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Abstract

:

The soil pollution of polycyclic aromatic hydrocarbons (PAHs) is serious in China, which not only affects the living and growing environment of plants and animals but also has a great impact on people’s health. The use of hydrophobic organic compounds to make use of surfactant ectopic elution processing is more convenient and cheaper as a repair scheme and can effectively wash out the polycyclic aromatic hydrocarbons in the soil. Therefore, we mixed sophorolipids:sodium dodecylbenzene sulfonate (SDBS):Na2SiO3 according to the mass ratio of 1:15:150. We explored the influencing factors of high and low concentrations of PAH-contaminated soil using a single factor test and four factors at a two-level factorial design. Then, the elution wastewater was treated by ultrasonic oxidation technology and the alkali-activated sodium persulfate technology. The results showed that: (1) In the single factor test, when the elution time is 8 h, the concentration of the compounded surfactant is 1200 mg/L, the particle size is 60 mesh, the concentration of NaCl is 100 mmol/L, and the concentration of KCl is 50 mmol/L, and the effect of the PAH-contaminated soil eluted by the composite surfactant is the best. Externally added NaCl and KCl salt ions have a more obvious promotion effect on the polycyclic aromatic hydrocarbon-contaminated soil; (2) in the interaction experiment, single factor B (elution time) and D (NaCl concentration) have a significant main effect. There is also a certain interaction between factor A (concentration agent concentration) and factor D, factor B, and factor C (KCl concentration); (3) the treatment of anthracene in the eluate by ultrasonic completely mineralizes the organic pollutants by the thermal and chemical effects produced by the ultrasonic cavitation phenomenon, so that the organic pollutants in the eluate are oxidized and degraded into simple environmentally friendly small molecular substances. When the optimal ultrasonic time is 60 min and the ratio of oxidant to activator is 1:2, the removal rate of contaminants in the eluent can reach 63.7%. At the same time, the turbidity of the eluent is significantly lower than that of the liquid after centrifugal separation, indicating that oxidants can not only remove the pollutants in elution water but also remove the residual soil particulate matter; and (4) by comparing the infrared spectrum of the eluted waste liquid before and after oxidation, it can be seen that during the oxidation process, the inner part of eluent waste liquid underwent a ring-opening reaction, and the ring-opening reaction also occurred in the part of the cyclic ester group of the surfactant, which changed from a ring to non-ring.






Keywords:


combinational surfactant; anthracene; elution wastewater; ultrasonic oxidation












1. Introduction


Polycyclic aromatic hydrocarbons (PAHs) are persistent organic compounds that are ubiquitous in the environment. They consist of two or more fused benzene rings, such as phenanthrene, anthracene, and benzo[a]pyrene, which are potentially carcinogenic and mutagenic in contaminated soil and water bodies [1]. It has the characteristics of low volatility, low water solubility, and low biodegradability [2,3,4,5], which makes the accumulation of polycyclic aromatic hydrocarbon in the soil and groundwater environment increase year by year, resulting in non-negligible pollution. They are generated through natural and man-made means, such as the pyrolysis of organic matter and the use of fossil fuels [6,7]. It has toxicity, mutagenicity, and carcinogenicity, and its toxicity increases with the increase of the molecular weight. Surfactant leaching technology has a good effect on eluting PAHs in soil. There are two main mechanisms for surfactant remediation of oil-contaminated soil: (1) When its critical micelle concentration (CMC) is reached [8,9,10,11,12,13], surfactant molecules will quickly aggregate and arrange to form an ordered polymer with a certain structure, forming a stable micelle, which can be used to increase the concentration of hydrophobic petroleum hydrocarbon pollutants in the liquid phase through micelle solubilization; and (2) by reducing the interfacial tension between the water–soil, oil–soil, and oil–water, surfactants can improve the migration ability of petroleum hydrocarbon pollutants, promote their desorption from the soil, disperse the pollutants in the soil pores, and make them contact with the surfactant solution to elute. Although the surfactant remediation technology has a high efficiency and short cycle, the high cost and ecological risk of the surfactant limit its wide application to some extent. Choosing suitable surfactants, improving repair efficiency, reducing the amount of surfactants, and reducing the pollution and ecological risks of surfactants on the soil are the key issues facing the current technology.



