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Abstract

:

This paper presents experimental results from the use of biosurfactants in the remediation of a soil from a smelter in Poland. In the soil, concentrations of Cu (1659.1 mg/kg) and Pb (290.8 mg/kg) exceeded the limit values. Triple batch washing was tested as a soil treatment. Three main variants were used, each starting with a different plant-derived (saponin, S; tannic acid, T) or microbial (rhamnolipids, R) biosurfactant solution in the first washing, followed by 9 different sequences using combinations of the tested biosurfactants (27 in total). The efficiency of the washing was determined based on the concentration of metal removed after each washing (CR), the cumulative removal efficiency (Ecumulative) and metal stability (calculated as the reduced partition index, Ir, based on the metal fractions from BCR sequential extraction). The type of biosurfactant sequence influenced the CR values. The variants that began with S and R had the highest average Ecumulative for Cu and Pb, respectively. The Ecumulative value correlated very strongly (r > 0.8) with the stability of the residual metals in the soil. The average Ecumulative and stability of Cu were the highest, 87.4% and 0.40, respectively, with the S-S-S, S-S-T, S-S-R and S-R-T sequences. Lead removal and stability were the highest, 64–73% and 0.36–0.41, respectively, with the R-R-R, R-R-S, R-S-R and R-S-S sequences. Although the loss of biosurfactants was below 10% after each washing, sequential washing with biosurfactants enriched the soil with external organic carbon by an average of 27-fold (S-first variant), 24-fold (R first) or 19-fold (T first). With regard to environmental limit values, metal stability and organic carbon resources, sequential washing with different biosurfactants is a beneficial strategy for the remediation of smelter-contaminated soil with given properties.
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1. Introduction


The continuous increase in pollution of soils, groundwater and sediments constitutes a global environmental threat. High concentrations of copper (Cu), zinc (Zn), lead (Pb), or cadmium (Cd) are detected in ‘hot spots’ in areas associated with mining activities, smelters, metal-containing chemicals, industrial use of waste sludge, fossil fuel combustion, military training, electronics use and waste disposal [1]. Particular remediation challenges are presented in industrial and post-industrial areas, where apart from the presence of elevated concentrations of toxic metals, the soil properties (e.g., low sorption capacity, low organic carbon content, low fertility) are unfavorable for efficient metal stabilization and for plant growth. In the soil environment, heavy metals cannot be degraded or easily removed, and they persist in the soil for a long period of time. Due to high toxicity, heavy metals may show hazardous consequence in the environment and affect human health by biomagnification of the food sources even at low concentrations [1]. The accumulation of high concentrations of toxic heavy metals into soil is harmful to terrestrial flora and fauna, and these toxic metals can also negatively affect soil fertility and crop productivity [2]. Therefore, soils polluted with heavy metals must be remediated to decrease their risks to human health and to improve environmental safety [3].



Several techniques have been proposed over the last years for removal of heavy-metal-contaminated soils in situ (e.g., electrokinetic extraction, soil flushing, phytoremediation) and ex situ (e.g., soil washing) [1]. These techniques differ in efficiency, and the use of many of them is limited due to their high costs [3]. Soil washing can provide long-term benefits by completely remove metals from the soil. This physicochemical method consists of several successive stages: (i) crushing and screening of excavated soil to separate the most highly contaminated fine-soil fractions, (ii) washing of fine soil fractions with a suitable washing solution, (iii) separation of washed soil from the spent washing solution, and (iv) treatment of the spent washing solution and waste disposal [1,4]. For metal removal by soil washing, despite soil properties and metal distribution, the type of washing agent has a crucial effect on the efficiency of soil treatment. Nowadays, the focus in soil washing is gradually shifting from improving extraction efficiency to improving the usability of washed soils, which depends on the type of washing agent.



As a result, the use of biosurfactants, i.e., surfactants of microbial or plant origin, has recently received great interest for environmentally friendly soil remediation strategies. They are becoming increasingly popular as promising agents for remediation (soil washing and soil flushing) and bioremediation of soils contaminated with organic and inorganic pollutants. However, their application has been explored more thoroughly in oil-and hydrocarbon-contaminated soils than in metal-contaminated soils [5]. According to Mulligan [6], biosurfactants should be selected based on pollutant characteristics and properties, treatment capacity, costs, regulatory requirements, and time constraints. Biosurfactants are preferred over synthetic surfactants (e.g., sodium dodecyl sulfate (SDS), Triton X-100, and Tween 80) due to their lower toxicity and higher biodegradability [3,6,7]. Biosurfactants have better foaming properties and higher selectivity. They are active at extreme temperatures, pH (especially plant biosurfactants) and salinity. Microbial biosurfactants (rhamnolipids, sophorolipids, surfactin) can be produced from industrial wastes and byproducts [6]. Unlike microbial biosurfactants, plant biosurfactants (saponins, tannins) can be extracted from various plant parts such as the seeds, fruits, roots, and stems and are often classified as triterpenoids and steroid saponins. This wide distribution could make mass production easier [6]. Depending on the source and purity class, the cost of plant biosurfactant is differentiated, but it is higher than cost of microbial biosurfactants. The main advantages of using biosurfactants derived from plants and microorganisms in soil washing are that they improve the mobility of heavy metal ions by forming micelles, reduce surface and interfacial tension to weaken adhesion between metal ions and the soil, and promote the separation of metal ions from the soil and their complexation with the biosurfactant itself [8]. The use of a biosurfactant solution in soil washing can also increase soil fertility, which improves plant growth [3]. In contrast to conventional washing solutions like inorganic acids, remains of biosurfactants in treated soil can be beneficial because this can lead to soil enrichment with natural organic carbon, which is especially important for soils from industrial areas.



For contaminated soils with aged and multi-metal contamination, the application of a single soil washing might be not enough for an efficient soil treatment. For example, chelating agents have often been reported to be insufficient washing agents when metals are strongly bound to mineral and organic soil constituents [9,10]. Sequential soil washing can facilitate metal removal via selective extraction. Microbial biosurfactants, especially rhamnolipids, are the most popular biosurfactants in various remediation technologies [3]. Besides microbial biosurfactants, plant-derived biosurfactants (e.g., saponin, tannin) are also available on the market. Biosurfactants have different affinities for metals. Rhamnolipids showed higher affinity for Cu and Pb (logK 9.27 and 8.56, respectively) than saponin (logK 6.60 and 3.9, respectively) [11,12]. Tannic acid forms labile complexes with Pb and inert complexes with Cu [13]. Moreover, biosurfactants have different ability to remove metals from individual fractions. Mulligan et al. [14] demonstrated that rhamnolipids and surfactin could remove organically bound Cu, while sophorolipids could remove carbonate- and oxide-bound Zn. Although saponin is effective in metal removal from mobile and stable fractions, tannic acid (3% solution) removed more efficiently Cu, Pb and Zn from the stable fractions in contaminated soil [15]. Hajimohammadi et al. [16] demonstrated that a mixture of saponin and rhamnolipid has a synergistic effect on metal removal from soil. Plant and microbial biosurfactants differ in composition, presence of functional groups, surface-active properties and acidity. The difference in these properties between biosurfactant can differentiate their performance during soil washing and metal removal. Thus, their application in sequential soil washing can be beneficial for simultaneous removal of different metals. All these biosurfactants differ in terms of their synthesis, purification and cost. Thus, using different types of biosurfactants in sequential soil washing, instead of only one, could also decrease the overall cost of remediation [17].



Studies on metal removal via soil washing with biosurfactants have mostly been performed with spiked soils [18,19]. Those studies have focused mainly on optimization of the process in single step washing [20,21], or optionally, on using sequential soil washing with the same type of biosurfactant in each step [19,22,23]. Sequential washing using a combination of different types of biosurfactant in the washing sequence could positively affect metal removal and selected soil properties, particularly stability of residual metals and soil organic carbon. Soil enrichment in organic carbon after soil washing is a result of biosurfactant sorption. The level of biosurfactant sorption depends on its type, concentration, and soil properties. For example, sorption of saponin at its critical micelle concentration (CMC) in soils of different texture (sandy clay loam, clay loam, clay) was 30–53% higher than sorption of rhamnolipids [24].



