[image: image1]Impact of gradient zero-valent iron pollution from steel works on soil microaggregate geochemical processes and dissipative structures

		ORIGINAL RESEARCH
published: 19 November 2024
doi: 10.3389/fenvs.2024.1470746


[image: image2]
Impact of gradient zero-valent iron pollution from steel works on soil microaggregate geochemical processes and dissipative structures
Chunjie Li1,2,3, Wenbo Xu4, Shili Guo5*, Songhao Shang6 and B. Larry Li7
1School of Geographic Science and Tourism, Nanyang Normal University, Nanyang, China
2Key Laboratory of Natural Disaster and Remote Sensing of Henan Province, Nanyang Normal University, Nanyang, China
3Engineering Research Center of Environmental Laser Remote Sensing Technology and Application of Henan Province, Nanyang Normal University, Nanyang, China
4School of Resources and Environment, University of Electronic Science and Technology of China, Chengdu, Sichuan, China
5School of Economics, Southwestern University of Finance and Economics, Chengdu, China
6State Key Laboratory of Hydro science and Engineering, Department of Hydraulic Engineering, Tsinghua University, Beijing, China
7Department of Botany and Plant Sciences, University of California, Riverside, CA, United States
Edited by:
Chamindra L. Vithana, Southern Cross University, Australia
Reviewed by:
Jiachao Zhang, Hunan Agricultural University, China
Guilherme Vanzetto, Passo Fundo Educational Development Institute, Brazil
* Correspondence: Shili Guo, guoshili@swufe.edu.cn
Received: 26 July 2024
Accepted: 05 November 2024
Published: 19 November 2024
Citation: Li C, Xu W, Guo S, Shang S and Li BL (2024) Impact of gradient zero-valent iron pollution from steel works on soil microaggregate geochemical processes and dissipative structures. Front. Environ. Sci. 12:1470746. doi: 10.3389/fenvs.2024.1470746

Abstract: Zero-valent iron (ZVI) contamination from steel works poses significant threats to soil quality and ecosystem health, particularly affecting soil microaggregates, which are fundamental to soil structure and function. In this study, we systematically investigated the impact of gradient ZVI pollution on the organic geochemical environment of soil microaggregates around steel works located in the core water source area of the Middle Route of the South-to-North Water Diversion Project in China. Advanced analytical techniques, including X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), X-ray fluorescence spectroscopy (XRF), inductively coupled plasma optical emission spectroscopy (ICP-OES), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR), were employed to comprehensively characterize the geochemical processes, mineralogy, and organic matter environment of soil microaggregates. The findings revealed that soils near the steel works were acidified and strongly oxidized, with heavy metal contents, particularly Fe, significantly decreasing with increasing distance from the steel works (Fe content decreased from 27,516.2 mg/kg to 23,492.6 mg/kg). The pH of soils near the steel works was lower, while oxidation-reduction potential (ORP) and electrical conductivity were higher. XPS analysis indicated a higher content of reactive oxygen species (ROS) near the steel works and significantly lower soil organic matter content. The iron valence distribution showed spatial differences, with higher Fe2⁺ content on the surface of soil microaggregates near the steel works and Fe³⁺ dominating in areas farther away. These results suggest an evolutionary sequence of ZVI from Fe (0) oxidation to Fe(II) and then to Fe(III). The formation of dissipative structures in soil microaggregates due to ZVI contamination significantly affects soil physicochemical properties and the organic environment. This study provides valuable insights into the multifaceted impacts of industrial activities on soil ecosystems and offers a scientific basis for soil conservation and remediation strategies.
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1 INTRODUCTION
Soil, as a central component of the Earth’s critical zones, exhibits extremely complex properties in its structure and functioning from nano-to macro-scale (Kuzyakov and Blagodatskaya, 2015). Soil microaggregates, as the basic units of soil structure, play a key role in numerous ecosystem processes, such as hydrological processes, soil erosion, microbial dynamics, and biogeochemical cycling (Cerdà, 1996; Kong et al., 2011; Lehmann and Kleber, 2015). However, the rapid development of the iron and steel industry in recent years has led to the release of large quantities of potentially toxic elements (PTEs), especially zero-valent iron (ZVI) pollution (Zhou et al., 2019). The latter has an active chemistry that serves as a superior electron donor and poses a severe threat to both soil quality and ecosystem health (dos Santos et al., 2022). The ZVI-based contamination seriously affects the quality of the surrounding soil, leading to the introduction of heavy metals and their compounds into the environment. As a result, the soil ecosystems are destructed and the environmental quality deteriorates. Iron minerals in ZVI-contaminated soils show a variety of chemical states, and the redox processes between Fe3+ and Fe2+ control iron transformation and bioavailability. Hence, the physicochemical properties, structural functions, geochemical processes, and mineralogy of soil microaggregates are significantly affected (Kögel-Knabner et al., 2010). Meanwhile, ZVI-based pollution considerably affects the formation and stability of soil microaggregates, which may lead to the destruction and dissolution of soil microaggregates. Consequently, soil ecosystem health is negatively affected (Marcon et al., 2021). The interaction of ZVI with dissolved organic matter (DOM) may also affect its reactivity to target pollutants. Thus, the chemical composition and stability of DOM could be altered, which in turn affects the local carbon cycle (Wang et al., 2020).
