to the original DOM particles, transforming from small particle aggregates to a chunky structure. The molecular structure significantly enlarged, and the surface changed from smooth to rough (Figure 5b and Figure 6b).



The surface structure of forest land soil DOM differed from dryland soil. Before combination with Cu, the surface structure of forest land soil DOM appeared layered, with noticeable internal fissures (Figure 5c and Figure 6c). The DOM particles had a large molecular weight and a porous surface structure, and showed a clear aggregation with fractured edges. After adding Cu2+, the external appearance of forest land soil DOM changed from loose to compact, the internal fissures disappeared, and the particles tightly bound together, transforming from fragmented to blocky structure (Figure 5d and Figure 6d).



From the SEM and TEM images of vegetable field soil DOM, it can be observed that DOM had a smooth, small spherical structure with dense distribution, slightly rough surface, and apparent aggregation (Figure 5e and Figure 6e). After adding Cu2+, the surface morphology of vegetable field soil DOM changed from the original smooth spherical structure to irregular blocky structures bound together, with a significant increase in particle size (Figure 5f and Figure 6f).




3.3.2. Effect of Surface Functional Groups on the Combination of DOM and Cu2+


The synchronous fluorescence spectra of dryland soil DOM combination with Cu2+ are shown in Figure 7a. In the synchronous fluorescence spectra of DOM, the peaks appeared spontaneously at 345 nm, 370 nm, 400 nm, and 430 nm, all indicating orthogonal cross-peaks. Among them, 345 nm and 370 nm represent the humic acid components, and 400 nm and 430 nm represent the fulvic acid components. This suggests that the fluorescence intensity of these two components in dryland soil DOM is negatively correlated with the added Cu2+ concentration, indicating that each component of the DOM is highly sensitive to Cu2+. The asynchronous fluorescence spectra of dryland soil DOM combined with Cu2+ are shown in Figure 7b. In the asynchronous spectrum, there are six negative cross-peaks and two positive cross-peaks in the upper left corner of the diagonal. The combination sequence of dryland DOM components with Cu2+ is 350 nm → 400 nm → 425 nm → 435 nm → 445 nm → 390 nm → 380 nm → 485 nm, indicating that short-wave fulvic acid → long-wave fulvic acid → long-wave humic acid, with short-wave fulvic acid components in soil DOM preferentially combine with Cu2+. The synchronous fluorescence spectra of vegetable field soil DOM in combination with Cu2+ are shown in Figure 7c. The synchronous spectrum has spontaneous peaks mainly at 348 nm, 365 nm, 395 nm, 420 nm, and 480 nm. The first two peaks represent fulvic acid components, and the last three peaks represent humic acid components. In the asynchronous spectrum (Figure 7d), there are eight negative cross-peaks and five positive cross-peaks in the upper left corner of the diagonal. The combination sequence of vegetable field DOM components with Cu2+ is 315 nm → 405 nm → 415 nm → 440 nm → 480 nm → 360 nm → 378 nm → 345 nm → 515 nm, indicating short-wave fulvic acid → long-wave fulvic acid → short-wave humic acid-long-wave humic acid, with short-wave fulvic acid components in soil DOM preferentially combining with Cu2+. The synchronous spectra of forest land soil DOM in combination with Cu2+ are shown in Figure 7e, and there are six spontaneous peaks, where 360 nm represents fulvic acid components, and the remaining peaks represent humic acid components. All spontaneous peaks are orthogonal cross-peaks, indicating that the fluorescence intensity of forest land DOM components is also negatively correlated with the added Cu2+ concentration, showing strong sensitivity. In the asynchronous spectrum (Figure 7f), there are six negative cross-peaks and seven positive cross-peaks in the upper left corner of the diagonal. The combination sequence of forest land DOM components with Cu2+ is 350 nm → 360 nm → 395 nm → 410 nm → 425 nm → 440 nm → 465 nm → 475 nm → 450 nm → 415 nm → 360 nm → 305 nm → 490 nm, indicating short-wave fulvic acid → long-wave fulvic acid → short-wave humic acid-long-wave humic acid.



