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Abstract

:

Nanoscale zero-valent iron (nZVI) has been widely applied to remediate heavy metal-contaminated soils and water. Its in situ treatment of combined heavy metal contaminated soil, followed by backfilling or other sustainable reutilizations, attracted attention to the treated soil’s deformation characteristics. In this study, soil samples were prepared using the modified slurry consolidation method to simulate the natural settling of backfilled soil and optimize the reactivity between nZVI and contaminants in soil. The deformation characteristics of natural soil, contaminated soil, and soil treated with varying dosages of nZVI (0.2%, 0.5%, 1%, 2%, and 5%) were investigated. Moreover, the plasticity indexes and particle-size distribution of the samples were examined through Atterberg limits and laser-diffraction particle-size analysis. After a 4 d slurry consolidation process, a typical result indicated the immobilization efficiency of all three heavy metal ions achieved over 90% with 2% nZVI. The presence of three heavy metal ions decreased the Atterberg limits and increased the compression index, permeability, and consolidation coefficient of the soil. Conversely, the introduction of nZVI increased plasticity and resulted in higher permeability, stable secondary consolidation, and less swell. Microscopically, with an increase in the dosage of nZVI, the soil aggregates transformed from a weak chemical bond with insoluble precipitates/iron oxides to larger aggregates consisting of nZVI/-soil aggregates, thereby enhancing the soil skeleton. This study shows improved permeability and deformation characteristics in nZVI-treated combined heavy metal-contaminated soil, offering valuable insights for practical nanomaterials’ in-situ treatment in engineering applications.
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1. Introduction


Contaminated soil poses a significant threat to the sustainable utilization of land resources and gives rise to severe ecological concerns [1,2]. Heavy metal contaminants have garnered widespread attention from both the public and the academic community due to their high toxicity, strong mobility, and persistent presence [3,4,5]. Heavy metal ions, such as Pb(II), Cd(II), Ni(II), Zn(II), and others in subwater and soil, pose a grave risk to the health of living organisms through biological chain enrichment. It is worth noting that these harms include not only human organ tissues and the nervous system but also increasing the risk of cancer [6,7,8,9,10,11]. In practice, soil samples affected by contamination often exhibit the simultaneous presence of multiple heavy metal ions, such as approximately 2.5 million heavy metals and organics contaminated sites in Europe [12], more than 235,000 in-/organic locations in the US [13], and 16.1% of the country’s total land combined contaminated area in China [14]. Therefore, the issue of combined heavy metals contaminated soil urgently requires resolution for the sustainability of soil and sites, particularly in both environmental and geotechnical aspects.



Previous studies have explored the treatment of contamination in soil and contaminated soil in the past few decades and treatment attempts included physical, bioremediation, chemical, and comprehensive multimethod ways. Many studies have confirmed the potential of nanomaterials for chemical remediation methods to rapidly decrease the concentration of heavy metal ions, and they are excellent and environmentally friendly in both soil and water. Among these nanomaterials, nano zero-valent iron (nZVI) has gained significant attention due to its high reactivity, reductive capabilities, and nontoxicity. It can efficiently degrade single, double, or even combined complex heavy metal ions, making it a prominent focus of nanomaterial remediation research in recent years. When used in appropriate quantities, nZVI can achieve degradation efficiencies of over 99% for Pb(II) [15] or Ni(II) [16] in a short time. In combined contaminant solutions, it has been shown to achieve degradation efficiencies of over 92% for Cu, Ag, Pb, Cr, and Zn. When dealing with Ni(II)-contaminated soil, nZVI achieved an 85% degradation efficiency [17]. In the case of binary-contaminated soil (Pb(II) and Zn(II)), nZVI exhibited an 80% immobilization efficiency [18]. In a combined contaminated soil, nZVI has demonstrated degradation efficiencies exceeding 92% for Cd(II), Cu(II), Ni(II), and Pb(II) [19]. Numerous studies have affirmed the potential of nanomaterials within chemical remediation methods for rapidly reducing the concentration of heavy metal ions in soil. For instance, notable soil-remediation examples included the reduction in 72% Pb(II) and 90% Cd(II) by nano-hydroxyapatite [20], 100% removal of Cu(II) and Pb(II) by a modified nano-clay [21], 97% degradation efficiency of Cd(II) and Zn(II) by a combination containing nano-iron [22], and over 88% of Ni(II) in a short period by nano-calcium silicate [23]. With the high efficiency of combined contaminants’ remediation, it would offer the possibility of sustainable reuse of contaminated sites. Therefore, using the nanomaterial—nZVI—for remediating heavy metal-contaminated soil is, thus, a feasible and preferred approach, while the multiple reaction mechanisms among nZVI–water–contaminants–soil cannot be ignored.