Ji et al. [14] investigated the oxidative remediation performance of activated sodium persulfate (SPS) on polycyclic aromatic hydrocarbon (PAH)-contaminated soil with the aid of solubilization of typical nonionic surfactant Tween 80. Wang et al. [15] selected sodium dodecyl benzene sulfonate, sodium dodecyl sulfate, and sodium dodecyl sulfonate for desorption experiments on contaminated soil, and studied the synergistic solubilizing effect of the anionic surfactant and sodium humate on diesel pollutants in loess. The results showed that sodium humate and three anionic surfactants have a significant solubilization effect on the desorption of diesel in loess. Yang et al. [16] compared the elution effect of SDBS-TX100 and single surfactant on phenanthrene in polluted soil, and found that TX100 and SDBS mixed surfactant with a mass ratio of 1:9 had the best elution effect on phenanthrene in soil, which indicated that the mixed surfactant with an appropriate ratio had higher solubilization and elution efficiency. Wang et al. [17] used the biosurfactants rhamnolipid (Xi’an rege biotechnology Co., Ltd., Xi’an, China) and Tween-80 (Macklin biochemical Co., Ltd., Shanghai, China) to analyze the concentration, leaching time, temperature, and frequency of surfactants for five polycyclic aromatic hydrocarbon (fluoranthene, pyrene, benzo[b]fluoranthene, benzene, and [k] fluoranthene, benzo [α] pyrene)-contaminated soil’s leaching effect.



For the selection of surfactants, the potential impact on the environment, the hydrophilic and oil-wet equilibrium (HLB) values, and the availability of the surfactants should be considered [18]. Sophorolipids is a kind of lactone surfactant, which can be 100% degraded in the natural environment, while HLB ranges from 9 to 12 and can be produced in a large scale [19]. The critical micelle concentration (CMC) of sophorolipids ranges from 40 to 100 mg/L, two orders of magnitude lower than chemically synthesized surfactants [20], and remains stable over a wide range of temperatures and salt concentrations. Sun et al. [21] investigated the effects of indigenous microorganisms, inoculated mixed petroleum hydrocarbon-degrading bacteria, and the addition of sophorolipid biological surfactant. The mechanism of oil-containing sludge remediation enhanced by sophorolipid biological surfactant and inoculating petroleum hydrocarbon-degrading bacteria was discussed. Li et al. [22] investigated the influence of the sophorolipid concentration, electrolyte ion strength, and electrolyte acidity on the effect of chrome-contaminated soil electric remediation with sophorolipids. The results showed that the electric current intensity increased significantly in the electric remediation system with sophorolipids added. With the increase of the ionic strength and acidity of the electrolyte, the removal rate of chromium increased gradually.



Sodium dodecylbenzenesulfonate is an anionic surfactant with a high removal rate and low adsorption rate. However, the surfactant exhibits a higher CMC value, which results in a higher concentration of the agent in the washing residues and is more likely to precipitate in the presence of polyvalent cations (Ca2+ and Mg2+) [23,24]. Someone used sodium dodecylbenzenesulfonate to elute the nitrobenzene and benzoic acid in the soil under laboratory and actual contaminated site conditions, respectively. It was found that the surfactant had a better removal rate under the laboratory conditions for the two pollutants, and the maximum elution efficiency at the contaminated site could also reach more than 90% [25]. Ni et al. [26] took sodium dodecyl benzenesulfonate and Tween-80 as the representatives of nionic and non-ionic surfactants, respectively, and studied the influence of mixed surfactants on the interface behavior between phenanthrene and pyrene in soil, as well as the effect and mechanism of strengthening the remediation of phenanthrene and pyrene-contaminated soil.