The Middle Route of the South-to-North Water Diversion Project in China’s water source area is ecologically fragile. To this end, the changes and pollution problems in its surrounding environment may affect the water quality safety and water supply safety of the drinking water source area, which is a critical zone of the earth’s surface with a fragile environment (Li and Guo, 2022; Sun et al., 2023). The previously reported works in the literature on ZVI are mostly found in laboratory studies (Bae and Lee, 2010). However, in-situ observational studies examining the impact of ZVI-based contamination on soil microaggregate geochemical processes in typical industrial zones in the region are still lacking. Industrial activities, especially steel production, are posing a serious threat to soil microaggregates. We hypothesize that: 1) the degree of ZVI-based pollution is negatively correlated with the distance from steel works; 2) ZVI-based pollution leads to gradient changes in the physicochemical properties of soil microaggregates and in the chemical environment of soil organic matter (SOM); and 3) ZVI-based pollution leads to the formation of dissipative structures in soil microaggregates. To test these hypotheses, we systematically sampled soils at varying distances from the steel works and employed advanced analytical techniques to analyze the physicochemical properties, mineralogy, and organic matter composition of soil microaggregates. In this work, the Middle Route of the South-to-North Water Diversion Project in China was selected as the study area around the steel works in the core water source area, and sample plots with different pollution gradients were selected. The goal was to systematically investigate the impact of the ZVI pollution gradient on the physicochemical properties of soil microaggregates and the chemical environment of organic matter (SOM). More specifically, it was examined: 1) how the ZVI-based pollution gradient affects the physicochemical properties of soil microaggregates; 2) the impact of the ZVI-based pollution on the organic environment of soil microaggregates; and 3) whether the ZVI-based pollution leads to the formation of dissipative structures in soil microaggregates and their ecological footprints. The geochemical processes, mineralogy, and organic matter composition of soil microaggregates were investigated by employing a variety of advanced analytical techniques, including XPS (to analyze surface elemental composition and chemical states), SEM (to observe soil microaggregate structure), XRF and ICP-OES (to determine elemental concentrations), XRD (to characterize mineralogy), and FTIR (to assess organic matter functional groups). These methods collectively enable a comprehensive understanding of how ZVI pollution affects soil microaggregate properties and processes. Our work provides an in-depth understanding of the impact of ZVI-based pollution on soil ecosystems. The transportation, transformation, and accumulation processes of the ZVI pollutants from the iron and steel industry in soils were elucidated. At the same time, the behaviour of biogeochemical processes at the micro level was explored. A scientific basis for the development of effective soil protection and remediation strategies is delivered in this work, which can be used as an important reference value for the protection of ecological and environmental safety of important water sources.
2 MATERIALS AND METHODS
2.1 Overview of the study area
This study area is located in the critical zone of the earth’s surface of The Middle Route of the South-to-North Water Diversion Project in China. In particular, it is positioned in the hinterland of the core water source area, located in the transition zone between the northern subtropical and the warm temperate zones, and also the north-south transition zone of China’s climate (Li et al., 2023). The Middle Route of the South-to-North Water Diversion Project in China is considered one of the largest trans-regional artificial water transfer projects in the world. Moreover, Danjiangkou Reservoir is the core water source area of the Middle Route of the South-to-North Water Diversion Project in China (Li et al., 2023), and is also an important drinking water source area supplying northern China (Li et al., 2015). The area is located in the northern subtropical monsoon climate zone and is significantly affected by the westerly wind belt, with an average annual temperature of 15.8°C and an average annual precipitation between 900 and 1,100 mm. The study sampling site is placed around Nanyang Hanye Special Steel Co., Ltd. (Figure 1). The company was established in 2003, a period that coincided with China’s rapid growth in property, infrastructure development, and manufacturing from 2000–2020. The company’s raw materials mainly came from the recycling of scrap iron and steel from building demolition, as well as factory end-of-life equipment. During this period, a large amount of scrap iron and steel was conveyed to the steel works for processing and treatment. In addition, one of the important processes was the crushing and milling of scrap iron. During the scrap iron crushing, milling, and smelting processes, a large number of micron-nanometre scale ZVI particles are released into the air. Subsequently, they are diffused through the atmosphere and settle in the surrounding area. Through naked eye observation and optical microscope examination, a large number of particles with reflective features, homologous to ZVI in the steel works, can be clearly seen in the soil. This phenomenon strongly confirms that the main pollutant in this area is ZVI. This pollution characteristic is closely related to the activities of the local steel industry, which provides an ideal research scenario for studying the impact of ZVI from the steel industry on the surrounding soil environment. The choice of this area as a study object is of double significance: on the one hand, it shows the typical ZVI-based pollution characteristics of industrial zones. Due to its location at the Middle Route of the South-to-North Water Diversion Project in China’s water source area, the results of the study not only help to understand the environmental behaviours of iron and steel industry pollutants, but also provide an important reference to protect the ecological and environmental safety of the water source areas. This study is a typical example of in-situ field research on the environmental impact of ZVI on soil’s organic geochemical properties. Our work provides an important scientific basis for assessing the impact of industrial activities on the surrounding environment of the water source area and formulating the corresponding environmental protection strategies.
[image: Figure 1]FIGURE 1 | Map (A) shows the location of study area, and satellite photograph (B) shows the sampling sites of N3, N20, N50 and N100.
2.2 Collection and processing of soil samples
The sampling work in this work was carried out in August 2022, when Nanyang Hanye Special Steel Co., Ltd. has been in formal operation for 20 years. A systematic sampling programme based on a distance gradient was designed to comprehensively assess the soil contamination status of the area. Four parallel sampling strips, labelled N3, N20, N50, and N100, were set up around the steel works (Figure 1B). In this work, the gradient sampling strips were designed based on the discrete-phase model (DPM) dust particle dispersion model for the deployment of sampling points. The edge of the road in the steel works was defined as the starting point O (geographic coordinates: 33°16′25.39″N, 111°32′13.70″E; elevation: 236 m), and four sampling strips were located at 3, 20, 50, and 100 m from the starting point, respectively. The design of the gradient was intended to provide full coverage of the near strong, medium, and far weak pollution zones to accurately observe the gradient effect of the ZVI-based pollution. Each sampling strip was 50 m long and the samples were collected at 10 m intervals for a total of six samples. The focus was on collecting undisturbed soil samples from 0 to 20 cm depth to ensure that the samples were representative of the surface soil properties. Prior to sampling, dead leaves and branches were carefully removed from the surface to ensure the purity of the samples. Sample soils were thoroughly mixed and 500 g were randomly selected and brought back to the laboratory for analysis. To maintain the original state of the samples to the greatest extent possible, a well-designed treatment process was used: first, the samples were placed in a refrigerator at −80°C for 1 h, and then transferred to a freeze-dryer for low-temperature vacuum drying (parameters: vacuum degree 0.05 MPa, temperature −50°C, duration 24 h). The dried samples were carefully screened to remove large impurities, plant roots, and dead leaves. After initial sieving with a 2 mm mesh to remove coarse particulate matter, soil microaggregates were obtained by further sieving through a 0.25 mm mesh sieve to collect particles smaller than 0.25 mm, representing the microaggregate fraction. This approach ensured homogeneity and representativeness of the samples for subsequent analyses. This systematic sampling and processing method not only accurately reflects the gradient of the impact of the steel works pollution on the surrounding soil, but also ensures the quality and comparability of the samples. This approach lays a solid scientific foundation for subsequent detailed analyses.