The appearance of multiple cross-peaks in the asynchronous spectrum after the combination of forest land DOM with Cu2+ indicates that forest land DOM has multiple combination sites, and the combination process is complex. Additionally, the humic acid component, not identified in the three-dimensional fluorescence analysis of forest land DOM, was observed to bind with Cu2+ in the two-dimensional spectrum analysis, demonstrating the higher sensitivity of the two-dimensional spectrum analysis. In summary, the short-wave fulvic acid components in the DOM of three different types of agricultural soils preferentially bind with Cu2+, especially with phenolic groups, hydroxyl groups, and phenolic hydroxyl groups in short-wave fulvic acid, showing higher sensitivity to Cu2+ [52]. This is because more hydroxyl groups, phenolic hydroxyl groups, and easily degradable components in fulvic acid can provide more combination sites for Cu2+, exhibiting stronger reactivity [53]. The different positions of the cross-peaks in the asynchronous spectra of DOM in combination with Cu2+ in different types of agricultural soils indicate that the combination mechanism of the same component with Cu2+ may vary in different types of soil DOM.




3.3.3. Variations in Elemental Species after the Combination of DOM and Cu2+


Comparing the XPS spectral peaks of DOM-Cu combinations in three soil types, after the addition of Cu2+, distinct Cu peaks were observed in the spectra (Figures S4a,b, S5a,b and S6a,b), indicating the adsorption of Cu onto the surface of DOM and the occurrence of a combination between DOM and Cu2+. In the XPS spectra, two types of Cu were present in all three soil types, namely Cu2+ (934.6 and 954.6 eV) and Cu+ (932.5 and 952.1 eV) (Figure 8). Despite Cu2+ being added during the experimental process, this suggests that the combination process between DOM and Cu involves not only adsorption but also a concurrent reduction process. Furthermore, in contrast to dry farmland, the spectral area of Cu+ in forest and vegetable fields was higher than that of Cu2+ (forest 60.28% vs. 39.72%, vegetable field 52.39% vs. 47.61%). These results indicate a stronger reduction capability of DOM in forest and vegetable fields. To analyze the combination mechanism of DOM-Cu in three different soil types, the spectral peaks of C, O, and N were further analyzed.



In the C1s spectrum of dry farmland soil DOM, four peaks can be observed at C-O (288.7, 289.6 eV), C-H (286.4 eV), and C-C (284.8 eV), with percentages of 8.3%, 23.0%, and 69.7%, respectively (Figure S4c) [54,55]. Upon the addition of Cu2+ to DOM, the peak areas of C-C and C-O decrease, while C-H increases from 23.0% to 30.0% (Figure S4d). The O1s spectrum of DOM reveals four peaks at S-O (531.9 eV), Metal-O (533.4, 532.7 eV), and H-O (531.2 eV) [56] (Figure S4e), where the peak areas of S-O and Metal-O significantly increase after the addition of Cu2+ (Figure S4f). The reduction in the number of N-O and C-O bonds provides conditions for the formation of Cu-O bonds. In the N1s spectrum of DOM, two peaks are observed, both corresponding to N-O (400.0, 407.4 eV) [57] (Figure S4g), with a noticeable decrease in the peak area of N-O upon the addition of Cu2+ (Figure S4h).



In forest soil, the C1s spectrum of DOM displays three peaks at C-O (293.2 eV) and C-H (284.5, 286.3 eV) [58] (Figure S5c), accounting for 12.0% and 88.0%, respectively. After adding Cu2+ to forest soil DOM, the percentage of C-H increases from 88.0% to 92.0%, while the percentage of C-O decreases from 12.0% to 8.0% (Figure S5d). Without the addition of Cu2+, the O1s spectrum exhibits three peaks for S-O (530.9 eV), C-O (532.7 eV), and H-O (531.8 eV) (Figure S5e). Upon the addition of Cu2+, the peak area of S-O increases, while the areas of C-O and H-O significantly decrease (Figure S5f). Without the addition of Cu2+, the N1s spectrum shows only one peak at N-O (400.0 eV) (Figure S5g), but after adding Cu2+, two peaks appear at N-O (400.0 eV) and N≡O≡N (407.10 eV) [57] (Figure S5h). The breaking of C-O, O-H, and N-O bonds and the formation of N≡O≡N contribute to the formation of Cu-O bonds.