The mechanisms for degrading heavy metals with nZVI involved reduction, adsorption, precipitation, and coprecipitation, classified as both chemical and physical processes with soil [24,25]. Redox reactions can be explained using standard electrode potentials (E0). Heavy metal ions (e.g., −0.809 V Cd(II) and −0.763 V Zn(II)) with E0 values less negative or equivalent to Fe0 (i.e., −0.440 V) are primarily removed through adsorption onto the iron hydroxide shell. Metal ions with significantly more positive E0 values than Fe0 (e.g., +0.248 V As(III), +0.342 V Cu(II), +0.797 V Hg(II), and +1.232 V Cr(VI),) are mainly eliminated through reduction and precipitation. Metal ions with moderately positive E0 values compared to Fe0 (e.g., −0.126 V Pb(II) and −0.246 V Ni(II)) can be degraded through both reduction and adsorption mechanisms [26,27]. Specific heavy metal ions, like Pb(II), Cd(II), and Cu(II), can react with ferrous ions that are released, leading to the formation of insoluble metal compounds immobilized in the soil or water. In addition to its high reactivity and reducibility, nZVI and its products have strong aggregative tendencies, magnetic properties, and an exceptionally large surface area [28,29,30]. After the transformation of metallic iron at the nanoscale, the particles tend to aggregate due to nanoscale forces. Simultaneously, during the process of the “physical process” of nZVI in soil, they precipitate and adsorb onto soil particles. Due to the scale similarity between nanomaterial aggregates and soil particles, the effect of this microphysical interaction on macroscopic geotechnical properties is of interest. Thus, it necessitates a comprehensive evaluation of engineering safety at the remediation site by nZVI, in which the approach with an optimized reaction environment for nZVI in soil could lay the groundwork for further explorations.



The preliminary research results indicated few studies on the geotechnical properties of soil treated with nZVI, while it can be discerned that nZVI will have a noticeable effect on the deformation of soil. Deformation parameters (e.g., compression index, swelling index, creep/consolidation coefficient, etc.) represent an important criterion for engineering safety assessments. The introduction of nZVI has been found to alter the microstructure of contaminated soil, subsequently impacting its deformation characteristics and then affecting the reuse of treated sites. When an appropriate or excessive amount of nZVI is used for degrading Pb(II) in the soil, the products generated tend to precipitate on the surfaces of soil particles, forming large aggregates and dense connection structures, resulting in reduced soil porosity and expansion index [31]. Soil permeability can also serve as a measure of deformation characteristics [32]. Research has shown that an excess of nZVI can lead to the formation of larger aggregates in the soil, subsequently blocking pores and causing a decrease in soil permeability [33], which reveals a reduction in the consolidation coefficient and an enhancement in soil compressibility. However, different application conditions will lead to different experimental results, which need to be analyzed specifically. As for the insufficient information about nZVI treatment in soil, it becomes evident that the impact of nanomaterials on the deformation and permeability of contaminated soil can vary significantly, referencing other cases of nanomaterial treatment. For instance, the addition of nano-magnesium dioxide to Pb(II) and Zn(II) co-contaminated soil leads to a reduction in the soil’s compression index and hydraulic conductivity [34,35]. Furthermore, some studies have indicated that the presence of nano-clay alters the cation exchange capacity (CEC) and specific surface area (SSA) within the system, subsequently increasing permeability and settling in soils with high copper concentrations, up to 30 cmol/kg nitric acid [36]. These findings highlight the complexity and diversity of macroscopic property changes triggered by the introduction of nanomaterials into contaminated soil. It is important to note that previous research results indicated a pronounced aggregation effect of nanomaterials in the soil, which subsequently affected changes in deformation properties [37,38,39]. From the aspect of geotechnical improvement, the greatest value of a treated site is sustainable use, among which the most critical issues are engineering safety issues, such as deformation characteristics. However, limited research has been done on the deformation characteristics and microstructure of combined heavy metal-contaminated soil after nZVI treatment. Consequently, close attention is required to focus the changes in deformation properties induced by nZVI into combined contaminated soil.



This study employs varying dosages of nZVI to treat Pb(II) (reduction), Zn(II) (precipitation), and Ni(II) (adsorption) combined in contaminated soil, investigating the deformation characteristics and microstructure of the treated soil. The objective is to explore the deformation characteristics and mechanisms underlying the role of nZVI in combined contaminated soil with heavy metals and understand the reasons behind the changes in microscopic ways induced by nZVI. All the samples were prepared by the modified slurry consolidation method to make sure the additions could react efficiently with heavy metals and soil particles, through which it could simulate the process of reusing disposed of soil backfill in the project. Specifically, multistage loading and unloading oedometer tests were employed to study the deformation properties of natural, contaminated, and treated soils. Before that, the Toxicity Characteristic Leaching Procedure (TCLP) was conducted for the immobilization efficiency of each heavy metal ion. Additionally, the plasticity and particle-size distribution of different samples were analyzed using Atterberg limits analysis and laser-diffraction particle-size analysis, respectively, to interpret the impact of composite heavy metal ions and nZVI on the geotechnical properties of soils from a microscopic perspective. The efficient, safe, and sustainable solutions of the advanced nanomaterial could be an indicator for future nanomaterials research in soil, contributing to the sustainable research development of Nano-Geotechnical Engineering.




2. Materials and Methods


2.1. Materials


2.1.1. Soil


The experimental sediment soil was collected from the city lake in Haikou. X-ray diffraction (XRD) analysis results (Figure 1) showed that the main minerals in the soil were quartz, franklinite, and halite. The liquid limit of the soil was 97.0%, and the plastic limit was 35.0%, according to ASTM D4318-17 [40]. The optimal moisture content was determined to be 22.0%, and the maximum dry density was determined to be 1.75 g/cm3, using the compaction method according to ASTM D698-12 [41]. Laser particle-size analyzer results indicated that the sediment contained 18.0% clay, 80.0% silt, and 2.0% sand. Based on the Unified Soil Classification System (USCS, ASTM D2487-17 [42]), the matrix soil was classified as high plasticity silt (MH).




2.1.2. Contaminants and nZVI


The contaminants used in the experiment included Pb(NO3)2, Ni(NO3)2, and Zn(NO3)2. These chemicals were analytical grade (AR) and supplied by Guanghua Technology Corp (Guangdong, China). These contaminants were selected by considering the mechanism of heavy metal contamination by nZVI treatment, such as reduction—Pb(II), precipitation—Zn(II), and adsorption—Ni(II). Nitrate is inert and has a facilitating effect in nZVI treatment while avoiding the precipitation of anions with contaminating cations.