The aim of this study was to investigate the effect of combined washing with plant-based (saponin, tannic acid) and microbial (rhamnolipids) biosurfactants on Cu and Pb removal from smelter contaminated soil. Due to different properties of plant and microbial biosurfactants, it is important to determine if application of different biosurfactant in washing sequence is more effective for soil remediation than application of one type of biosurfactant in washing sequence and how sequential washing affects metal removal, their stability and biosurfactant sorption in soil. Based on different biosurfactant properties, their affinity for metals and behavior in soil, we hypothesized that the order of biosurfactants used in washing sequence affects Cu and Pb removal, metal distribution and stability in soil as well as biosurfactant sorption in soil. In total, 27 different soil washing sequences were tested in the laboratory. Each variant began with either saponin, tannic acid or rhamnolipids in the first batch of soil washing, followed by nine different combinations of the tested biosurfactants, e.g., saponin-tannic acid-saponin or saponin-saponin-saponin. The objectives of the work were the following: (i) to characterize the initial distribution and stability of metals in soil from the industrial site, (ii) to determine the efficiency of metal removal depending on the application sequence of biosurfactant solutions, (iii) to assess metal distribution and stability in soil after triple washing, (iv) to assess the degree of biosurfactant sorption in soil as a result of the sequential washing, and (v) to assess a relative cost of using biosurfactants in sequential soil washing.




2. Materials and Methods


2.1. Site Description, Soil Sampling and Characterization


The contaminated site is located in the vicinity of the Legnica Copper Smelter in southeast Poland, which has been in operation since 1953. The current annual production is around 100,000 t of high-quality electrolytic copper, in the form of cathodes and billets. The dust from this smelter is the main source of contamination of surrounding environment.



The soil samples were collected from the topsoil layer (0–30 cm) in deforested terrain at the distance of 150 m from the main emitter. In total, 10 local samples were taken and mixed to obtain a composite sample. The soils were air dried, sieved under 2 mm, homogenized, and characterized in terms of their physicochemical properties. Particle size analysis was determined using a Mastersizer 2000 (Malvern Panalytical Ltd., Malvern, UK). Soil organic carbon was determined by the Tiurin method, based on wet combustion of soil organic matter with potassium dichromate. The soil organic matter was recalculated as organic carbon × 1.724 [25]. The cation exchange capacity (CEC) of the soil was calculated as a sum of the hydrolytic acidity in 1 M Ca(CH3COO)2 and the exchangeable bases in 0.1 M HCl [25]. The equilibrium pH and electrical conductivity (EC) of the soil in distilled water (1:2.5 ratio, w/v) were measured with a pH meter (Hanna HI 221, Hanna Instruments, Woonsocket, RI, USA) and a conductometer (Hanna HI 8733, Hanna Instruments, Woonsocket, RI, USA). The total metal concentration was measured using a flame atomic absorption spectrometer (AA 280FS, Varian, Australia). Before the analysis, the dried soil was digested in aqua reqia (HCl:HNO3 at a volume ratio of 3:1) in MARSXpress vessels of 110 mL volume, in a microwave oven (MARSXpress, CEM, Matthews, NC, USA) at 170 °C. The total time of microwave digestion, including reaching and remaining the specific temperature, was 45 min. All soil analyses were performed in triplicates. The main soil characteristics are given in Table 1.



Before sequential soil washing, metal distribution was determined using a modified BCR procedure [26] in which four fractions of different mobility were determined: exchangeable and acid-soluble (mobile F1); reducible (potentially mobile F2); oxidizable (potentially mobile F3); and residual (immobile F4). On the basis of metal distribution, their stability with reduced partition index (Ir) was determined [18].
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Table 1. Selected physicochemical characteristics of smelter contaminated soil (mean ± SD, n = 3).
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	Characteristic
	Value
	





	Sand, %
	27.3 ± 0.6
	



	Silt, %
	67.9 ± 1.2
	



	Clay, %
	4.8 ± 0.2
	



	Texture
	silt loam
	



	pH
	4.62 ± 0.12
	



	Electrical conductivity (EC), mS/cm
	0.1 ± 0.0
	



	Soil organic carbon, %
	0.47 ± 0.12
	



	Soil organic matter, %
	0.81 ± 0.21
	



	Cation exchange capacity (CEC), cmol/kg
	12.9 ± 0.9
	



	Total Cu, mg/kg
	1651.9 ± 5.6
	100/600



	Total Pb, mg/kg
	290.8 ± 3.5
	100/600



	Total Zn, mg/kg
	165.0 ± 6.1
	300/2000







The blue value is the limit metal concentration for agriculture area (group A), the red value is the limit metal concentration for industrial area (group B) according to Polish legislative [27].












2.2. Characterization of Biosurfactants as Washing Agents


Three types of biosurfactants were selected for treatment of soil from industrial area: saponin, tannic acid and rhamnolipids. Saponin (product No. 84510) is a secondary plant metabolite being a non-ionic biosurfactant, with a sapogenin content of 8–25%. Tannic acid (product No. 16201) is a naturally occurring plant polyphenol belonging to hydrolyzable tannin. The biosurfactant (C76H52O46, 1701.2 g/mol) consists mainly of gallic acid residues linked to glucose via glycosidic bonds. Both plant biosurfactants are in the form of powder and were purchased from Sigma-Aldrich (Burlington, MA, USA). Rhamnolipids are a 25% mixture of anionic rhamnolipids of type R1 (C26H48O9) and type R2 (C32H58O13) with trade name of JBR425. The biosurfactant is produced by Pseudomonas aeruginosa from fermentation broth resulting in a dark brown and viscous liquid which was purchased from Jeneil Biosurfactant Co LLC (Saukvile, WI, USA). All three biosurfactants were used without further purification.



In this study, it was assumed that the concentrations of all washing solutions were the same. The concentration was selected on the basis of total organic carbon (TOC) concentration in 3% saponin solution [18,28]. To prepare 3% solution of saponin, 30.0 g of biosurfactant powder was dissolved in 1 L of distilled water using a magnetic stirrer, which corresponded to TOC concentration of 13.6 g TOC/L. To prepare tannic acid and rhamnolipids solutions at comparable TOC concentration as saponin, 25.4 g of tannic acid and 90.3 g of rhamnolipids were dissolved in 1 L of distilled water. In biosurfactant solutions, the following characteristics were measured: pH, EC, TOC with Shimadzu Liquid TOC-VCSN analyzer (Shimadzu Corporation, Kyoto, Japan) and surface tension with Krüss K100 tensiometer (Krüss GmbH, Hamburg, Germany). The TOC in biosurfactant solutions was calculated by subtracting the inorganic carbon from the total carbon. The basic characteristics of each biosurfactant solution are shown in Table 2.




2.3. Sequential Batch Soil Washing


All the soil washing experiments were conducted in 50 mL polyethylene tubes with a soil to biosurfactant solution ratio of m/V = 1/40 (w/v). A series of sequential batch washings was performed in two replications. Three main types of washing variants, based on the type of biosurfactant used in the first soil washing, were tested: saponin (S) variant, tannic acid (T) variant and rhamnolipids (R) variant. In each variant, nine different combinations of the tested biosurfactants were used (Table 3, Figure 1).



These sequences differed in the type of biosurfactant used in an individual soil washing (glycoside, polyphenol or glycolipid) and in the order of the individual biosurfactants used in the sequential soil washing. In total, 27 soil washing sequences were tested. The samples were shaken in an Intelli Mixer RM-2L at 90 rpm for 2 h for single washing at room temperature (22–24 °C).



At the end of each washing, the samples were centrifuged at 8000 rpm for 20 min and filtered through 0.45 µm filters under vacuum. The concentration of heavy metals and TOC were measured in the supernatants. To assess cumulative effect on metal removal and organic carbon balance, the soil residue was not washed with distilled water between each soil washing step.




2.4. Data Elaboration and Statistical Analysis


Total metal concentration in contaminated soil (CM) and the removed metal concentration from soil during soil washing (CR) was calculated according to Equation (1):


   C   M         or   C   R  =   (  C  s / r   × f ) −  C c   m  × V  



(1)




where CS is metal concentration in soil extract after microwave mineralization, Cr is metal concentration in supernatant after soil washing (mg/L), Cc is metal concentration in blank sample (mg/L), f is dilution factor, V is the total volume of liquid sample after microwave mineralization or the volume of supernatant after soil washing (L), m is soil weight (kg of dry mass).