2.3 Separation and extraction of soil microaggregates and SEM analysis
The experimental samples were mixed with 10 mol/L Na4P2O7 for ultrasonication for 5 min. Then, 0.5 mol/L NaOH solution was added, and the reaction was carried out at 90°C for 30 min. Centrifugation was used to separate the solid phase from the liquid phase. The solid phase was washed with deionised water until neutral. The solid phase was then re-extracted with 0.5 mol/L HCl solution, and the extract was mixed with the washing solution. After that, ion exchange resin treatment was performed to remove impurity ions. Finally, the solid phase samples were washed to neutrality with deionised water. These chemical treatment steps were designed to maximise the separation and maintain the original structure of the soil microaggregates. SEM microscopy was used in the study to investigate the soil microaggregate structure (Zeiss GeminiSEM 360, ZEISS, Germany). Soil microaggregate powders were adhered to conductive adhesive during the experimental procedure and tested after gold spraying using an ion sputtering apparatus (Ersoy et al., 2008).
2.4 Methods for the determination of soil physical and chemical indicators
Soil temperature, humidity, and salinity were measured by TDR-310H (TDR-310H, produced by Acclima Company). Soil organic matter was measured by the scorching method, placing the samples in a muffle furnace at a scorching temperature of 650°C for 12 h. The difference between the weights before and after the scorching was weighed on an analytical balance as the weight of the organic matter, and averaged over three measurements for each sample. The weight was measured using an analytical balance (ME204/02, Mettler Toledo Company, Greifensee, Switzerland; measurement accuracy 0.0001 g). Soil pH was determined by utilizing a pH meter (PHS-25, Inesa-rex, China), and soil ORP was determined by using an ORP meter (TR-901, Inesa-rex, China).
2.5 Mineralogy analysis of soil microaggregates
XRD analysis was used to characterise the mineralogy composition of microaggregates in soil samples. SOC was removed with H2O2 (30%, analytically pure) in the pre-treatment to disperse the soil particles. Then, the samples were dried and ground with an agate mortar until they were free of particles. Finally, the samples were collected through a 400 mesh sieve. The mineral composition was analysed by conducting XRD measurements. The processed samples were made into powder wafers. The XRD analysis was carried out using an X-ray diffractometer (Rigaku smartlab9 automatic X-ray diffractometer). The following measurement conditions were used: Cu-Kα target; graphite monochromator filter; tube voltage: 40 kV; current: 150 mA; scanning range: 5°–80° (2θ); scanning speed: 6°min-1 (2θ), step size 0.02°. The diffraction peaks obtained from the X-ray diffraction analysis were processed by the Jade software package. The results of the diffraction peaks were compared with the standard PDF cards to identify the type of clay minerals according to the clay mineral analysis method. Hence, the results of the physical phase analysis were obtained. According to the adiabatic method, the integrated intensities of selected diffraction peaks of clay minerals and various non-clay minerals on the diffraction pattern were measured, and the total clay mineral and non-clay mineral contents were calculated directly with the following formula:
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where Xi is the percentage content of i mineral in the sample, expressed as a percentage; Ki denotes the reference intensity of i mineral; Ii refers to the intensity of a diffraction peak of i mineral.
2.6 XRF and ICP-OES analyses
The dried soil samples were ground to 200 mesh, weighed, and pressed into thin slices. The samples were then placed in an X-ray fluorescence spectrometer for elemental analysis. The XRF analysis was performed using an AXIOS (PW4400) wavelength dispersive X-ray fluorescence spectrometer (PANalytical B.V., Almelo, the Netherlands). It has a maximum power of 4.0 kW, a maximum excitation voltage of 60 kV, a maximum current of 125 mA, an super sharp tube ceramic end window (75 μm), an Rh-targeted X-ray tube, and a 68-position (32-mm diameter) sample changer. The SuperQ 4.0 quantitative analysis software was used, from which spectral line intensity calculations, Compton scatter-ray internal standard correction, interference spectral line correction, and matrix correction were performed automatically, and the results were displayed. At the same time, the information on MgO, P2O5, K2O, and CaO content was obtained by performing XRF quantitative analysis. The ICP-OES analysis was performed by Agilent Technologies 5110 ICP-OES. Instrument parameters: argon supply pressure of 0.650 MPa; sample injection pump speed: 80 r/min; instrument cleaning pump speed: 60 r/min; sample injection delay: 20 s; sample injection stabilisation time: 10 s; Integration time: 5 s; RF power 1,200 W; nebuliser flow: 0.60 L/min; observation mode is axial.