The commercial nZVI used in the experiment was prepared by a plasma sputtering method and provided by Xiang-Tian Corp (Shanghai, China). The particles have an average diameter of 50 nm and a purity of 99.9%, and the specific surface area was 30.58 m2/g. They were supplied by Xiang-Tian Corp.




2.1.3. Toxic Leaching Reagent


The leaching reagents used in the experiment include AR chemicals, such as solid sodium hydroxide, concentrated nitric acid, and glacial acetic acid, which were supplied by Xilong Technology Corp (Guangdong, China).





2.2. Methods


2.2.1. Preparation of Soil Samples


The soil samples used in the experiment were prepared by the modified slurry consolidation method; it has been proved that the process could simulate the settlement of soil under backfill and consolidation conditions [37]. Specifically, the collected soil, after the removal of branches and stones, was made into a slurry and sieved through 1 mm in its natural state. Then, the sieved slurry was adjusted to twice the liquid limit, ensuring homogenization like a solution state. Simultaneously, the increase in moisture content enhanced the fluidity and dispersibility of the slurry, facilitating the migration of nanoparticles. By this, the effective interaction among the particles (soil particles, nZVI, and heavy metal ions) could be improved. Three heavy metal contaminants were individually weighed in 200 mg/kg (dry soil weight) of their ion mass and dissolved in 1 L of deionized water. Once the contaminants had fully dissolved, they were added to the prepared slurry; then, the total concentration of heavy metal ions was 600 mg/kg (i.e., Pb(II) 200 mg/kg, Zn(II) 200 mg/kg, and Ni(II) 200 mg/kg). The mixture was continuously stirred and then allowed to settle for 48 h to ensure adsorption equilibrium, chemical reactions, microbial effects, and a more uniform state in or with the soil. Various dosages, such as 0.2%, 0.5%, 1%, 2%, and 5% (dry soil weight), of nZVI particles were added into the contaminated slurry under ultrasonic and stirring conditions. After following the recommended mixing reaction time of 10 min, it could achieve a full dispersion and reactions of nZVI in the soil slurry, which has been proven by the literature [31,37,43,44]. Then, the treated slurry was transferred to a double-drainage tank for a preconsolidation process with effective vertical stress of approximately 100 kPa, which was confirmed through Casagrande’s method in trial oedometer tests. The 1-D consolidation process was considered to be ended once the incremental vertical strain was less than 1%/d. Samples for the Oedometer test were obtained using a standard ring with a diameter of 50 mm and a height of 20 mm, while the remaining soil was used for further experiments (as suggested in ASTM D2435/D2435M-1 [45]). Furthermore, the samples prepared have been proven to be fully saturated.




2.2.2. Toxicity Characteristic Leaching Procedure (TCLP)


According to the instruction (EPA method 1311 2015 [46]), the pH values of the water leached from soil samples after the process of the slurry-mixing procedure consistently exceeded 5. Consequently, a 1# extractant was utilized to extract free heavy metal ions from the soil. Specifically, 20 g of the soil sample were oven-dried at 105 °C for 24 h. Then, the dried soil was smashed and sieved through 1 mm. A solution comprising 0.57 mL of glacial acetic acid dissolved in 100 mL of deionized water served as the 1# extractant. Forty mL of the extractant were thoroughly mixed with 2 g of dried soil powder in the extraction bottle. The extraction bottle was then positioned on a rotary shaker (HX-ZD-600A, Huaxi, China) at 23 °C for 18 h. Subsequently, 1 mL of the filtrate underwent a tenfold dilution with 1 M nitric acid (resulting in a dilution solution with a pH of less than 2) before analysis for heavy metal concentrations using inductively coupled plasma optical emission spectroscopy (ICP-OES, Plasma 3000, NCS, China).



Calculate the immobilization efficiency of different heavy metal ions in different soils based on Equation (1) [47,48].


  I = 1 −    C f     C 0    × 100 %  



(1)




where C0 means the initial concentration of heavy metals in the soil (103.09 ppm for each heavy metal), and Cf represents the concentration of heavy metals leached out.




2.2.3. Oedometer Tests


The deformation characteristics of saturated soil samples, through the modified slurry-consolidation method, were examined using an Automatic Oedometer (TKA-1, China) in accordance with the ASTM D2435/D2435M-1 [45]. The samples with 20 mm in height and 50 mm in diameter were subjected to consolidation loads in the preconsolidation–compression–unload–reload–compression sequence: 10-50-100-200-400-200-100-200-400-800-1600 kPa, with each load duration of 24 h. Throughout this process, the consolidation ring and the samples were immersed in pure water to ensure and keep a full saturation. Before that, the saturation of extracted samples was double-checked and all were larger than 98%.



The initial void ratio (e0) and void ratio (e) were determined using Equation (2), where V, Vv,, and Vs represented the volume of the sample, the volume of the void, and the volume of particles (Section 12.2 of ASTM D2435/D2435M-11 [45]).


     e 0  =    V v     V s    =   V −  V s     V s        e =    V   v 1       V s    =    V 1  −  V s     V s       



(2)







According to Equation (3), the compression index (Cc) was determined using the void ratio at the straight-line section during the compression stage. The swelling index (Cs) was calculated based on the void ratio at 400 kPa and 100 kPa during the rebound stage. And the creep coefficient (Cα) was obtained using the void ratio at 22 to 24 h under each load level.