Metal stability in contaminated and washed soil, based on their chemical fractionation, was calculated according to Equation (2):


   I r  =   ∑   i = 1  k   i 2  ×  F i  /  k 2   



(2)




where i is the index number of the BCR sequential extraction step, progressing from 1 (for F1 fraction) to 4 (for F4 fraction), k is the total number of fractions in the BCR procedure, Fi is relative metal content in fraction i. The classification of metal stability based on the Ir is as follows: lack of stability (Ir ≤ 0.1), low stability (0.1 < Ir ≤ 0.3), medium stability (0.3 < Ir ≤ 0.5), elevated stability (0.5 < Ir ≤ 0.7), high stability (0.7< Ir ≤ 0.9) [29].



The cumulative efficiency of metal removal with biosurfactants during three-consecutive soil washing (Ecumulative) was calculated according to Equation (3):


   E  cumulative   =    ∑    (  C R  )  n     C M    × 100  



(3)




where n is the number of soil washing with a given sequence of biosurfactant solutions.



For data with significant differences identified by ANOVA, further analyses were conducted using Tukey’s HSD test (Statistica 13.1, TIBCO Software Inc., Palo Alto, CA, USA). A Pearson correlation coefficient was calculated to estimate the relationship between Ecumulative and the Ir for Cu and Pb removed with different biosurfactant variants (p < 0.05, Statistica 13.1, TIBCO Software Inc, Palo Alto, CA, USA). The value for a Pearson’s correlation is between 0.00 (no correlation) and 1.00 (perfect correlation). A correlation >0.80 is considered strong, and <0.50 is weak.





3. Results and Discussion


3.1. Metal Distribution and Stability in Smelter Contaminated Soil


One of the factors that influences metal removal by soil washing is the distribution of metals in the soil, i.e., their presence in particular chemical forms (fractions). In the soil from industrial areas, the analyzed metals differed in total concentration and distribution pattern (Figure 2).



Metals in the exchangeable and acid soluble fraction (F1) are considered to be the most mobile in the soil. This is because they are present in ionic form, bound to carbonates, and exchangeable, due to electrostatic adsorption [30]. In addition, metals in the F1 fraction are susceptible to changes in pH. In the soil from industrial areas, the fractionation of Cu (69%) in the F1 fraction was high, whereas that of Pb was lower (22%). Lead had a larger share in the reducible fraction (68%) than Cu (22%). Metals can form complexes with functional groups on oxide surfaces and be (co)precipitated or strongly bonded [31]. Metal oxides, hydroxides and oxyhydroxides, due to their high surface reactivity and large surface areas, play an important role in heavy metal sequestration in soil, especially with regard to Pb [32]. Pb demonstrates a strong affinity for adsorption on Fe, Mn and Al oxides, and it is co-precipitated with Fe and Mn oxides [33].



Depending on the oxide form (easily reducible Mn oxides, moderately reducible amorphous Fe oxides, poorly-reducible crystalline Fe oxides), the mobility of metals in this fraction can vary. Metals associated with Mn oxides are more mobile than those associated with amorphous Fe oxides [34]. The reducible fraction that is extracted with the BCR protocol that was used in this study includes metals bound to amorphous Fe and Mn oxides and hydroxides [35]. Usually, Cu and Pb display a strong affinity for soil organic matter, and the metals can be immobilized via specific adsorption reactions [33]. Due to the low organic matter content in the soil from industrial area, the shares of the metals in the oxidizable fraction were low, 5.8% for Pb to 7.4% for Cu (Figure 2a). In the most stable F4 fraction, Cu and Pb had, respectively, only 2% and 4% of their total concentration. The relatively small proportions of the metals that were present in the F4 fraction can be attributed to the low clay content of the soil from industrial area [36].



The distribution patterns of Cu and Pb in the present study are similar to those in soil samples collected close to (70 m) the Legnica Cu smelter [37]. Although the total metal concentrations were markedly higher in that study, Cu was present mainly in the exchangeable and acid soluble fraction (73.1%), while Pb was present mostly in the reducible fraction (64.9%).



Based on metal fractionation and the Ir, the stability of Cu and Pb was low (Figure 2b). Similarly, in the soil samples collected 70 m from the Legnica Cu smelter, all the analyzed metals had low stability, which decreased in this order: Pb (0.20) > Cu (0.15) [37]. The source of contamination affects the mobility and stability of metals in soil. For example, in soil from a steel disposal dump, Cu had medium stability (0.44), while Pb had low stability (0.24) [38]. According to Lopes et al. [39], soil from a smelting site contains metals in a more mobile and bioavailable form, which potentially might cause more severe environmental problems than those in a mining area. On the basis of metal fractionation and stability, the soil from the industrial area in the present study demonstrated potential to be effectively treated with soil washing. During sequential washing, metals can be removed from the most mobile fraction (e.g., exchangeable) first, and then from the less mobile fractions (e.g., reducible) [14]. In addition, the soil showed low organic matter content and low CEC. Soils with less than 10–20% clay and low organic content (a CEC of between 0.5 and 10 cmol/kg) can be most effectively cleaned by soil washing [14].




3.2. Effect of Sequential Soil Washing with Biosurfactants on Metal Removal from Smelter Contaminated Soil


In the contaminated soil tested in this study, Cu and Pb, in contrast to Zn, exceeded limit concentrations in soil according to Polish legislation (see Table 1). Therefore, soil washing with biosurfactants was used for the removal of only these two metals. The effect of sequential washing on soil treatment was assessed on the basis of the concentrations of metal removed (CR) after individual washings and on the cumulative removal efficiency (Ecumulative). Both indicators changed depending on the main variant (i.e., which biosurfactant was used first) and on the types of biosurfactants used in the subsequent steps of the soil washing. The results of metal removal in consecutive washings and the overall efficiency of metal removal are presented in Figure 3 and Figure 4.



In the variant in which saponin was used first in the sequence of washings, Cu removal was the highest (1047 mg/kg, on average) (Figure 3a). With each successive washing, CR decreased, and after the third washing, it was only 4.6–12.8 mg/kg. The Ecumulative of Cu in the saponin-first variant ranged from 47 to 88%. Four washing sequences gave the best results: S-S-S, S-S-T, S-S-R and S-R-T (1444 mg/kg and 87.4%, on average).



Cu removal after the first washing was lower in the variants in which tannic acid and rhamnolipids were used first than in the saponin-first variant, averaging 405 mg/kg for tannic acid and 552 mg/kg for rhamnolipids in the first washing (Figure 3a). In the second and third stages of the tannic-acid-first and the rhamnolipid-first variants, Cu removal was most efficient when saponin was used. The Ecumulative of Cu in the tannic-acid-first variant ranged from 47 to 77%, with the highest efficiency in the T-S-S and T-S-R sequences. In the rhamnolipid-first variant, the Ecumulative ranged from 67 to 84%, and Cu removal was highest in the R-T-S and R-R-S sequences (Figure 3b).



In the present study, all biosurfactants were used at concentrations above their CMC, which means micelle formation and complexation of metals with functional groups were responsible for metal removal. Saponin contains 10-times more carboxylic groups on its hydrophilic head than tannic acid. These groups have a greater tendency to deprotonate under acidic conditions than phenolic groups, which facilitates simultaneous removal of different metals, including Cu, Pb and Zn [15,40]. However, the affinity of saponin for metals can differ. Based on the stability constants (logK) for metal complexes with saponin in aqueous solution, the biosurfactant forms complexes with Cu to a greater extent than it does with Pb: logK Cu (6.60) > logK Zn (4.32) > logK Cd (4.12) > logK Pb (3.9) [12,41]. Hong et al. [28] showed that saponin was very effective for Cu removal from soils with low organics content. Those authors reported that, after a single washing of sandy clay loam containing 0.07% organic matter, Cu removal was 62%. With soils containing more organic matter (7.2–11.2%), the removal of Cu with saponin was markedly lower due to stronger bonding of Cu and sorption of saponin in the soil. Similarly, it was reported that, with light soil, 82% of Cu was removed after the first washing, whereas with heavy soil, Cu removal increased significantly after each step, for a cumulative removal efficiency of 65% after triple washing [18]. Thus, sequential soil washing with saponin is a better option for heavier soils, e.g., those with a silty clay texture, rather than lighter soils, e.g., those with a loamy sand texture.