In the C1s spectrum of vegetable field soil, three peak regions are observed. Upon the addition of Cu2+ to DOM, the proportions of C-C and C-O decrease, while the proportion of C-H increases (Figure S6c,d). The O1s spectrum exhibits four peaks for H-O (531.2, 531.8 eV) and C-O (533.3, 532.5 eV) [59] (Figure S6e), and after adding Cu2+, the number of bonding sites for H-O and C-O decreases (Figure S6f). The breaking of H-O, C-O, and N-O bonds provides oxygen atoms for the formation of Cu-O, indicating that these Cu2+ primarily interact with oxygen-containing functional groups, such as hydroxyl, phenolic hydroxyl, and amino groups. Sulfur-containing functional groups in forest and vegetable field soil DOM bind to Cu2+, suggesting that the reducing properties of sulfur-containing functional groups play a role in the reduction of Cu2+. Additionally, after combination with Cu2+, the C-H peak area in dry farmland soil increases, while in forest and vegetable field soil, it decreases. This indicates that functional groups containing C-H play a crucial role in the reduction of Cu2+. For example, C-H bonds in alkenes on the DOM surface are prone to hydrogenation reactions and participate in reduction reactions. C-H bonds around carbonyl and hydroxyl groups in carboxylic acids can also participate in reduction reactions. In forest and vegetable fields, long-term redox alternations result in the presence of reductive properties in the humic acids contained in DOM. Humic acids contain quinone, phenol, and other redox functional groups, which under realistic environmental conditions, exhibit some reducing abilities toward variable-valence metals. Simultaneously, humic acids can tightly bind to the redox pair of Cu2+, indirectly reducing Cu2+ [60,61].