   C C  /  C S  /  C α  =    e 1  −  e 2    log  p 2  − log  p 1     



(3)







The coefficient of consolidation (CV) was computed by the time-logarithm method as Equation (4), where T50 was 0.197, HD50 represented the length of the drainage path at 50% consolidation (cm), and t50 meant the time corresponding to 50% consolidation (s).


   C V  =    T  50    H  D 50  2     t  50      



(4)







The permeability (k) was derived from the coefficient of consolidation by Equation (5), where a and γw meant the compression coefficient under a certain load level and the heaviness of water (9.8 kN/m3).


  k =   a  C V   γ w    1 + e    



(5)








2.2.4. Microscopic Characterization







	1.

	
XRD analysis









An X-ray diffractometer (DX-2700BH, Haoyuan, China) was used to analyze the composition of nZVI and natural soil powders. Dry powders were placed into the concave groove of a slide, ensuring that the surfaces of the measured powders were approximately 0.1 mm above the slide. The XRD scanning speed was set at 0.05°/min, with a diffraction angle range of 10–80°. The X-ray radiation conditions were set to 40 kV and 40 mA;




	2.

	
Atterberg limits









The Atterberg limits were determined through the cone penetrometer method, as prescribed in BS1377:1990. Specifically, the cone penetrometer (LP-100D, Glory Testing, China) was used to measure the cone penetration of the soils at varying moisture contents. The cone used was made of stainless steel, with a length of 35 mm and an angle of 30°. The pretest indicated that the moisture content at a cone penetration of 5 mm was consistent with that determined through the strip rubbing method (ASTM D4318-17 [40]). Therefore, the moisture contents at cone penetrations of 20 mm and 5 mm were determined as the liquid limit (LL) and plastic limit (PL).




	3.

	
Particle-size distribution (PSD)









After the slurry consolidation preparation, approximately 0.1 g of the soil sample was dispersed in 30 mL of ultrapure water. The mixture was shaken and then ultrasonically dispersed particle aggregates to meet the requirements. Subsequently, the soil sample was measured for particle size using a Malvern 3000 laser-diffraction particle-size analyzer (Malvern, UK).






3. Results and Discussion


3.1. Immobilization of Heavy Metal Ions


To explore the efficiency of various nZVIs in reacting with combined heavy metal ions within the soil, the time points were selected as reference milestones to occur four days after slurry consolidation. The immobilization efficiency of three heavy metal ions was assessed through the application of the toxicity characteristic leaching procedure (TCLP) and inductively coupled plasma optical emission spectroscopy (ICP-OES). A summary of these findings and the dominant mechanisms are presented in Figure 2.



The results revealed an excellent immobilization efficacy by nZVI when addressing three types of heavy metal contamination ions. Notably, a variation in treatment efficiency is observed across different heavy metal types, with Pb exhibiting the highest efficiency, followed by Zn(II) and Ni(II) (i.e., Pb(II) > Zn(II) > Ni(II)). An excess amount of nZVI (2%) in soil contaminated with combined heavy metal ions was capable of achieving over 90% within just 4 days for Pb(II), Ni(II), and Zn(II). Furthermore, this high efficiency remains stable at 95% or higher for all three heavy metal ions with 5% nZVI. Specifically, at an nZVI dosage of only 0.2%, Pb(II) achieved a 98% efficiency within 4 days, Zn(II) at 80.2%, and Ni(II) at 73.5%, with 0.5%, Pb(II) undergoing complete degradation to approximately 97.5%. The initial efficiency for Zn(II) and Ni(II) increased by 1% and 2%, respectively. At 1%, nZVI achieved an 85% degradation efficiency for Zn(II) within 4 days, which was similar to that observed at 0.2%. Upon reaching 2%, nZVI rapidly attained a degradation efficiency of 90% or higher for all three contaminants in the short term, and it reached above 95% at 5%. In summary, the dosages of nZVI have a significant impact on the degradation efficiency of heavy metal ions in soil contaminated with combined contaminants. nZVI can rapidly immobilize free heavy metal ions in the soil, maintaining stability [15,16,17]. This finding indicated that nZVI demonstrates exceptional efficiency in the treatment of Pb(II), Zn(II), and Ni(II) within soil systems, while it has a slightly lower reaction efficiency compared to its performance in solution. Simultaneously, a key issue to consider is that, within soil systems, nZVI engages in both chemical processes and physical interactions with water, gases, and soil particles through its unique properties as a nanomaterial. Under conditions where contaminant concentrations are relatively limited with nZVI, the intensity of chemical processes is constrained, leading to a greater proportion of physical interactions with an excess of nZVI [18,19]. In comparing Pb(II), Zn(II), and Ni(II) ions, Pb(II) shows a higher oxidation-reduction potential. These characteristics lead nZVI to preferentially use electron transfer to degrade Pb(II), as Pb(II) ions are more likely to accept electrons from the nZVI surface [49]. During this degradation, hydroxide ions are produced, causing Zn(II) to be a precipitation [50]. Additionally, nZVI only reduces Ni(II) when it is in excess. The iron oxides formed on the thin shell of nZVI during oxidation tend to adsorb Ni(II) [51]. As a result, the effectiveness of nZVI in immobilizing these ions in soil follows the order of Pb(II) > Zn(II) > Ni(II). With the high efficiency of combined contaminants’ remediation, it would offer the possibility of sustainable reuse of contaminated sites. It should be noted that the chemical and physical processes within the system, which may be influenced by the form of heavy metals and reaction products in the soil following different nZVI dosages, could affect the soil’s deformation characteristics and microstructure.