2.7 XPS analysis
XPS is a surface-sensitive chemical analysis technique that measures the electronic states of elements on the surface of materials and is widely used in soil environmental analysis. With a sampling depth of 2–5 nm, XPS is capable of identifying and analysing changes and distributions of organic functional groups and iron oxides on the surface of soil microaggregates. Significant spatial differences in soil surface elemental composition and chemical state with distance from steel works can be also characterised (Yao et al., 2010; Huang et al., 2017). This technique helps to understand the distribution of soil organic matter, the mechanism of metal oxide formation, and the migration law of heavy metal pollution. The interaction between organic matter and soil microstructure can be studied, which provides a powerful tool for solving soil environmental problems. The principle of XPS is to use a focused X-ray beam to excite electrons on the surface of the sample, and then collect and analyse the resulting photoelectrons to determine the chemical composition of the sample and its relative proportions. The XPS analysis was performed using a Thermo Scientific Nexsa, where the vacuum of the analysis chamber was 8 × l0−10 Pa, the excitation source was Al ka rays (hv = 1,486.6 eV), the operating voltage was 12.5 kV, the filament current was 16 mA, and the signal accumulation was performed for 10 cycles. Passing-Energy was tested with a full spectrum of 100 eV, a narrow spectrum of 30 eV, a step size of 0.1 eV, a dwell time of 40–50 ms, and a charge correction using C1 s = 284.80 eV binding energy as the energy standard. Data analysis and processing were undertaken using the XPSPEAK Version 4.1 software package. The data processing steps of XPSPEAK Version 4.1 software mainly include: background deduction, energy correction, setting fitting parameters and constraints, and iterative fitting. The relative content of each phase was calculated by fitting the peak area and calculating the ratio of the peak area to the total area.
2.8 FTIR analysis
The rapid development of FTIR has provided an efficient means of characterising the molecular compositional structure and features of soil SOM, as can be ascertained by a number of works in the literature (Margenot et al., 2015). The FTIR method has significant advantages in characterising the soil organic environment. The analysis process started with separate random samples of sieved naturally air-dried soil samples, picking out stones, and roots and passing them through a 0.149 mm soil sieve. The samples were then mixed with dried potassium bromide (spectroscopically pure) at a mass ratio of 1:90 and ground manually in an onyx mortar under an infrared lamp for rapid and thorough grinding. It was compacted with a tablet press at 10 kPa and placed in a Thermo Nicolet iS5 Fourier transform infrared spectrometer (ThermoFisher Scientific, United States) to be measured (Li et al., 2022). KBr was used as the background value, and the spectra were collected in the range of 400–4,000 cm−1 with a resolution of 4 cm−1 and a scanning frequency of 32 times. Each sample was repeated five times, and the average value was taken after a similarity comparison. The background value was deducted to obtain the infrared spectra of the samples. The raw spectral data were corrected using the correction function of the Thermo Scientific OMNIC software 6.0 package to remove the baseline effect and then normalised to the standard. Finally, the software was used to calculate the integral of the relative peak area of the main peak.
2.9 Data statistics and graphing
Statistical analyses were performed using SPSS 15.0 for Windows (SPSS Inc., Chicago, IL). The map was generated using ArcGIS 10.0 (ESRI, Redlands, CA, United States: http://www.esri.com/software/arcgis). All bar charts, pie charts, and spectrograms were generated using the Origin 8.1 software package (Origin Lab Corp. v 8.1). Satellite images in Fig. 1(II) were obtained from Google Earth Pro (free version, Google Earth).
3 RESULT AND ANALYSIS
3.1 Soil microaggregate mineralogy and geochemical characteristics
The results of soil mineralogy analyses revealed the spatial variability pattern of soil mineralogy properties around the steel works. The XRD analyses showed that the soils in the study area were mainly composed of Illite, Microcline, Albite, Quartz, and a small amount of Hematite (Figure 2; Table 1). Quartz, as the most dominant mineral fraction, exceeded 48% in all sample sites. The Illite content showed a clear decreasing trend from 18.0% ± 0.8% at location N3 near the steel works to 12.7% ± 0.6% at the farthest location N100. On the contrary, the Microcline content increased at a distance from 9.1% ± 0.5% at N3 to 15.0% ± 0.5% at N100. The Albite content was more complex, being highest at N3 (23.2% ± 0.5%), then sharply decreasing to 16.1% ± 0.3% at N20, before recovering slightly at N50 and N100. The Hematite content was lower and less variable, being slightly higher at position N3 (1.5% ± 0.2%) and remaining between 1.0% and 1.2% at other positions (Table 1). These patterns of mineralogy change reflect the impact of steel works activities on the mineralogy of the surrounding soils. The Microcline content increased while the Illite content decreased with increasing distance from the steel works. Illite is often regarded as a secondary mineral and the increasing amount of illite may reflect the phenomenon of evolution of primary and secondary minerals. The small changes in the hematite content may be related to the input and transformation process of ZVI. These findings provide an important basis for deeply understanding the impact of industrial activities on soil mineralogy properties. They also highlight the complexity of the spatial distribution of soil mineralogy and deliver a new perspective for further research on the impact of iron and steel industrial activities on soil ecosystems.
[image: Figure 2]FIGURE 2 | X-raydiffractogram patterns (Cu-Kα radiation) and mineral change at different sampling locations (Ill, illite; Mc, microcline; Ab, albite; Hem, hematite; Qtz, quartz).
TABLE 1 | Mass fraction of soil mineral using XRD with standard deviation at different sampling locations (%).