Sequential soil washing with the use of different biosurfactants in each washing step can increase the efficiency of removal of different heavy metals due to complementary complexation caused by differences in the affinity between the heavy metals and the biosurfactants [42]. On the other hand, during each washing step, a new equilibrium distribution of residual metals is reached [43], and individual biosurfactants can be retained in soil to various degrees due to their sorption. This can result in changes in soil chemistry, which might affect both metal–biosurfactant and biosurfactant–biosurfactant interactions in subsequent washings. Hajimohammadi et al. [16] found that mixed rhamnolipids and saponin had a synergistic effect on heavy metal removal from an oil contaminated soil. Biosurfactants used in such a configuration were able to create a film around the dispersed phase and improve the reinforced interfacial film, consequently increasing the rate of micelle formation responsible for metal removal. In this study, the efficiency of the biosurfactant variants for Cu removal decreased in this order: saponin > rhamnolipids > tannic acid (Figure 3b). Sequential soil washing for Cu removal could be more reasonable for the variants that used tannic acid or rhamnolipids first. When only a single soil washing was applied, saponin removed most of Cu. All biosurfactant sequences in the saponin-first and rhamnolipid-first variants met the requirements for industrial areas (min. 63.7% Cu removal efficiency, i.e., 1052 mg/kg [27]), but only three sequences from the tannic-acid-first variant met the requirements (T-S-T, T-S-S, T-S-R). None of the tested variants met the limit values for agricultural areas (93.9%, i.e., 1552 mg/kg [27]).



The type of biosurfactant that was used strongly affected Pb removal. When saponin or rhamnolipids were used first, Pb removal in the first washing averaged 122 mg/kg or 140 mg/kg, respectively. In contrast, when tannic acid was used first, it averaged only 28 mg/kg. Among the tested biosurfactants, rhamnolipids had the strongest affinity for Pb.



Saponin removed less Pb than rhamnolipids. This is because, in the soil, the Cu concentration was higher than that of Pb, and there was strong competition between Cu and Pb for the carboxylic groups in saponin [15]. As for tannic acid, it is a polyphenol, i.e., an organic ligand with a high molecular weight and numerous phenolic groups that can form complexes with metals [42,44]. In soil, tannic acid can react with Fe, decomposing Fe oxides and facilitating release of metals bound to oxides [22]. Nevertheless, in this study, tannic acid removed relatively little Pb from soil. This could be because all biosurfactants were used at the same TOC-based concentration (ca. 13 g/L). However, the optimum concentration of tannic acid for simultaneous removal of multi-metals from soil is ≥20 g TOC/L [20]. At higher concentrations, tannic acid is more acidic due to the presence of more acidic phenolic groups, which facilitate removal of metals like Pb [15,42].



In all biosurfactant variants, a second washing with saponin or rhamnolipids removed more Pb than one with tannic acid. The highest increase in the CR for Pb (86 mg/kg, on average) was obtained after the second washing with rhamnolipids in the tannic acid variant. After sequential soil washing, the Ecumulative was 45–67% in the saponin-first variant, 18–62% in the tannic-acid-first variant and 54–68% in the rhamnolipids-first variant. The total Pb concentration in the soil met the requirements for areas from group B; thus, the results were only compared with the limit for areas from group A (100 mg/kg). In order to meet this limit, the min. CR for Pb in this soil should be 191 mg/kg, and the minimum removal efficiency should be 65.6% [27]. This requirement was met by most sequences in the rhamnolipids-first variant that used a rhamnolipids solution two or three times. In the saponin-first variant, only triple washing with saponin met the requirement. In contrast, none of the sequences from the tannic-acid-first variant met the requirement (Figure 4b).



Rhamnolipids have a higher affinity for transition heavy metals, including Cu and Pb, than for alkaline metals [45], as shown by the stability constants for the rhamnolipids-metal chelates (log K): Al > Cu > Pb > Cd > Zn > Fe > Ca > Co > Ni > Mn > Mg > K [46]. These biosurfactants possess one or two rhamnosil groups and carboxyl groups [47], and they have an anionic character at a pH of 6.8 [48]. Rhamnolipids are easily deprotonated, and they can decrease surface and interfacial tension, which favours interaction with cationic metals and formation of organic salts [49]. In this study, the rhamnolipids solution had the highest pH (6.4, Table 2). At pH > 6.0, rhamnolipids are predominately small vesicles and micelles [50], which can facilitate movement of biosurfactant-metal complexes. Rhamnolipids (e.g., the R-R-R sequence) removed more Pb than saponin (e.g., the S-S-S sequence) because the stability constant (log K) of Pb-rhamnolipids chelates an in aqueous solution is more than two times higher than that of Pb-saponin chelates [11,51].



The results on Pb removal that are presented here agree with those of previous studies on sequential soil washing with different biosurfactants. Double washing with rhamnolipids removed Pb with a cumulative efficiency of 68–73% from two spiked soils differing in properties and the length of soil aging and containing multi-metals at various concentrations. Double washing with a sequence of saponin followed by rhamnolipids also effectively removed Pb (50–56%) [42].




3.3. Effect of Sequential Soil Washing with Biosurfactants on Metal Distribution and Stability


The performance of individual biosurfactants in sequential soil washing depends on the metal distribution in soil. Biosurfactants can change metal fraction distribution so that metal stability in soil is higher after washing than before washing [42]. To considerably increase metal stability, their mobile fractions should be removed as much as possible. Poor metal removal from stable fractions (F3 and F4) or even an increase in metal shares in these fractions can increase metal stability. The changes in the shares of individual fractions of Cu and Pb in soil after triple washing are presented in Figure 5.



Most of the Cu in the contaminated soil was in the exchangeable and acid soluble fraction (F1, 69%). Thus, removing or redistributing the Cu in this fraction had the largest effect on Cu removal and the stability of the Cu remaining in the soil. In general, triple washing decreased the share of Cu in the F1 fraction and increased its share in the F2, F3 and F4 fractions. The saponin-first variant decreased Cu mobility most effectively, and the R-T-T sequence decreased it least effectively. The saponin-first variant changed the share of Cu in the F1 fraction to a smaller extent than the rhamnolipids-first and the tannic-acid-first variants (15.3–23.6%, 25.2–39.4%, 24.3–52.8%, respectively).



Although Cu was removed from the F2 fraction, the share of metal remaining in this fraction fluctuated depending on the washing sequence, and an overall trend was not obvious. The shares of Cu in the F2 fraction and the ratio of the residual Cu concentration in the F2 fraction to that in the F1 fraction were highest after washing with these sequences: T-T-T (52.0%), T-T-S (53.4%), S-T-S (52.6%) and S-R-S (51.1%) (Figure 5a). In contrast, the shares of Cu in the F2 fraction were lowest after these sequences: R-R-S, S-T-T and T-S-R. The residual Cu concentration in the F2 fraction averaged 114.5 mg/kg (saponin-first variant), 263.6 mg/kg (tannic-acid-first variant) and 165.1 mg/kg (rhamnolipids variant).



Saponin is known to efficiently remove Cu removal from the F1 and F2 fractions; if the metals are predominantly in these fractions and the soil properties are suitable, most Cu can be removed already after single washing. For example, in loamy sand and loam soils containing on average 1171 mg/kg of Cu, a single washing with saponin removed over 80% of Cu from the F1 fraction and 44–54% from the F2 fraction [18]. Its strong affinity for metals enables this biosurfactant to efficiently remove metal from not only soil, but also municipal sewage sludge [41] or organic fertilizers like pig manure [52]. Hong et al. [28] have shown that in soil highly contaminated with heavy metals, including Cu (1521–2181 mg/kg) and Pb (5253–7288 mg/kg), saponin was able to mobilize metals from the reducible (F2) and oxidizable (F3) fractions, but removed more metal from the exchangeable and carbonate fractions (=F1 fraction in the present study). Tannic acid can remove metals from mobile and immobile fractions (i.e., reducible, organic and residual) more efficiently than saponin when used at a higher concentration and lower pH [15].



The share of the most stable F3 and F4 fractions in washed soil was highest after application of sequences from the saponin variant, and the lowest after application of sequences from the tannic acid variant. This is because Cu concentration in F1 and F2 fractions in soil washed with the use of tannic acid variant was still high.



Sequential soil washing decreased Pb mobility in soil. The type of washing sequence was important in decreasing Pb mobility as was indicated by some dynamic changes in the share of F1 fraction. In general, a lower share of Pb in the F1 fraction was found in soil washed in tannic acid variant than in saponin or rhamnolipids variants (Figure 5b). In soil from industrial area, Pb prevailed in reducible (F2) fraction (Figure 2a). Using saponin variant, the removal of Pb from F2 fraction varied from 36.3% (S-T-T) to 57.5–59.6% (S-R-R, S-R-S). With the tannic acid variant, Pb was removed less efficiently from the F2 fraction. The highest removal (54.4%) was obtained for T-R-R sequence. Thus, in soil washed with tannic acid variant, Pb share in the F2 fraction was the highest. In rhamnolipids variant, Pb was removed from the F2 fraction with the efficiency, 50.3–74.5%.