3.2. Deformation Analysis


Traditionally, as for heavily contaminated sites, ex situ remediation was regarded as the preferred way to treat and reuse soil from sites. Slurry treatment combined with dehydration and backfill is the widely used approach in current projects, which was considered in our approach. After backfilling, the greatest value of a treated site is sustainable use, among which the most critical issues are engineering safety issues, such as deformation characteristics. When a vertical load is applied to a soil deposit, it results in a decrease in the volume of void space between the soil particles. This reduction in volume leads to an increase in the density of the soil mass, causing settlement.



The section was to conduct one-dimensional consolidation tests on cylindrical soil specimens and analyze the results to determine the soil’s compression index (Cc), swelling index (Cs), creep/consolidation coefficient (Cα/Cv), and calculated permeability (k). The compressibility was represented by the relationship between the void ratio and the logarithm of time (Figure 3a). The compression index and swelling index were measures of soil compressibility, calculated as the slope of the linear portion of the curve which is supplied in Figure 3b. Figure 4 provides a summary of the time-strain curves with different nZVIs.



Through the e-logp curve calculations, it is evident that heavy metal ions had a small influence on the compressibility of the soil with a 10% total settlement and slightly swelling index decrease. The CTS with the higher dosage showed a lower initial void ratio. The 0.2% nZVI enhanced the compressibility of the soil, and the settlement increased by about 10% compared to CS, while the swelling index increased to 0.087. When the nZVI dosage increased to 0.5%, the compression index decreased by 0.017 compared to that of 0.2 CTS, and the swelling index decreased slightly to 0.084. After treatment with 1%, 2%, and 5% nZVI, the compression index further decreased to 0.64, 0.6, and 0.58, respectively. Simultaneously, the swelling index also showed a decreasing trend until reaching 0.037 (over 50% reduction compared to 0.2 CTS). The introduction of heavy metal ions had a limited impact on the compressibility characteristics of the soil, but, due to the increase in cation concentrations in the pore fluid and the decrease in particle spacing, the impact on rebound was significant.



A significant decrease in deformation during the loading and unloading processes was observed and could be attributed to the disruption of the structure connecting soil particles and isomorphic substitution. The addition of a small amount of nZVI (0.2%) converted part of the heavy metal ions into hydroxide/iron oxide precipitates. However, the unstable weak chemical-bond structure failed to impede soil rebound during the unloading process. When the amount of nZVI was increased to 0.5%, more low-intensity heavy metal hydroxide adhered to the soil particle surfaces. The thickness of the diffuse double layer on the soil surface increased, making it more difficult for particles to rebound under external forces due to the formation of a cohesive structure. After treatment with more than 1% nZVI, more nZVI particles could migrate with the pore water, degrading more heavy metal ions as the loading time extends. This gradually led to the formation of larger aggregates composed of iron oxides, hydroxides, and soil particles. As a result, the contact between soil particles became stronger, further reducing compression and rebound. Under excess conditions (i.e., 2% and 5%), heavy metal ions in the soil were essentially degraded, resulting in the aggregation of nZVI into larger particles, thereby strengthening the connections between particles. In conclusion, it was reported that the disruptive effect of heavy metal ions on the intrinsic bonding structure of soil was observed, which leads to the weakening of interparticle bonds [52,53,54]. A notable aspect was the varied effects seen in soils treated with different concentrations of nZVI. The influence of nZVI transformed the nature of particle–aggregate connections. At lower dosages, a tendency to establish weaker chemical-bond structures has been noted, whereas, at higher dosages, the formation of more robust physical-bond structures is observed, as proven in [55,56].



In addition, further exploration of the consolidation behavior of the soil is deemed necessary, including the analysis of the soil’s creep ratio, consolidation coefficient, and permeability. Figure 5 illustrates the ratio of the creep coefficient to the consolidation coefficient under different consolidation loads, serving as an indicator of soil-deformation behavior. The creep ratio, calculated as the ratio of the creep coefficient (Cα) to the consolidation coefficient (Cv), serves as a measure of the soil’s deformation behavior, while the permeability coefficient is used to assess the connectivity of pores within the soil.



The results clearly indicated that soil-deformation behavior and permeability were significantly positively influenced by nZVI. In particular, with an increase in vertical stress, the soil tended to experience rapid settlement while permeability gradually diminished and the creep coefficient of the soil exhibited an overall increasing trend. The consolidation coefficient tended to decrease. Simultaneously, soil permeability demonstrated a positive correlation with the nZVI dosage. The introduction of heavy metal ions resulted in an increase in the consolidation coefficient, while there was a decrease in the creep coefficient under loads exceeding 100 kPa (preconsolidation stress/OCR). This was accompanied by an enhancement in soil permeability. However, for CS, the creep ratio experiences a decrease compared to NS. The introduction of heavy metal ions reduced the soil’s Atterberg limits, leading to a decrease in water-retention capacity. Consequently, pore fluids dissipated more quickly, resulting in rapid consolidation, which was characterized by a smaller creep ratio and higher permeability compared to NS.