[image: Table 1]The results of the study showed that the N3 sample had the lowest pH value of 4.45 while the N100 sample had the highest pH value of 5.66 (Table 2). This outcome indicates that soil pH varies at different locations. The highest redox potential (ORP) of 366.00 mV was recorded for the N20 sample, while the lowest ORP of 346.33 mV was recorded for the N100 sample. Thus, it can be argued that the soil has higher oxidation status in the location close to the steel works. This result points out that the soil redox condition also varies in different locations. Sample N3 exhibited the highest conductivity of 230.50 uS/cm while sample N100 had the lowest conductivity of 129.14 uS/cm. This result suggests that soil salinity also varies at different locations. The SOM contents were all in the range of 2%–4% indicating that the SOM contents were similar at different locations. However, the N100 sample had the highest and the N3 sample had the lowest (Table 3). As the distance from the steel works increased, the pH and organic carbon content showed an increasing trend, while the ORP and conductivity displayed a decreasing trend. The highest MgO content was found in the N20 sample, and the highest contents of P2O5, K2O, and CaO were found at the N100 position, of which K2O and CaO were alkaline compounds. The higher pH value at N100 is more favourable for alkaline compounds (Table 2; Table 3). Heavy metals were analysed by using two analytical methods, namely, ICP-OES and XRF, to determine the contents of various elements (As, Cr, Cd, Cu, Fe, Mn, Ni, Pb, Se, Zn, Ti, Rb, Sr, Y, Zr, Ag, Ba) in samples collected from different locations (N3, N20, N50, N100) (Table 4). The content of different elements in the soil had different trends with increasing distance from the steel works: the content of Fe significantly decreased from 27,516.2 mg/kg to 23,492.6 mg/kg, indicating that the concentration of Fe decreased with increasing distance (Table 4). The content of Mn slightly decreased from 300.4 mg/kg to 283.4 mg/kg. The content of Cr decreased from 35.4 mg/kg to 28.7 mg/kg showing a decreasing trend. The content of Zn showed an increasing and then decreasing trend, reaching a peak of 71.9 mg/kg at 20 m from the steel plant, followed by a gradual decrease at 50 and 100 m (Zhou et al., 2019). The content of Ti also showed a decreasing trend from 3,208 ± 53 mg/kg to 2,837 ± 49 mg/kg. The content of As decreased from 12.5 mg/kg at N3 to 7.0 mg/kg at N100, indicating that the content of As decreases with the increase of the distance (Zhou et al., 2019). Mn, Cr, Zn, Ti, and As showed a similar distribution pattern as Fe, and these elements are common elements in steel works in the steelmaking process. The trend of the content of other elements (e.g., Rb, Sr, Y, Zr, Ag, and Ba) with distance is more complicated. Some elements, such as Sr and Ba, were more abundant at N100 than at other locations, which may be related to natural distribution and transport in the soil. The contents of Cd, Pb and Se elements exceeded the sensitivity limit of the instrument.
TABLE 2 | Physicochemical properties of soil at different sampling locations.
[image: Table 2]TABLE 3 | Soil organic matter and nutrient content at different sampling locations.
[image: Table 3]TABLE 4 | Mass fraction of soil heavy elements using ICP-OES and XRF with standard deviation (mg/kg).
[image: Table 4]3.2 Analysis of the surface organic environment and chemical state of soil microaggregates
The chemical state analysis of carbon showed that C-C/C=C was the most dominant chemical state, with the highest percentage at the N100 position. This effect may imply that areas further away from the steel works retained more of the original organic matter structure (Figure 3; Table 5). C-N, as the second major chemical state of carbon, had the highest percentage at the N20 position, suggesting that a high level of nitrogenous organic matter may be present in this area. C-O was the third major chemical state of carbon, with the highest proportion at N20 (Figure 3). This distribution trend may be related to the degree of oxidation of soil organic matter, which may be higher near the steel works. COOH was the least significant carbon chemical state. Nonetheless, it still reached the highest value at N20. This outcome further confirms that the area close to the steel works may have experienced a more intense oxidation of organic matter. The presence of C-O and Si-O confirms the presence of carbon oxides and silicon oxides in the samples, which may be related to soil mineralogy (Huang et al., 2017) (Figure 4; Table 5). From N3 to N100 distance, a trend of gradually increasing content of C-C/C=C was detected (Huang et al., 2017), while the content of C-O and COOH relatively decreased (Yao et al., 2010). This trend may reflect the gradual ageing and oxidation of organic matter in proximity to steel works. C-C/C=C may represent fresher organic matter, while C-O and COOH may be aged organic matter that has undergone oxidation and acid digestion reactions. The chemical state distribution of nitrogen also showed significant spatial differences. The Pyridinic-N content was highest at the N100 position with 45.33% (Kelemen et al., 2002); The Pyrrolic-N content reached its maximum at N50 with 31.98% (Zhu et al., 2016). The Quaternary-N content was highest at the N20 position with 30.50%, while Oxizided-N reached its maximum value of 25.85% at the N100 position (Figure 5; Table 5). These results point out that the chemical state of Nitrogen significantly changes with the distance from the steel works. The analysis of elemental calcium revealed that the binding energies of Ca 2p3/2 and Ca 2p1/2 were higher at locations closer to the steel works, implying that calcium is more susceptible to electron loss at locations close to the steel works. This effect may be related to the lower pH of the soil near the steel works (Table 2). Overall, the average percentage of Ca 2p1/2 was higher than that of Ca 2p3/2, with the highest percentage of Ca 2p3/2 at N100 and the highest percentage of Ca 2p1/2 at N20 (Figure 6; Table 5). This distribution may reflect the spatial variability of different forms of Ca compounds in the soil. Fe is present in both Fe2+ and Fe3+ valence states (Yamashita and Hayes, 2008). Figure 8 depicts the concentration and valence distribution of Fe at different sampling locations and the variation in the proportion of Fe2O3. The total Fe concentration showed a clear spatial gradient from about 27,516.2 mg/kg at N3 to about 23,492.6 mg/kg at N100, indicating that the Fe content in the soil gradually decreased with the increasing distance from the steel works. The valence distribution of Fe also presented significant spatial differences. At N3, N20, and N50 locations, Fe2+ and Fe3+ coexisted (Figures 7, 8; Table 5). However, at N100, all Fe was present in the Fe3+ chemical state, probably reflecting the significant changes in the redox environment of the soil with the increasing distance from the steel works. Although the proportion of Fe2O3 fluctuated among different sampling sites, the overall variation was not significant, with the highest at N3, the lowest at N50, and a slight increase at N100 (Figure 8). These observations not only reflect the differences in soil redox environments, but may also suggest an evolutionary sequence from Fe (0) oxidation to Fe(II) and eventually to Fe(III). In-laboratory controlled experiments also confirmed the occurrence of oxidation in nano-ZVI with an evolutionary sequence from Fe (0) oxidation to Fe(II) and then to Fe(III) (Bae and Lee, 2010; Bae and Hanna, 2015; He et al., 2016). This variation in the spatial distribution of Fe valence states may be related to differences in soil redox environments and may reflect the impact of steel works activities on the cycling of Fe in the surrounding soils. These findings not only reveal the complex spatial distribution of the elemental compositions and chemical states on the soil surface around the steel works, but also provide an important basis for deeply understanding the impact of the steel works activities on the surrounding soil environment. Such changes in the Fe chemical state may have important implications on soil microbial activities, organic matter stability, and geochemical processes, providing an important basis for understanding the impact of the ZVI-based pollution on soil Fe cycling.