The highest removal was obtained for R-R-R sequence. Sequential soil washing with rhamnolipids and saponin variants was more beneficial to increase Pb share in F3 and F4 fractions as compared to the original contaminated soil. In the case of F4 fraction, the highest shares (13–14%) were obtained for sequences where only rhamnolipids were used, or rhamnolipids with saponin.



In our previous studies, saponin, tannic acid or rhamnolipids used in single washing of two different soils (soil 1 and 2) spiked with mixed metals effectively removed Pb from the F1 fraction. These biosurfactants differed visibly in Pb removal from the F2 and F3 fractions. Rhamnolipids decreased Pb concentration in potentially mobile fraction (sum of F2 and F3) by 55–59%, while saponin and tannic acid by 5–13% (soil 1) and 23–26% (soil 2) [42].




3.4. A Relationship between Cumulative Metal Removal Efficiency and Their Stability


To analyze how metal removal with each tested sequence from a given washing variant correlates with metal stability in soil, a relationship between Ecumulative and reduced partition index (Ir) was evaluated. The results are shown in Figure 6 and Figure 7.



With all biosurfactant variants, Cu and Pb stability (as Ir) in washed soil increased considerably as a result of changes in metal distribution patterns (Figure 6 and Figure 7). For most cases, a very strong correlation (r > 0.8) was demonstrated between Ecumulative and the stability of residual metals in soil (Ir).



Cu stability in washed soil was 0.35–0.40 for saponin variant, 0.22–0.32 for tannic acid variant, and 0.27–0.37 for rhamnolipids variant. Taking into consideration the highest removal efficiency of Cu and the highest Cu stability in each variant, the most appropriate washing sequences were S-S-T, S-R-T, T-S-S and R-T-S (Figure 6). With these sequences, the average removal efficiency of Cu was 87.4%, and the average Cu stability was 0.40 (medium stability). Among all variants, application of sequences from saponin variants resulted in higher Cu stability compared to the sequences from tannic acid and rhamnolipids variants. This was related to more efficient decrease in Cu mobility, i.e., the content of F1 fraction in saponin variant. Gusiatin et al. [42] also obtained higher Cu stability in different soils using single washing with saponin, compared to single soil washing with tannic acid or rhamnolipids.



For Pb, its stability in soil washed with saponin variant was 0.28–0.34, with tannic acid variant, 0.27–0.33, and with rhamnolipids variant, 0.32–0.41. The most suitable sequences for Pb removal and its stability using individual variants were S-R-S, S-R-R, S-S-S, T-R-R and R-R-R (Figure 7). However, the highest Pb removal (64–73%) and the highest Pb stability (0.36–0.41) was observed for four sequences of the rhamnolipids variant: R-R-R, R-R-S, R-S-R and R-S-S (Figure 7c).



In recent studies on soil washing, the Ir was a useful tool to evaluate metal-binding intensity in different matrices (soil, sludge), contaminated with different metals at different concentrations, washed under different conditions with various washing agents and with different effectiveness of metals removal [29]. Tang et al. [51] demonstrated that after triple washing of sewage sludge with combined rhamnolipid and saponin, the stability of Cu increased from 0.23 to 0.47, and that of Pb from 0.25 to 0.55. This is because metals were easily removed from exchangeable (F1) and reducible (F2) fractions, while some portion of oxidizable (F3) and residual (F4) fractions were still difficult to remove.




3.5. Effect of Sequential Soil Washing on Biosurfactant Sorption in Soil


Based on the comparison of TOC concentration in biosurfactant solutions before and after sequential soil washing, their loss due to sorption in soil was possible to be estimated (Figure 8).



It was observed that in each step of the sequential soil washing, the loss of biosurfactants did not exceed 10%. A relatively low loss of biosurfactant can be associated with the soil composition. High organic matter and clay content in soil facilitate biosurfactant sorption into soil [24,53]. In this study, the soil showed low content of organic matter and clay. Using sequential washing with the same type of biosurfactant, the highest loss was after the first washing, and it decreased gradually in subsequent washings (Figure 8). When sequences of mixed biosurfactants were used, the level of their loss depended on the type of biosurfactant used in the previous washing. In general, saponin or tannic acid used after each other did lower their sorption. Rhamnolipids used after saponin or tannic acid showed lower loss, while saponin used after rhamnolipids showed greater loss. An opposite trend was observed for tannic acid used after rhamnolipids. These results indicate that the interaction of the biosurfactant with each other ultimately affects their retention in soil. Different mechanisms are involved in biosurfactant sorption in soil, such as hydrogen bonding, electrostatic attraction, and hydrophobic interactions [54,55].



As a result of biosurfactant loss, cumulative enrichment of soil with organic carbon was calculated and compared with organic carbon content in the contaminated soil before washing (Figure 9). Sequential soil washing with biosurfactants was beneficial, increasing organic carbon resources in remediated soil. Soil organic carbon is the most important component for maintaining soil quality (physical, chemical and biological soil properties) and improving many soil functions [56].



In the present study, the type of biosurfactant sequence played a role in the level of organic carbon in soil. Organic carbon accounted for only 0.47% before washing, whereas it was increased to an average of 12.9% (saponin variant), 9.1% (tannic acid variant) and 11.1% (rhamnolipids variant) after sequential washing. However, the stability of external organic carbon in biosurfactant-washed soil needs further investigations. Our previous work demonstrated that tannic acid used for flushing metals from contaminated soil increased soil organic matter from 4.1% (unflushed soil) to 10.4–10.8% (flushed soil) [57]. Tannins can take part in the formation of humic-like substances because reactive quinones from tannins can self-polymerize or co-polymerize with other compounds such as amino-containing compounds [58]. Thus, biosurfactants of larger molecular structure, such as saponin and tannic acid, retained in soil can provide some portion of stable carbon in remediated soil. Further investigations are necessary on the stability of external organic carbon in soils remediated with biosurfactant washing.




3.6. Assessment of Relative Cost of Using Biosurfactants in Sequential Soil Washing


To evaluate which of the tested washing sequences was the most cost-effective, a relative cost was evaluated based on the cost of biosurfactant solutions and number of washings. In the cost assessment (Figure 10), the price of biosurfactants was taken from Sigma-Aldrich (saponin $850/kg, tannic acid $215/kg, 2021) and Jeneil Biosurfactant Co. LLC, Saukville, WI, USA) (rhamnolipids $18/kg, 2020) ($ = USD).



The data presented in Figure 10 indicate that triple soil washing using only saponin is the most expensive ($34.7/L), while triple soil washing with only rhamnolipids is the cheapest ($4.9/L). The use of two or three types of biosurfactants in the washing sequence could lead to a more cost-effective treatment, especially for saponin variant (e.g., sequences 4, 7) and for tannic acid variant (sequences 5–7).



Taking into consideration Cu and Pb removal efficiency, metal stability and organic carbon content in remediated soil, the most effective washing sequences were selected among the 27 different treatments (Figure 11). The most cost-effective sequences giving similar results in terms of soil remediation were T-S-R, R-R-S for Cu and R-R-R for Pb.



Application of biosurfactants, beside their environmental advantages, is relatively expensive. The development of cheaper production routes for biosurfactants, for instance finding new and cheaper sources, is crucial for a wider application of these solvents in soil washing practices. The current market prices of biosurfactants varies depending on the level of purity and manufacturer [59]. For example, NutraHerb Co., Ltd. (Xi’an, Shaanxi, China), sells high quality Quillaja saponaria bark extract in the form of powder rich in saponin, at a price of $10–30/kg (2021). Haihang Industry Co., Ltd. (Jinan City, China) sells tannic acid of food grade at a price of $100/kg (2021). The cost of biosurfactant is also inversely proportional to the scale of their production, e.g., production cost is $20/kg in a batch of 20 m3, whereas the cost reduces to $5/kg in a batch of 100 m3 [60]. Commercial plant biosurfactants after soil washing could be recovered by separation of pollutants from the effluent prior to reutilization. The recovery and reuse of biosurfactants make soil washing more environmentally friendly and cost-effective [61]. Thus, in practice, the cost of using biosurfactants in soil remediation could be much lower than the relative cost indicated in the present study. Nevertheless, the use of different types of biosurfactants in sequential soil washing could decrease remediation cost and still achieve relatively high washing performance.