The addition of a small quantity of nZVI (0.2% and 0.5%) to CS led to fluctuations in the creep coefficient within a range of 0.04, while the consolidation coefficient began to decrease. The creep ratio and permeability of 0.2 CTS and 0.5 CTS started to increase in comparison to CS, and the permeability of CTS increased with the nZVI dosage increasing under the lower stress. With an increase in the dosage of nZVI, the creep coefficient and creep ratio continued to rise while the consolidation coefficient decreased under the same level of loading for treated soil. It was noteworthy that there was not a significant difference in permeability between 800 kPa and 1600 kPa soils. An increase in vertical effective stress resulted in the compression of pore structure, reducing the time required for primary consolidation and, in turn, accelerating consolidation while reducing permeability. The introduction of a small amount of nZVI introduced relatively fewer but larger particles into the soil, transforming its structure from a destructive arrangement to a weaker chemical-bond structure. Therefore, despite the hindrance posed by small particles to the pore structure, the soil often underwent relatively stable secondary consolidation. With the introduction of 1% or more nZVI, the soil structure was further strengthened, and large aggregates exhibited excellent connectivity, significantly enhancing soil permeability. In the most popular nZVI application of soil remediation, PRB, the combination of a Permeable Reaction Wall (PRB) with nZVI resulted in reduced permeability due to local accumulation from short-distance nanoparticle migration, causing a blocking effect [38,57]. In contrast, the modified slurry consolidation method for in situ treatment of contaminated soil has been found to be beneficial. It resulted in a more uniform distribution of nZVI particles within the soil, facilitating particle migration and thereby enhancing soil permeability. This improvement is notably evidenced by an increase in the permeability (calculated k value). These findings underscore the substantial impact of heavy metals and different levels of nZVI on soil-deformation behavior and permeability, reflecting the complex interplay of multiple factors.



The improvement in permeability and deformation paves the way for diverse future applications, be it in construction, agriculture, or ecological restoration. To gain a clearer insight into variations in both the hydraulic and deformation behavior of samples, it is vitally important to consider a multitude of influencing factors. Among these factors, significant impacts are exerted by changes such as Atterberg limits and particle-size distribution [58,59]. In-depth analysis across multiple scales is indispensable for offering a more comprehensive explication of the alterations in the deformation characteristics of the soil.




3.3. Microscopic Characteristics of Soil


3.3.1. Plasticity of Soil Samples


The Atterberg limits (i.e., LL, PL, and PI) are pivotal properties governing a soil’s water-retention capacity, compressibility, and plasticity resulting from the presence of bound/free water and its skeleton [60]. The extent of water-bound layers within the soil particle dispersion’s double layer was pivotal in determining these characteristics. These bound layers were distinguished as the adsorbed layer and the diffuse layer. This variation in the double-layer thickness could alter the soil’s behavior, impacting its ability to retain water, resist deformation, and maintain skeleton structure under varying environmental conditions. Figure 6 illustrates the variations in Atterberg limits across soil types.



With the introduction of nZVI, the PI of nZVI-treated soil exhibited a pattern of initial augmentation succeeded by a decrease (Figure 6). Specifically, the LL experienced an initial increase followed by stabilization with an increase in the nZVI dosage, while the PL displayed an initial increase, followed by a subsequent decrease, and ultimately increasing slightly. Specifically, following contamination, the contaminated soil (CS) was observed to have a reduction in the LL, from 97.0% to 65.0%, a decrease in PL from 62.0% to 52.6%, and a decline in PI from 35.0 to 12.4. As the effect of contaminants cations, Pb(II), Ni(II), and Zn(II) into NS, reactions such as adsorption and occupation of negatively charged binding sites with soil particles and cation concentrations within the pore fluid could lead to a thinning of the soil double layer and less adsorbed water. The phenomenon at the macroscopic level was evident in the reduction of the liquid limit.



Upon the addition of 0.2% nZVI to CS, the LL, PL, and PI increased to 74.2%, 55.4%, and 18.8%, respectively. At a 0.5% nZVI dosage, these values further changed to 87.1%, 64.5%, and 22.6%. Nevertheless, under a 1% nZVI dosage, the PL declined to 60%, while the PI continued to 28.3. With the nZVI dosage reaching 2% and 5%, the LL kept a constant value, while the PL exhibited a minor increase to 62.2% and 67.1%. Hence, it should be noted that the excess nZVI resulted in a continued reduction in the PI, up to 20.51. Upon the introduction of lower concentrations of nZVI (0.2% and 0.5%) into CS, as detailed in the immobilization analysis, a substantial portion of heavy metal contaminants adsorbed on the soil particle surfaces or present in the pore fluid are promptly transmuted into stable hydroxides (over 72%). This led to the recuperation of the diffusion double-layer thick-ness of some particles. Additionally, the formation of insoluble hydroxides or iron oxide aggregates enhanced the water-retaining capacity of the soil, thereby resulting in an increase in LL, PL, and PI of the treated soil (TS). However, when the nZVI dosage reaches 1%, the 4d degradation efficacy of heavy metal ions was relatively consistent with that of 0.2% and 0.5% (i.e., differences less than 5%). Nevertheless, with the introduction of an increased quantity of nZVI, there was a propensity for the formation of aggregated precipitates within the soil pores. This could adsorb small particles and aggregate larger particles within the soil, causing the liquid limit to remain while the PL increases.



With the nZVI dosage of 2% and even 5%, the majority of heavy metal ions (over 90%) were expeditiously converted into comparatively stable, nontoxic forms that were adsorbed onto the surfaces of iron oxide aggregates. The cation concentration within the pore fluid significantly diminished, and larger aggregate particles were engendered. Commonly, for a specific type of soil, an increase in soil particle size tends to result in a decrease in the liquid limit, indicating a reduced ability to retain adsorbed water. This observation aligns with the subsequent analysis of particle-size distribution. The mechanism could be rooted in soil particle arrangement, variations in double-layer thickness, degradation of heavy metal ions, and the formation of reaction products. These findings proposed invaluable insights into the comprehension of soil microbehavior and environmental remediation.