[image: Figure 3]FIGURE 3 | The XPS spectra of C 1 s and curve resolution into different components.
TABLE 5 | XPS quantitative analysis of core levels and chemical states at different sampling locations.
[image: Table 5][image: Figure 4]FIGURE 4 | The XPS spectra of O 1 s and curve resolution into different components.
[image: Figure 5]FIGURE 5 | The XPS spectra of N 1 s and curve resolution into different components.
[image: Figure 6]FIGURE 6 | The XPS spectra of Ca 2p and curve resolution into different components.
[image: Figure 7]FIGURE 7 | The XPS spectra of Fe 2p3/2 and Fe 2p1/2 with curve resolution into different components.
[image: Figure 8]FIGURE 8 | Iron speciation, concentration, and Fe2O3 distribution at N3, N20, N50, and N100 sampling locations.
3.3 Analysis of the molecular structure and functional groups of soil microaggregates
By analysing the molecular structure and functional groups of soil microaggregates, the peak at 3,637–3,645 cm−1 was detected, which can be assigned to the hydroxyl group stretching vibration absorption peak and corresponds to clay minerals (Nguyen et al., 1991; Peltre et al., 2014). The broad peak 3,436–3,445 cm−1 can be attired to the O-H stretching vibration of phenols and alcohols. The FTIR integration area was largest at position N3 in the wave number range 3,436–3,445 cm−1, and decreased with the increasing distance from the steel works (Figure 9; Table 6). The peak at 1,649–1658 cm−1 can be assigned to the C═O vibrations in carboxylic acids/anions and amides, the C=C stretch in aromatics, and the O-H bending in mineral-water (Soriano-Disla et al., 2014) (Figure 9). In the wave number range 1,649–1,658 cm−1, the FTIR integration area was largest at position N3 and smallest at position N100. The absorption peaks near 1,038–1,050 cm−1 correspond to the stretching vibrations of the C-O stretching of polysaccharide or polysaccharide-like substances and also the absorption peaks of the stretching vibrations of Si-O. In the wave number range of 1,038–1,050 cm−1, the FTIR integration area at the N3 position was the largest at 12.227 ± 0.666, and the smallest at the N50 position. The peak at 792–782 cm−1 originated from the NH2 out of plane vibration of Primary amine or the peak of -CH out of plane bending vibration of aldehydes (Krivoshein et al., 2022). Additionally, and the N50 position had the largest FTIR integration area of 0.981 ± 0.034, while the other positions had relatively small FTIR integration areas. The peak near 469–472 cm−1 can be assigned to SiO2, originating from the O-Si-O bending (Krivoshein et al., 2022).
[image: Figure 9]FIGURE 9 | FTIR spectra at different sampling locations.
TABLE 6 | Integral of relative peak area of main peaks of FTIR spectrum.
[image: Table 6]4 RESULTS AND DISCUSSION
4.1 Influence of the ZVI-based pollution gradient on biogeochemical processes of mineralogy elements in soil microaggregates
The significant impact of the ZVI-based pollution gradient on mineralogy and elemental geochemical processes in soils around steel works was presented here. From our analysis, it was demonstrated that the content of heavy elements (e.g., Fe, As, Cr, Cu, Mn, Zr) increased with proximity to the steel works (Table 4). This distribution pattern strongly suggests that steel works are the main source of these elements, highlighting the potential impact of industrial activities on the surrounding soil environment. Quantitative XRD analyses displayed a decreasing trend in illite content and an increasing trend in microcline content with the increasing distance from the steel works. This result suggests that the activities of the steel works may have affected the mineralogy of the surrounding soils, leading to an inverse change in the content of these two minerals. The XPS analyses revealed a complex valence distribution of Fe in the soil, mainly including Fe-oxide, Fe-hydroxide, Fe-suboxide, and organic Fe. In-laboratory controlled experimental studies showed that the main by-products generated during nano-ZVI passivation including magnetite and acicular ferrite, were similar to the ZVI by-products observed in this work (Bae et al., 2018). Particularly noteworthy was the variation in the relative contents of Fe2+ and Fe3+ with distance indicating the spatial heterogeneity of the soil redox environment. The gradient effect of the ZVI-based pollution was further confirmed by the valence distribution of Fe. The relative content of Fe2+ was higher at the N3, N20, and N50 locations, while at the N100 location the iron ions were all Fe3+ (Figures 7, 8; Table 5). Relevant experimental studies have shown that oxidation reactions occur in ZVI, with an evolutionary sequence from Fe (0) oxidation to Fe(II) and then to Fe(III) (Bae and Lee, 2010; Bae and Hanna, 2015; He et al., 2016). The severity of Fe toxicity is related to the oxidation state of Fe in the order Fe (0) > Fe(II) > Fe(III) (Auffan et al., 2008). N3 is highly biotoxic due to the high Fe (0) content and no obvious bacterial residues were observed in the SEM photographs. On the contrary, bacterial residues can be clearly observed at the N20 position, suggesting that the microbial activity is intense at this position (Figure 10). The variation of the Fe(II)/Fe(III) ratio affects soil microaggregates bioavailability. The heterogeneity in the valence distribution of Fe may originate from the direct impact of steel works emissions on the physico-chemical properties of the soil. This inference is further supported by the increase in pH with increasing distance and the decrease in ORP and conductivity observed in the study. Fe(III) can form stable complexes with organic matter and protect organic carbon from microbial degradation. Fe(II) may also disrupt this complex and accelerate the decomposition of organic matter (Zhang et al., 2014). In particular, the observed increase in the ORP values with proximity to the steel works suggests a more intense oxidative environment, which may promote the oxidation and fixation of certain metal elements. The Fe contamination gradient not only altered the basic physicochemical properties of the soil, but also significantly affected the structure formation, elemental distribution, and geochemical processes of soil microaggregates (Table 4; Figure 10). This distribution pattern not only reflects the existence of spatial differences in soil redox environments, but also hints at the critical role of iron cycling as an important pathway for surface material-energy flow in contaminant transport and transformation processes (Melton et al., 2014; Hu et al., 2018). The presence of ZVI may lead to lower phosphorus content in the soil, which is consistent with the low P2O5 content observed in this study at the N3 location. The results of elemental Ca analyses, especially the change in the binding energy of Ca 2p3/2 and Ca 2p1/2, imply that calcium ions are more susceptible to electron loss in the near steel works. This effect may be related to the lower pH in the near steel works area, further confirming the influence of steel works emissions on the soil biogeochemical processes. Meanwhile, the relative deficiency of K2O at the N3 location may be indicative of elemental loss phenomena, which may be related to soil acidification and ion exchange processes (Table 2).