4. Conclusions


Remediation of smelter contaminated soil was performed, employing sequential washing starting with saponin (nine sequences), tannic acid (nine sequences) or rhamnolipids (nine sequences). The concentrations of Cu and Pb removed after individual washings and the cumulative efficiencies of removal of these metals depended on which biosurfactant was used first as well as the types of biosurfactants used in the washing sequence. In contaminated soil, Cu and Pb differed mostly in the share of exchangeable and reducible fractions. The sequential washing had a substantial effect on the change in Cu and Pb distribution patterns and their stability. As the cumulative efficiency of Cu and Pb removal increased, so did the stability of the metal that remained in the soil, from low (contaminated soil) to medium level (washed soil). Cu removal and stability were the highest after washing with sequences that started with saponin or that finished with saponin after, either a double washing with rhamnolipids or a single washing with rhamnolipids and a second washing with tannic acid. Pb removal was the highest after sequences containing only rhamnolipids or combinations of rhamnolipids and saponin. Sequential washing also substantially increased organic carbon content in the soil due to biosurfactant sorption (23 times higher after washing, on average).



The overall results indicate that sequential washing with biosurfactants showed promising results in the treatment of real metal-contaminated soil. The wide range of tested washing sequences makes it possible to choose the most appropriate option in terms of the cost and the purpose of remediation.



The study provides knowledge about performance of plant and microbial biosurfactants used in different combinations to remediate real contaminated soil. The purposefulness of application washing sequences, especially with saponin and rhamnolipids, for effective soil treatment was indicated. Further investigations on sequential washing with biosurfactants should be extended to other metal(oid)s, alone or co-occurring with organic pollutants in real contaminated soils. A holistic assessment of the quality of remediated soil and the stability of retained biosurfactants is needed.







Author Contributions


Conceptualization, Z.M.G.; methodology, Z.M.G.; investigation; Z.M.G.; software, Z.M.G.; writing—original draft, Z.M.G., J.K. and I.C.; writing—review and editing, Z.M.G. and J.K.; visualization, Z.M.G. and M.B.; supervision, J.K., I.C. and M.R.; project administration, Z.M.G. All authors have read and agreed to the published version of the manuscript.




Funding


The publication was written as a result of the author’s internship in Luleå University of Technology in Sweden, co-financed by the European Union under the European Social Fund (Operational Program Knowledge Education Development), carried out in the project Development Program at the University of Warmia and Mazury in Olsztyn (POWR.03.05. 00-00-Z310/17).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors thank the Director of Legnica Copper Smelter and Refinery for permission to collect and use soil samples and to publish the results. The authors gratefully thank Mark Leonard, a native speaker of English, for English language support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Khan, S.; Naushad, M.; Lima, E.C.; Zhang, S.; Shaheen, S.M.; Rinklebe, J. Global soil pollution by toxic elements: Current status and future perspectives on the risk assessment and remediation strategies—A review. J. Hazard. Mater. 2021, 417, 126039. [Google Scholar] [CrossRef]

	



Mishra, S.; Lin, Z.; Pang, S.; Zhang, Y.; Bhatt, P.; Chen, S. Biosurfactant is a powerful tool for the bioremediation of heavy metals from contaminated soils. J. Hazard. Mater. 2021, 418, 126253. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.H.; Dong, C.D.; Chen, C.W.; Sheu, Y.T.; Kao, C.M. Using poly-glutamic acid as soil-washing agent to remediate heavy metal-contaminated soils. Environ. Sci. Pollut. Res. 2018, 25, 5231–5242. [Google Scholar] [CrossRef]

	



Gusiatin, Z.M.; Kulikowska, D.; Klik, B. New-generation washing agents in remediation of metal-polluted soils and methods for washing effluent treatment: A review. Int. J. Environ. Res. Public Health 2020, 17, 6220. [Google Scholar] [CrossRef]

	



De Almeida, D.G.; Soares Da Silva, R.D.C.F.; Luna, J.M.; Rufino, R.D.; Santos, V.A.; Banat, I.M.; Sarubbo, L.A. Biosurfactants: Promising molecules for petroleum biotechnology advances. Front. Microbiol. 2016, 7, 1718. [Google Scholar] [CrossRef] [PubMed]

	



Mulligan, C.N. Sustainable remediation of contaminated soil using biosurfactants. Front. Bioeng. Biotechnol. 2021, 9, 195. [Google Scholar] [CrossRef]

	



Jimoh, A.A.; Lin, J. Biotechnological applications of Paenibacillus sp. D9 lipopeptide biosurfactant produced in low-cost substrates. Appl. Biochem. Biotechnol. 2020, 191, 921–941. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Li, Z.; Zhong, H.; Zeng, G.; Liang, Y.; Chen, M.; Wu, Z.; Zhou, Y.; Yu, M.; Shao, B. Recent advances in the environmental applications of biosurfactant saponins: A review. J. Environ. Chem. Eng. 2017, 5, 6030–6038. [Google Scholar] [CrossRef]

	



Tsang, D.C.; Olds, W.E.; Weber, P. Residual leachability of CCA-contaminated soil after treatment with biodegradable chelating agents and lignite-derived humic substances. J. Soil. Sediment. 2013, 13, 895–905. [Google Scholar] [CrossRef]

	



Beiyuan, J.; Tsang, D.C.; Ok, Y.S.; Zhang, W.; Yang, X.; Baek, K.; Li, X.D. Integrating EDDS-enhanced washing with low-cost stabilization of metal-contaminated soil from an e-waste recycling site. Chemosphere 2016, 159, 426–432. [Google Scholar] [CrossRef]

	



Ochoa-Loza, F.J.; Artiola, J.F.; Maier, R.M. Stability constants for the complexation of various metals with a rhamnolipid biosurfactant. J. Environ. Qual. 2001, 30, 479–485. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Q.Q.; Shao, C.Y.; Zhang, Z.; Wen, X. Saponin biosurfactant-enhanced flushing for the removal of heavy metals from soils. Acta Sci. Circumstantiae 2010, 30, 2491–2498. [Google Scholar]

	



Cruz, B.H.; Díaz-Cruz, J.M.; Ariño, C.; Esteban, M. Heavy metal binding by tannic acid: A voltammetric study. Electroanalysis 2000, 12, 1130–1137. [Google Scholar] [CrossRef]

	



Mulligan, C.N.; Yong, R.N.; Gibbs, B.F. Remediation technologies for metal-contaminated soils and groundwater: An evaluation. Eng. Geol. 2001, 60, 193–207. [Google Scholar] [CrossRef]

	



Gusiatin, Z.M.; Bułkowska, K.; Pokój, T. Tannic acid as a cost-effective substitute for saponin in soil remediation. Environ. Biotechnol. 2014, 10, 66–72. [Google Scholar] [CrossRef]

	



Hajimohammadi, R.; Amani, H.; Soltani, H. Synergistic Effect of Rhamnolipid and Saponin Biosurfactants on Removal of Heavy Metals from Oil Contaminated Soils. Tenside Surfactants Deterg. 2020, 57, 109–114. [Google Scholar] [CrossRef]

	



Wei, M.; Chen, J.; Wang, X. Removal of arsenic and cadmium with sequential soil washing techniques using Na2EDTA, oxalic and phosphoric acid: Optimization conditions, removal effectiveness and ecological risks. Chemosphere 2016, 156, 252–261. [Google Scholar] [CrossRef]

	



Gusiatin, Z.M.; Klimiuk, E. Metal (Cu, Cd and Zn) removal and stabilization during multiple soil washing by saponin. Chemosphere 2012, 86, 383–391. [Google Scholar] [CrossRef]

	



da Rocha Junior, R.B.; Meira, H.M.; Almeida, D.G.; Rufino, R.D.; Luna, J.M.; Santos, V.A.; Sarubbo, L.A. Application of a low-cost biosurfactant in heavy metal remediation processes. Biodegradation 2019, 30, 215–233. [Google Scholar] [CrossRef]

	



Klik, B.K.; Gusiatin, Z.M.; Kulikowska, D. Simultaneous multi-metal removal from soil with washing agents of waste, plant and microbial origin. Soil Sediment Contam. 2019, 28, 773–791. [Google Scholar] [CrossRef]

	



Sun, W.; Zhu, B.; Yang, F.; Dai, M.; Sehar, S.; Peng, C.; Ali, I.; Naz, I. Optimization of biosurfactant production from Pseudomonas sp. CQ2 and its application for remediation of heavy metal contaminated soil. Chemosphere 2021, 265, 129090. [Google Scholar] [CrossRef] [PubMed]