The relationship between the Atterberg limits of soil and its consolidation behavior was profound, as the former serves as an indicator of the soil’s plasticity and deformability. Specifically, a soil’s plasticity and deformability can be inferred from its liquid limits. Soils with higher liquid limits tended to exhibit greater plasticity and deformability, while those with lower liquid limits showed reduced plasticity and deformability. Consequently, the latter soils tended to undergo faster consolidation and demonstrate reduced settlement when subjected to equivalent stress. Moreover, the changes in the plasticity index allowed for macroscopic inferences about the impact of heavy metal ions and nZVI on the microstructure of the soil. Postcontamination, heavy metal ions induced greater dispersion of soil particles, leading to the disruption of the original soil structure. This results in an increase in smaller particles, consequently diminishing cohesion and causing a reduction in the plasticity index. The introduction of nZVI facilitated the degradation of heavy metal ions, promoting particle aggregation, an increase in the proportion of larger particles, and enhanced interparticle connectivity. The soil experiences a decline in plasticity due to the presence of heavy metal ions, leading to a deterioration in its deformation behavior. On the contrary, the introduction of nZVI heightens the soil’s plasticity, reinforcing its resistance to deformation, and ultimately improving its deformation behavior [61,62].




3.3.2. Particle-Size Distribution


The distribution of soil particle sizes is closely related to both the Atterberg limit and the deformation behavior of soils. The objective was to evaluate how changes in soil particle-size distribution led to variations in the deformation and permeability behavior. The summarized PSD results are presented in Figure 7.



It demonstrated a noticeable relationship between the introduction of the nZVI dosage and the increase in soil particle-size distribution. When heavy metal ions were introduced, the soil particle size tended to shift towards smaller particles. To be specific, the proportion of clay in CS increased from 1.1% to 9.7%, while the sand proportion decreased from 31.1% to 27.9 % compared to the NS. After the addition of 0.2% nZVI, the sand proportion significantly raised to 35.1%, while the clay content recovered to that of NS, and the silt proportion stabilized in the range of 62% to 67%. With 0.5% nZVI, the proportions of clay and silt decreased further to 0.97% and 54.0%, respectively, and the sand proportion increased by 10%. When the nZVI dosage reached 1%, the clay content increased significantly to 8.63%, Silt continued to decrease to 41.4%, and sand slightly increased to 50.0%. Continuing to add nZVI up to 2%, the silt’s proportion steadily decreased to 32.8%, and sand significantly increased to 63.9%, accompanied by clay decreasing to 3.4%. When the nZVI dosage reached 5%, the proportions of clay and silt decreased to their lowest values of 0.62% and 25.0%, while the sand content reached 74.4%. As previously mentioned, the introduction of heavy metal ions resulted in an increase in the concentration of cations in the pore fluid, weakening the connections between particles and leading to more fractured particles and agglomerates, causing a sharp increase in clay content. However, a small amount of nZVI (0.2% and 0.5%) partially degraded part of heavy metal ions. These ions, along with the nZVI particles, precipitated on the surfaces of soil particles, gradually leading to an increase in particle size. In the 1% dosage scenario, more heavy metal ions were degraded, adsorbed, and precipitated to form larger aggregates of particles. Simultaneously, the lack of nZVI quantity was insufficient to form larger particles through aggregation and other physical effects, resulting in the phenomenon of increased clay content at the 1% treatment. With an excess input of nZVI (2% and 5%), nonchemical reacted nZVI particles tended to aggregate into larger particles due to their strong magnetic, charge force, and adsorption properties. As a result, the sand proportion continued to increase, while the clay proportion gradually decreased in the 2% and 5%. The particle-size distribution curve results indicate that heavy metal ions disrupt the structure of NS, leading to an increase in the proportion of fine particles. Meanwhile, nZVI, through mechanisms such as heavy metal ion degradation and aggregation, drives CS toward a particle-size distribution dominated by larger particles.



After soil contamination, an increase in the proportion of fine particles leads to a denser soil structure, causing soil particles to form a water film and consequently contribute to easier rearrangement. Hence, the compression of soil in contaminated soil (CS) had a tendency towards rapid settlement. The introduction of nZVI into CS resulted in an increasing proportion of larger particles with the rising dosage. This enhances the soil’s microstructures, prompting a higher moisture content to maintain plasticity. Furthermore, the greater strength of the larger aggregates in the nZVI-treated soil skeleton makes it more resistant to compression and swell. Under the same load, the treated soil (TS) tends to exhibit stable secondary consolidation. The PSD results affirmed the earlier speculation that heavy metal ions lead to an increased proportion of finer soil particles, where the soil framework was dominated by small clay particles or agglomerates, resulting in weak deformation behavior and plastic characteristics. Following the treatment of nZVI, the proportion of larger particles was positively correlated with its dosage. While efficiently immobilizing contaminants, the increased presence of larger particles contributes to a denser soil skeleton, thereby enhancing compressibility and plasticity [63].






4. Conclusions


The objective of this study is to investigate the influence of nano zero-valent iron (nZVI) on the deformation behavior of combined heavy metal (Pb(II), Ni(II), and Zn(II)) contaminated soil through the modified slurry consolidation method. A macro–micro experiment program including the Oedometer tests, and a series of microscopic characterization experiments (cone penetrometer method and PSD) were conducted. The conclusions drawn from the aforementioned results and discussion are as follows.