[image: Figure 10]FIGURE 10 | SEM images of soil aggregates at 15K×, 40K × and 200K× magnification of different sampling locations.
4.2 Impact of different gradients of the ZVI-based pollution on the organic environment of soil microaggregates
In this work, the impact of the ZVI-based pollution on the soil microaggregate organic environment at different distances around steel works was investigated by using advanced analytical techniques, such as XPS and FTIR. The results revealed the significant influence of the ZVI-based pollution gradient on the composition, structure, and distribution of soil microaggregate organic matter, as well as a series of complex biogeochemical processes triggered by it. The XPS results helped to elucidate the differences in soil organic environment under the differences in the ZVI-based pollution gradient. The results of the XPS analyses showed the existence of significant differences in the chemical state of carbon at different sampling locations, reflecting the spatial heterogeneity of organic matter composition and structure ((Figures 3–5; Table 5). C-C/C=C, as the most dominant chemical state, had the highest percentage at the N100 location, suggesting that areas away from the steel works may have retained more of the original organic matter structure. C-N and C-O, as the second and third major chemical state, exhibited the highest percentage at the N20 position, possibly suggesting that soil SOM in areas close to steel works were subjected to more intense nitrogenation and oxidation processes (Chen et al., 2020). This distribution pattern may be related to the changes in soil physicochemical properties induced by ZVI contamination. Especially, the ZVI-induced changes in pH and ORP may have promoted the transformation of certain organic functional groups. COOH, as the least occupied chemical state in all samples, was relatively high at N3 and N20 positions, which is in direct agreement with the findings of Yao et al. (2010). Carbon in biomass char can be oxidised to carbonyl after long-term pollution oxidation. Nano ZVI can generate ROS, which induces oxidative degradation of organic pollutants, such as drugs and herbicides (Phenrat et al., 2009; Machado et al., 2013; Karim et al., 2017). As a result, the oxidative degradation of organic matter is not only accelerated, but N2O emissions from abiotic pathways may also be promoted. Bacterial residues were clearly visible in the N20 sampling zone in Figure 10. It can be inferred that the ZVI-based contamination caused the release of organic carbon sequestered in the core of microaggregates, which accelerated bacterial colonisation. Chen et al. (2020) found a significant interaction between organic functional groups on the surface of soil microaggregates and soil minerals.
FTIR analyses further supported these findings (Figure 9). The O-H stretching vibrations (bonded and non-bonded hydroxyl groups) were attributed to phenols, while alcohols exhibit variation in the wave number range 3,436–3,445 cm−1 (Gerzabek et al., 2006). The N3 position had the largest integral area, which decreased with increasing distance. This result indirectly confirms the larger content of hydroxyl radicals (HO-) at the N3 position, echoing the XPS results. Similarly, the peaks representing C=O vibrations in the range of 1,649–1,658 cm−1 showed a similar trend, further confirming a higher degree of organic matter oxidation at the near steel works location. It is also noteworthy that the peaks in the range 1,038–1,050 cm−1 represent the C-O stretching vibrations of polysaccharide or polysaccharide-like substances and the Si-O stretching vibrations. Its integration area was largest at the N3 position. This may reflect the impact of the ZVI-based pollution on soil microbial activities, leading to the accumulation of polysaccharides or altered soil mineralogy. Wang et al. (2020) showed that selective adsorption of ZVI may lead to significant changes in the properties of dissolved organic matter (DOM) including molecular size, composition and chemical properties. The lowest organic matter content was found in the soil at N3 location and the highest SOM content was found in the soil at N100. Besides, SOM increased with the increasing distance from the steel works (Table 3). This may be due to more intense ZVI-based contamination of soils in the near steel works domain, leading to accelerated decomposition of organic matter (Vindedahl et al., 2016). Large amounts of ZVI may accelerate the decomposition of soil organic matter and affect soil carbon sequestration. Zhang et al. (2012) indicated that the semiconducting nature of iron oxide could accelerate the electron transfer process between the microorganisms and electron acceptors, which may promote the decomposition of organic matter by soil microorganisms. The work of Sun et al. (2019) further confirmed that Fe(III) reduction, as the main electron acceptor process, significantly promoted organic carbon decomposition.