	



Gusiatin, Z.M. Tannic acid and saponin for removing arsenic from brownfield soils: Mobilization, distribution and speciation. J. Environ. Sci. 2014, 26, 855–864. [Google Scholar] [CrossRef]

	



Gusiatin, Z.M.; Klik, B.; Kulikowska, D. Tannic acid for remediation of historically arsenic-contaminated soils. Environ. Technol. 2019, 40, 1050–1061. [Google Scholar] [CrossRef]

	



Gusiatin, Z.M. Surface tension technique as a strategy to evaluate the adsorption of biosurfactants used in soil remediation. Environ. Biotechnol. 2015, 11, 27–33. [Google Scholar] [CrossRef]

	



Ostrowska, A.; Gawlinski, S.; Szczubiałka, Z. Analysis of Soils and Plants; Institute of Environmental Protection—National Research Institute: Warsaw, Poland, 1991. (In Polish) [Google Scholar]

	



Pueyo, M.; Mateu, J.; Rigol, A.; Vidal, M.; López-Sánchez, J.F.; Rauret, G. Use of the modified BCR three-step sequential extraction procedure for the study of trace element dynamics in contaminated soils. Environ. Pollut. 2008, 152, 330–341. [Google Scholar] [CrossRef] [PubMed]

	



OME. Ordinance of the Minister of Environment on soil and ground quality standards. J. Law 2016, 395, 1–86. (In Polish) [Google Scholar]

	



Hong, K.J.; Tokunaga, S.; Kajiuchi, T. Evaluation of remediation process with plant-derived biosurfactant for recovery of heavy metals from contaminated soils. Chemosphere 2002, 49, 379–387. [Google Scholar] [CrossRef]

	



Klik, B.K.; Gusiatin, Z.M.; Kulikowska, D. Suitability of environmental indices in assessment of soil remediation with conventional and next generation washing agents. Sci. Report. 2020, 10, 20586. [Google Scholar] [CrossRef]

	



Nisa, A.K.; Rumhayati, B.; Kurniawan, A. Geochemical Distribution of Copper and Zinc in the Aquatic Sediment of Nyolo Spring Water at Karangploso Malang East Java. J. Pure App. Chem. Res. 2019, 8, 62–72. [Google Scholar] [CrossRef]

	



Yong, R.N.; Mulligan, C.N. Natural Attenuation of Contaminants in Soils; Lewis Publishers, CRC Press LLC: Boca Raton, FL, USA, 2004. [Google Scholar]

	



Ash, C.; Tejnecký, V.; Šebek, O.; Houška, J.; Chala, A.T.; Drahota, P.; Drábek, O. Redistribution of cadmium and lead fractions in contaminated soil samples due to experimental leaching. Geoderma 2015, 241, 126–135. [Google Scholar] [CrossRef]

	



Bradl, H.B. Adsorption of heavy metal ions on soils and soils constituents. J. Colloid Interface Sci. 2004, 277, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Filgueiras, A.V.; Lavilla, I.; Bendicho, C. Chemical sequential extraction for metal partitioning in environmental solid samples. J. Environ. Monit. 2002, 4, 823–857. [Google Scholar] [CrossRef] [PubMed]

	



Nemati, K.; Bakar, N.K.A.; Abas, M.R.; Sobhanzadeh, E. Speciation of heavy metals by modified BCR sequential extraction procedure in different depths of sediments from Sungai Buloh, Selangor, Malaysia. J. Hazard. Mater. 2011, 192, 402–410. [Google Scholar] [CrossRef]

	



Barman, M.; Datta, S.P.; Rattan, R.K.; Meena, M.C. Chemical fractions and bioavailability of nickel in alluvial soils. Plant Soil Environ. 2015, 61, 17–22. [Google Scholar] [CrossRef]

	



Kulikowska, D.; Klik, B.K.; Gusiatin, Z.M.; Jabłoński, R. Sewage sludge can provide a washing agent for remediation of soil from a metallurgical area. Catena 2019, 173, 22–28. [Google Scholar] [CrossRef]

	



Radziemska, M.; Gusiatin, Z.M.; Cydzik-Kwiatkowska, A.; Cerdà, A.; Pecina, V.; Bęś, A.; Datta, R.; Majewski, G.; Mazur, Z.; Dzięcioł, J.; et al. Insight into metal immobilization and microbial community structure in soil from a steel disposal dump phytostabilized with composted, pyrolyzed or gasified wastes. Chemosphere 2021, 272, 129576. [Google Scholar] [CrossRef]

	



Lopes, G.; Costa, E.T.S.; Penido, E.S.; Sparks, D.L.; Guilherme, L.R.G. Binding intensity and metal partitioning in soils affected by mining and smelting activities in Minas Gerais, Brazil. Environ. Sci. Pollut. Res. 2015, 22, 13442–13452. [Google Scholar] [CrossRef] [PubMed]

	



Maity, J.P.; Huang, Y.M.; Hsu, C.M.; Wu, C.I.; Chen, C.C.; Li, C.Y.; Jean, J.S.; Chang, Y.F.; Chen, C.Y. Removal of Cu, Pb and Zn by foam fractionation and a soil washing process from contaminated industrial soils using soapberry-derived saponin: A comparative effectiveness assessment. Chemosphere 2013, 92, 1286–1293. [Google Scholar] [CrossRef]

	



Tang, J.; He, J.; Liu, T.; Xin, X. Removal of heavy metals with sequential sludge washing techniques using saponin: Optimization conditions, kinetics, removal effectiveness, binding intensity, mobility and mechanism. RSC Adv. 2017, 7, 33385–33401. [Google Scholar] [CrossRef]

	



Gusiatin, Z.M.; Radziemska, M.; Żochowska, A. Sequential soil washing with mixed biosurfactants is suitable for simultaneous removal of multi-metals from soils with different properties, pollution levels and ages. Environ. Earth Sci. 2019, 78, 529. [Google Scholar] [CrossRef]

	



Ye, M.; Sun, M.; Kengara, F.O.; Wang, J.; Ni, N.; Wang, L.; Song, Y.; Yang, X.; Li, H.; Hu, F.; et al. Evaluation of soil washing process with carboxymethyl-β-cyclodextrin and carboxymethyl chitosan for recovery of PAHs/heavy metals/fluorine from metallurgic plant site. J. Environ. Sci. 2014, 26, 1661–1672. [Google Scholar] [CrossRef]

	



Cay, S.; Uyanik, A.; Engin, M.S.; Kutbay, H.G. Effect of EDTA and tannic acid on the removal of Cd, Ni, Pb and Cu from artificially contaminated soil by Althaea rosea Cavan. Int. J. Phytoremediat. 2015, 17, 568–574. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, C.S.C.; Teixeira, D.B.; Braz, B.F.; Santelli, R.E.; de Castilho, L.V.A.; Gomez, J.G.C.; Castro, R.P.V.; Seldin, L.; Freire, D.M.G. Application of rhamnolipid surfactant for remediation of toxic metals of long-and short-term contamination sites. Int. J. Environ. Sci. Technol. 2021, 18, 575–588. [Google Scholar] [CrossRef]

	



El Zeftawy, M.M.; Mulligan, C.N. Use of rhamnolipid to remove heavy metals from wastewater by micellar-enhanced ultrafiltration (MEUF). Sep. Purif. Technol. 2011, 77, 120–127. [Google Scholar] [CrossRef]

	



Chen, M.; Dong, C.; Penfold, J.; Thomas, R.K.; Smyth, T.J.; Perfumo, A.; Marchant, R.; Banat, I.M.; Stevenson, P.S.; Parry, A.; et al. Influence of calcium ions on rhamnolipid and rhamnolipid/anionic surfactant adsorption and self-assembly. Langmuir 2013, 29, 3912–3923. [Google Scholar] [CrossRef] [PubMed]

	



Özdemir, G.; Peker, S.; Helvaci, S.S. Effect of pH on the surface and interfacial behavior of rhamnolipids R1 and R2. Colloids Surf. 2004, 234, 135–143. [Google Scholar] [CrossRef]

	



Sachdev, D.P.; Cameotra, S.S. Biosurfactants in agriculture. Appl. Microbiol. Biotechnol. 2013, 97, 1005–1016. [Google Scholar] [CrossRef] [PubMed]

	



Aşçı, Y.; Nurbaş, M.; Açıkel, Y.S. Removal of zinc ions from a soil component Na-feldspar by a rhamnolipid biosurfactant. Desalination 2008, 223, 361–365. [Google Scholar] [CrossRef]