	(a)

	
nZVI efficiently degraded the combined heavy metal ions in the soil, with degradation efficiency exceeding 90% at 2% nZVI after 4 days of a slurry consolidation process. The efficiency showed a positive correlation with a higher nZVI dosage, showing 98%—Pb(II), 85%—Zn(II), and 75% Ni(II) at 1% nZVI. All three heavy metal ions were degraded, exceeding 98% at 5%;




	(b)

	
Post-nZVI treatment has a positive effect on soil deformation and permeability by the slurry consolidation process, such as lower soil compressibility, swelling index, and increasing permeability. With rising nZVI dosages, the creep ratio and permeability increased due to the shift from weakened chemical bonds to strengthened physical aggregation structures with the formation of larger aggregates. The presence of three heavy metal ions weakened soil resistance, increased the compression index, decreased the swelling index, and reduced the creep ratio. This was attributed to the weakened interparticle connections, higher clay content, and thinner diffusion layers, allowing easier particle slippage;




	(c)

	
The Atterberg limits of nZVI-treated soil raised with nZVI dosages due to the degradation of heavy metal ions and improved plasticity and water retention from the formation of insoluble hydroxides or iron oxide aggregate with soil particles. After contamination with the combined heavy metal ions in the soil, the Atterberg limits decreased due to higher cation concentration in pore fluid, occupying soil particle binding sites, and thinning the diffuse double layer;




	(d)

	
The proportion of clay particles dramatically increased in CS, confirming the earlier increase in fragmented particles. In TS, as the nZVI dosage increases, the sand proportion of soil particles gradually rises, especially at 2% and 5%. It should be summarized that unreacted nZVI particles tended to aggregate for larger particles due to their strong magnetism, adsorption, and aggregation, thus stabilizing their chemical effects.









This study represents an indicative investigation into the deformation characteristics and microstructure of combined heavy metal-contaminated soil treated by nZVI. nZVI demonstrated excellent efficiency in degrading combined heavy metal ions in soil and concurrently enhanced its deformation properties and permeability. Our research illustrated the potential of applying nanotechnology within geotechnical engineering for environmental sustainability. This approach could transform our methods of addressing environmental challenges, providing more efficient, safe, and sustainable solutions. We believe that this research could be an indicator for future nanomaterials research in soil, contributing to the sustainable research development of Nano-Geotechnical Engineering. However, further sustainable research is recommended concerning the on-site application and optimization of nZVI for remediating combined contaminants in soil and long-term safety.
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Figure 1. XRD analysis of experimental sediment soil. 
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Figure 2. Immobilization efficiency of heavy metals in soil with various dosages of nZVI and its dominant mechanisms. 
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Figure 3. Variations in (a) void ratio versus vertical stress curves of samples under different treatments and (b) variations in Cc and Cs with different nZVI dosages. 
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Figure 4. Vertical-strain variation with log scale of time of the samples: (a) CS, (b) 0.2 CTS, (c) 0.5 CTS (d) 1 CTS, (e) 2 CTS, and (f) 5 CTS. 
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Figure 5. The creep coefficient, consolidation coefficient, and permeability of samples under various consolidation loads: (a) Cα and Cv, (b) Cα/Cv, and permeability. 
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Figure 6. Plasticity—Atterberg limits of each sample. 
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Figure 7. Particle-size distribution of samples after the slurry consolidation process. 






Figure 7. Particle-size distribution of samples after the slurry consolidation process.



[image: Sustainability 15 16959 g007]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Cumulative percentage (%)

[CJsana [ Isit[_JcClay

100
128%|
ol P s
145% 50%)
164%)
60 174%]
404 162%
8% e
2
204 133%
125%|
1% : 1% 1% X ik 1%
N i i i i
® & & © & &
& & © &






media/file4.png
Immobilization efficiency (%)

100

| Po(In) =—

—

80

: Zn(Il) M%
—1

| N ¢

M(II)

| 2+ _\‘
| | E'=0.126V
40 i i
| | Reduction |
Pb() \
T Ni®
20
| E"=-0.246V
Ni*' +2e = Ni
0

Fe’ —2e =Fe"
- E'=-0.440V |

" Fe (I1) -
Fe(III)

| |
0205 1

2

Dosage of nZVI (%)






nav.xhtml


  sustainability-15-16959


  
    		
      sustainability-15-16959
    


  




  





media/file2.png
240

200

Intensity
s 2

o0
O
I T

N
()
T T

-

® Quartz
A Franklinite
m Halite

10

20

40 50
Two theta(°)

60

70

o0





media/file5.jpg
®) 070

Compression index (€)

W0 oo Tooo S0
Vertical stress (kPa)

o5 1 +

Dosage of 2ZVI (%)

H

H
"Swellng index (C)

002

oo






media/file3.jpg
Immobilization efficiency (%)

Fe'—2¢ = Fe

Zn(OH),
Ni(OH

Dosage of nZVI (%)






media/file1.jpg
240

200

Intensity
2 5 8

=
8

Pl .
et P o e
| |

i | £ 1 anklinilzi
| | Halite]

10 20 30 40 50 60 70 80
Two theta(®)

o






media/file7.jpg
ot 4
=== M —————r——
e — e
et HES==c=
s ) & =L

e i
s i e e
S i
yo— Time log salemin) wiers e Gogscomin
" —
=
2t
£
Zs
= e
e Al
Time g sclemin) Time g scalemin)
s, wsers
S e e — e rsm—
s e H s
b ===t % =
S E T ——
En En
Za Za
o o
L N ——— L N —

Time (log scale)(min)

Time (log scale)(min)





media/file10.png
—=—NS
——CS
——0.2CTS
——0.5CTS
—— 1CTS
——2CTS
——5CTS

—=—NS
——CS
——0.2CTS
—— 0.5CTS
—— 1CTS
——2CTS
——S5CT