4. Conclusions


In conclusion, the aromaticity and hydrophobicity of DOM differed significantly between soil types. Forest soils showed higher SUVA254 (9.12 ± 0.03) and SUVA260 (8.75 ± 0.03) values compared to dryland and vegetable soils, suggesting a higher content of aromatic compounds and hydrophobic components in forest soils. While the fluorescence peaks were similar for dryland and vegetable soils, forest soils showed different fluorescence patterns, suggesting differences in the source and composition of DOM and showing a higher degree of organic matter decomposition and aromaticity compared to other soil types. Humic-like acids preferentially combined with Cu2+ in dry farmland and vegetable field soils, and the humic-like fraction had a stronger combination affinity for Cu2+ than the fulvic-like fraction (lgKM 4.88 vs. 4.51; lgKM 5.21 vs. 4.90). Short-wave humic acid components in soil DOM bind preferentially to Cu2+, and forest DOM has more combination sites with Cu2+. In addition, Cu2+ species complex with oxygen-containing functional groups such as hydroxyl, phenolic hydroxyl, and amino groups in agricultural soil DOM. Furthermore, DOM from agricultural, forest and vegetable field soils contains sulphur-containing functional groups and C-H functional groups, which contribute to stronger reducing capacities. According to this study, the combination of DOM to Cu2+ can be enhanced by increasing the humic acid content of the soil by adding humus or by increasing the level of decomposition of organic matter during agricultural production activities. Furthermore, it is important to pay attention to the effects of Cu2+ valence transition on crops during soil tillage and fertilisation processes. This comprehensive analysis provides valuable insights into the composition, structure, and interaction of DOM with Cu in different agricultural soils, helping us to understand the dynamics of soil organic matter and its impact on environmental processes and the fate of contaminants.
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Figure 1. The figure shows the geographic location of the study area, distribution of mines, and distribution of sample points. 
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Figure 2. The figure shows the three-dimensional fluorescence spectral characteristics of dissolved organic matter in soils of different agricultural land use types: (a). dry farmland, (b). forest land, and (c). vegetable fields. 
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Figure 3. The figure shows the fluorescence quenching processes of different components in different agricultural soils under different Cu2+ concentrations (0, 5, 10, 20, 30, 50, 75, and 100 μmol·L−1): (a). dry farmland, (b). forest land, and (c). vegetable fields. C1 is a humic acid-like component, and C2 is a fulvic acid-like component. 
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Figure 4. The figure shows the modified Stern–Volmer fitting of distribution bits of each component in three-dimensional fluorescence spectrum in different agricultural soils under different Cu2+ concentrations (0, 5, 10, 20, 30, 50, 75, and 100 μmol·L−1): (a). dry farmland, (b). forest land, and (c). vegetable fields. 
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Figure 5. Scanning electron microscope (SEM) images of dissolved organic matter (DOM) being freeze-dried before and after combined with Cu2+. (a). dryland samples before being combined with Cu, (b). dryland samples after combined with Cu, (c). forest soil samples before being combined with Cu, (d). forest soil samples after combined with Cu, (e). vegetable field soil samples before being combined with Cu, (f). vegetable field soil samples after combined with Cu. Cu concentration: 100 mg·L−1. 
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Figure 6. The figure shows transmission electron microscope (TEM) images of dissolved organic matter (DOM) being freeze-dried before and after combined with Cu2+. (a). Dryland samples before being combined with Cu (b). Dryland samples after being combined with Cu, (c). forest soil samples before being combined with Cu (d). Forest soil samples after being combined with Cu (e). Vegetable field soil samples before being combined with Cu (f). Vegetable field soil samples after being combined with Cu. Cu concentration: 100 mg·L−1. 
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Figure 7. The figure shows synchronous and asynchronous spectra of dissolved organic matter and Cu2+ combinations in soils of different agricultural land types. Synchronous (a) and asynchronous (b) spectra of dry farmland, synchronous (c) and asynchronous (d) spectra of forest land, and synchronous (e) and asynchronous (f) spectra of vegetable fields. 
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Figure 8. The figure shows the XPS spectra of Cu after the combination of dissolved organic matter with Cu2+ in different types of soils: (a). dry farmland, (b) forest land, and (c) vegetable fields. 
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Table 1. The table shows UV-visible spectral parameters of soil dissolved organic matter for different land use systems.
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	Land Use System
	SUVA254
	SUVA260
	EET/EBz
	E4/E6
	E2/E3





	Dry farmland
	2.32 ± 0.03 a
	2.21 ± 0.03 a
	0.38 ± 0.01 a
	3.21 ± 0.87 a
	3.09 ± 0.08 a



	Forest land
	9.12 ± 0.03 b
	8.75 ± 0.03 b
	0.74 ± 0.01 b
	4.04 ± 0.16 a
	2.69 ± 0.04 a



	Vegetable fields
	2.22 ± 0.06 a
	2.05 ± 0.06 a
	0.15 ± 0.02 a
	3.22 ± 0.21 a
	3.90 ± 0.07 a







Note: Different letters represent differences at the 95% confidence level. Data in the table are mean values ± standard deviations.













 





Table 2. The table shows the modified Stern–Volmer parameter of distribution bits of each component in three-dimensional fluorescence spectrum in different agricultural soils under different Cu2+ concentrations (0, 5, 10, 20, 30, 50, 75, and 100 μmol·L−1). KM is the combination stability constant and f is the proportion of quenchable fluorophores.






Table 2. The table shows the modified Stern–Volmer parameter of distribution bits of each component in three-dimensional fluorescence spectrum in different agricultural soils under different Cu2+ concentrations (0, 5, 10, 20, 30, 50, 75, and 100 μmol·L−1). KM is the combination stability constant and f is the proportion of quenchable fluorophores.





	
Type

	
Component

	
LgKM

	
f/%

	
R2






	
Dry farmland

	
C1

	
4.88

	
0.64

	
0.91




	
C2

	
4.51

	
0.58

	
0.95




	
Forest land

	
C1

	
5.21

	
0.76

	
0.80




	
Vegetable fields

	
C1

	
4.90

	
0.58

	
0.98




	
C2

	
4.39

	
0.47

	
0.95








Note: C1 is a humic acid-like component, and C2 is a fulvic acid-like component.
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