4.3 Dissipative structure of soil microaggregates and its impact due to the gradient ZVI-based pollution
From our analysis, it was found that the surface elemental composition and chemical state of soil microaggregates have significant spatial differences, which were closely related to the ZVI-based pollution gradient in steel works. This spatial difference can be explained by considering the theory of dissipative structure. According to Prigotin’s dissipative structure theory, an open system far from equilibrium can form a new ordered structure under certain conditions by continuously exchanging matter and energy with the environment. In this work, the material and energy flows introduced by the ZVI-based pollution drove the soil system away from its original equilibrium state. Near steel works (N3) samples exhibited the lowest pH, as well as the highest ORP and conductivity, suggesting that the ZVI-based contamination resulted in more acidified soil, altered the redox conditions, and increased salinity. This change in gradient can be seen as a response of the system to external perturbations, forming a new stabilising structure. The addition of ZVI may have triggered a series of self-organising processes, leading to the formation of positive feedback mechanisms. The decrease in pH may also have promoted the dissolution of iron, which in turn may have further accelerated the acidification process, forming an autocatalytic cycle. The impact of the ZVI-based pollution on the organic environment of soil microaggregates was particularly significant. The XPS and FTIR results showed that the near steel works sample N3 contained high levels of reactive oxygen radicals (ROS), especially hydroxyl radicals (HO-). This production of ROS can be regarded as a way for the system to dissipate excess substances. ROS not only accelerate the oxidative degradation of organic matter, but also may promote N2O emission from abiotic pathways. These processes are important manifestations of the systematic dissipation of material and energy reorganisation. The gradient effect of the ZVI-based pollution was further confirmed by the valence distribution of Fe. The changes in the distribution of Fe (0), Fe(II), and Fe(III) from N3 to N100 reflect the spatial self-organisation of the system. This spatial self-organisation is a typical feature of dissipative structures. Changes in the Fe(II)/Fe(III) ratios directly affect the ORP of the soil, which in turn affects the chemical form and bioavailability of other elements in the microaggregates. This chain reaction demonstrates the interactions and synergistic effects among the components of the system, which is a key mechanism for the formation of dissipative structures. In general, changes in soil microaggregates due to ZVI pollution can be regarded as a typical process of dissipative structure formation. The system forms new spatial structures and functional characteristics through self-organisation to adapt to changes in the external environment.
The dissipative structures due to the ZVI-based pollution not only affected soil physicochemical properties, but also significantly altered soil organic matter dynamics. The semiconducting nature of iron oxide may accelerate the electron transfer process between the microorganisms and electron acceptors (Zhang et al., 2012). This mechanism may have facilitated the accelerated decomposition of soil organic matter. Meanwhile, selective adsorption of ZVI may have altered the chemical stability and turnover rate of dissolved organic matter (DOM) (Wang et al., 2020), which in turn affected the carbon storage function of the soil. ZVI is often used for the remediation of pollution in organic environments (Sun et al., 2021). Nonetheless, excessive ZVI pollution may simultaneously lead to a reduction in soil organic carbon storage (Jones et al., 2012; Liu et al., 2021) and accelerate global climate change (Liu et al., 2019). These findings highlight the multifaceted effects of gradient ZVI-based pollution on soil ecosystems. However, this work still has some limitations. First, the focus was on the top soil layer and future studies should consider soil samples at different depths. Second, although the impact of the gradient ZVI-based pollution was observed on the organic environment and structure of soil microaggregates, further research is needed on the influence of these changes on soil functions, such as nutrient cycling and carbon storage in the long term. Future research could focus on the dynamics of dissipative structure formation and its long-term ecological effects.
5 CONCLUSION
This study thoroughly investigated the impact of gradient zero-valent iron (ZVI) pollution around steel works on soil microaggregates, revealing a series of complex physical, chemical, and biological processes. The results demonstrated that heavy metal contents, particularly Fe, significantly decreased with increasing distance from the steel works, indicating that industrial activities are the main source of these elements. Soil physicochemical properties showed obvious spatial variation patterns, with soils near the steel works being more acidified and strongly oxidized. The organic environment of soil microaggregates was significantly affected by the ZVI-based pollution gradient. High levels of reactive oxygen species (ROS) near the steel works accelerated the oxidative degradation of organic matter, leading to lower soil organic matter content. These changes may affect nutrient cycling and carbon storage, with implications for ecosystem services and climate change. The increased mobility of heavy metals in acidified and oxidized soils near steel works poses potential risks to human health through exposure pathways such as dust inhalation and consumption of contaminated food crops. The iron valence distribution exhibited spatial differences, with higher Fe2⁺ content near the steel works and Fe³⁺ dominating in areas farther away. This suggests an evolutionary sequence from Fe (0) oxidation to Fe(II) and then to Fe(III), highlighting the impact of ZVI contamination on iron cycling in soils.
Innovatively, the study identified the formation of dissipative structures in soil microaggregates due to ZVI pollution. These structures significantly affect soil physicochemical properties and the organic environment, providing a new perspective for understanding the impact of industrial pollutants on soil structure and function. Further research is recommended to investigate the long-term ecological effects of ZVI pollution on soil functions, such as nutrient cycling and carbon sequestration. Priority should be given to studying the mechanisms of dissipative structure formation in soil microaggregates and their influence on pollutant dynamics. Additionally, assessing the health risks associated with heavy metal exposure in local communities is essential for developing effective mitigation strategies. This study provides a scientific basis for soil protection, remediation, and environmental management strategies, contributing to the protection of soil ecosystem health in critical areas of the Earth.
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N 28525 24.90% | 285.19 28.39% | 285.25 2649% | 2852 27.49%
co 28644 19.08% | 286.43 19.42% | 286.41 19.13% | 2864 1635%
COOH 28866 10.14% | 28861 1025% | 288.65 7.74% | 28874 9.15%
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Fe 2p3/2 Fe* 712.30 28.04% | 71202 3048% | 712.44 3145% | N/A N/A
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Fe 72723 12.60% | 727.42 1822% | 728.16 2180% | 72617 46.68%
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