	



Tang, J.; He, J.; Qiu, Z.; Xin, X. Metal removal effectiveness, fractions, and binding intensity in the sludge during the multiple washing steps using the combined rhamnolipid and saponin. J. Soils Sediments 2019, 19, 1286–1296. [Google Scholar] [CrossRef]

	



Li, Z.; Liu, D.; Huang, W.; Wei, X.; Sun, Y. Removing Cu and Zn from pig manure via the leaching method with EDTA, saponin, and their mixture. JAES 2019, 38, 220–228. [Google Scholar] [CrossRef]

	



Ochoa-Loza, F.J.; Noordman, W.H.; Jannsen, D.B.; Brusseau, M.L.; Maier, R.M. Effect of clays, metal oxides, and organic matter on rhamnolipid biosurfactant sorption by soil. Chemosphere 2007, 66, 1634–1642. [Google Scholar] [CrossRef]

	



Halvorson, J.J.; Gollany, H.T.; Kennedy, A.C.; Hagerman, A.E.; Gonzalez, J.M.; Wuest, S.B. Sorption of tannin and related phenolic compounds and effects on extraction of soluble-N in soil amended with several carbon sources. Agriculture 2012, 2, 52–72. [Google Scholar] [CrossRef]

	



Zhou, W.; Wang, X.; Chen, C.; Zhu, L. Enhanced soil washing of phenanthrene by a plant-derived natural biosurfactant, Sapindus saponin. Colloids Surf. A Physicochem. Eng. Asp. 2013, 425, 122–128. [Google Scholar] [CrossRef]

	



Yost, J.L.; Hartemink, A.E. Soil organic carbon in sandy soils: A review. Adv. Agron. 2019, 158, 217–310. [Google Scholar] [CrossRef]

	



Gusiatin, Z.M.; Kaal, J.; Wasilewska, A.; Kumpiene, J.; Radziemska, M. Short-Term Soil Flushing with Tannic Acid and Its Effect on Metal Mobilization and Selected Properties of Calcareous Soil. Int. J. Environ. Res. Public Health 2021, 18, 5698. [Google Scholar] [CrossRef] [PubMed]

	



Halvorson, J.J.; Gonzalez, J.M.; Hagerman, A.E.; Smith, J.L. Sorption of tannin and related phenolic compounds and effects on soluble-N in soil. Soil Biol. Biochem. 2009, 41, 2002–2010. [Google Scholar] [CrossRef]

	



Dhanarajan, G.; Sen, R. Cost analysis of biosurfactant production from a scientist’s perspective. Biosurfactants 2014, 159, 153–161. [Google Scholar] [CrossRef]

	



Lang, S.; Wullbrandt, D. Rhamnose lipids–biosynthesis, microbial production and application potential. Appl. Microbiol. Biotechnol. 1999, 51, 22–32. [Google Scholar] [CrossRef] [PubMed]

	



Gusiatin, Z.M. Fe-modified Clinoptilolite is effective to recover plant biosurfactants used for removing arsenic from soil. Clean Soil Air Water 2015, 43, 1224–1231. [Google Scholar] [CrossRef]








[image: Ijerph 18 12875 g001 550] 





Figure 1. Sequential soil washing procedure with biosurfactant solutions. 
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Figure 2. Metal distribution (a) and stability (as Ir) (b) in smelter contaminated soil. For Ir, different letters indicate significant differences in metal stability in soil (p < 0.05). 
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Figure 3. Concentration of metal removed (CR) (a) and cumulative efficiency of Cu removal (Ecumulative) (b) during sequential soil washing. For Ecumulative, different letters indicate significant differences in metal removal efficiency with different biosurfactant sequences (p < 0.05). Limit (group A) and limit (group B) mean minimum Cu concentration to be removed from soil or minimum Cu removal efficiency to meet limit values for agricultural and industrial areas, respectively. 
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Figure 4. Concentration of metal removed (CR) (a) and cumulative efficiency of Pb removal (Ecumulative) (b) during sequential soil washing. For Ecumulative, different letters indicate significant differences in metal removal efficiency with different biosurfactant sequences (p < 0.05). Limit (group A) means minimum Pb concentration to be removed from soil or minimum Pb removal efficiency to meet limit value for agricultural area. 






Figure 4. Concentration of metal removed (CR) (a) and cumulative efficiency of Pb removal (Ecumulative) (b) during sequential soil washing. For Ecumulative, different letters indicate significant differences in metal removal efficiency with different biosurfactant sequences (p < 0.05). Limit (group A) means minimum Pb concentration to be removed from soil or minimum Pb removal efficiency to meet limit value for agricultural area.
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Figure 5. Changes in the share of individual metal fractions in soil after triple washing with the use of saponin, tannic acid or rhamnolipids variants: (a) Cu, (b) Pb (soil 0 refers to unwashed soil). 
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Figure 6. A relationship between cumulative Cu removal efficiency (Ecumulative) and stability of residual Cu in washed soil (Ir) for different biosurfactant variants: (a) saponin variant, (b) tannic acid variant, (c) rhamnolipids variant. 






Figure 6. A relationship between cumulative Cu removal efficiency (Ecumulative) and stability of residual Cu in washed soil (Ir) for different biosurfactant variants: (a) saponin variant, (b) tannic acid variant, (c) rhamnolipids variant.



[image: Ijerph 18 12875 g006]







[image: Ijerph 18 12875 g007 550] 





Figure 7. A relationship between cumulative Pb removal efficiency (Ecumulative) and stability of residual Pb in washed soil (Ir) for different biosurfactant variants: (a) saponin variant, (b) tannic acid variant, (c) rhamnolipids variant. 
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Figure 8. Estimation of biosurfactant loss after individual soil washing using specific biosurfactant sequence: (a) saponin variant, (b) tannic acid variant, (c) rhamnolipids variant (mean ± SD, n = 2). 
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Figure 9. Enrichment of smelter contaminated soil with organic carbon as a result of sequential soil washing with biosurfactants (mean ± SD, n = 2). 
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Figure 10. A cumulative relative cost of biosurfactant solutions used in triple washing with washing sequences from saponin, tannic acid and rhamnolipids variants (cost for 1 L of biosurfactant solution used in each washing step, m/V ratio 1/40). 
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Figure 11. Comparison of relative cost for the most effective sequences for treatment of smelter contaminated soil selected on the basis of metal removal, metal stability and organic carbon enrichment: (a) Cu, (b) Pb. 
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Table 2. Selected characteristics of aqueous solution of biosurfactants (mean ± SD, n = 3).
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Characteristic

	
Biosurfactant




	
Saponin

	
Tannic Acid

	
Rhamnolipids
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Chemical form

	
glycoside

	
polyphenol

	
glycolipid




	
Origin

	
plant

	
plant

	
microbial




	
Concentration, g TOC/L

	
13.6 ± 0.05

	
13.0 ± 0.4

	
13.3 ± 0.1




	
Density, g/mL

	
1.098 ± 0.003

	
1.085 ± 0.004

	
1.076 ± 0.003




	
pH

	
5.43 ± 0.11

	
4.38 ± 0.08

	
6.37 ± 0.13




	
Electrical conductivity (EC), mS/cm

	
31.3 ± 0.2

	
1.7 ± 0.0

	
36.6 ± 0.2




	
Surface tension, mN/m

	
43.0 ± 2.6

	
46.4 ± 1.8

	
23.6 ± 1.1
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Table 3. Sequences of biosurfactant solutions for triple soil washing of smelter contaminated soil.
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Sequential Soil Washing




	
No. of

Sequence

	
No. of Biosurfactant Types in Sequence

	
Saponin (S)

Variant

	
Tannic Acid (T) Variant

	
Rhamnolipids (R) Variant






	
1

	
1

	
S-S-S

	
T-T-T

	
R-R-R




	
2

	
2

	
S-S-T

	
T-T-S

	
R-R-S




	
3

	
S-T-S

	
T-S-T

	
R-S-R




	
4

	
S-T-T

	
T-S-S

	
R-S-S




	
5

	
S-S-R

	
T-T-R

	
R-R-T




	
6

	
S-R-S

	
T-R-T

	
R-T-R




	
7

	
S-R-R

	
T-R-R

	
R-T-T




	
8

	
3

	
S-T-R

	
T-S-R

	
R-S-T




	
9

	
S-R-T

	
T-R-S

	
R-T-S
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