Na2SiO3 affects the pH value of the solution and can react with the acidic components in the oil to form salt, increasing the water solubility of the oil [27,28]. Na2SiO3 belongs to an electrolyte, which can enhance the wetting, emulsification, and solubilization of the surfactant in the washing solution after being added into the solution; it can compress the double electric layer of the micelle, and increase the contact between the surfactant molecules, making more ions enter the micelle.



Because cationic surfactant has a low elution efficiency for pollutants, anionic surfactant has a higher CMC, resulting in the higher economic cost, and non-ionic surfactant has a stronger adsorption effect on soil, thus people pay more attention to the solubilization system obtained through compounding. One of the more widely used types of complex is the anionic and non-ionic surfactant complex applications. This may be because the oxygen atoms in the nonionic surfactant molecules are easily combined with the hydrogen ions in the water, so that the nonionic surfactant is positively charged, causing the nonionic surfactant and the anionic surfactant to attract each other to reduce the mixed micelles. Due to the repulsion between the bundles, the critical micelle concentration (CMC) of the system decreases. Anionic surfactants are likely to precipitate in the soil and nonionic surfactants are more likely to adsorb onto the soil fractions [29], which results in a high remediation cost due to the need for more surfactants [30]. It further pollutes the environment. Sorption of nonionic surfactants could be prevented using a combination of nonionic and anionic surfactants [9]. Most of the studies have introduced the solubilization effect of anions and nonionic surfactants. Some studies have shown the effects of soil’s physical and chemical properties and the surfactants themselves on the eluting effect. There is little research on the addition of auxiliaries to anionic and nonionic surfactants. Adding sodium silicate as auxiliaries can prevent surfactants from being adsorbed into the soil solid phase and play an anti-reprecipitation role.



However, surfactants only transfer the pollutant from the soil to the aqueous phase and further treatment of this polluted aqueous solution is required. The chemistry of persulfate as the oxidant has been widely studied [31]. In aqueous solution, persulfate salts dissociate to persulfate anions as shown in Equation (1):


   S 2   O 8  2 −   + 2  e −  → 2 S  O 4  2 −    



(1)







Subsequently, when persulfate anion is activated, sulfate radical (  S  O 4 ·−   ), a non-selective oxidant with a high redox potential (   E 0  = 2.6 V  ), is produced. This activation can be achieved by the addition of the transition metal, light or heat activation, by the addition of the hydrogen peroxide, or alkaline activation (pH > 10) [18]. Iron activation has the drawback that the pH must be maintained in the acid region to avoid iron precipitation [32], whereas the cost of thermally activated persulfate at the field scale can be unaffordable. Therefore, it is of great interest to develop a low-cost high-efficiency method for the activation of persulfates for organic pollutant degradation [33]. Alkaline activation has gained attention recently, but only few works have studied the remediation of eluting wastewater with polycyclic aromatic hydrocarbons (PAHs) by using this technology [34].



The eluting effect of sophorolipids-SDBS-Na2SiO3 on anthracene pollutants was studied, and the interaction between exogenous additives and environmental influencing factors was explained. At the same time, alkali-activated sodium persulfate was used to elute anthracene-contaminated soil wastewater with compound surfactants.




2. Materials and Methods


2.1. Materials


Table 1 shows the properties of sophorolipids, SDBS, and Na2SiO3. The surface tension was determined by the hanging sheet method. The minimum concentration of surfactant molecules to form micelles in solvent is critical micelle concentration, and the surface tension of surfactant molecules does not increase at the same time. The CMC of sophorolipids and SDBS was determined as 40 and 100 mg/L, respectively. Anthracene is a polycyclic aromatic hydrocarbon containing three rings, which is obtained in the final stage of distillation of coal tar and can be separated from anthracene oil from coal tar. It is mainly used as luminescent materials, insecticides, fungicides, and gasoline coagulants. It has a non-volatile and special linear molecular structure. Its toxicity can be multiplied under light conditions [35]. Therefore, it is considered as a representative of PAH pollutants. The analysis of polycyclic aromatic hydrocarbon pollution used anthracene. Anthracene was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). The standard for GC (chromatographically pure) was ≥99.5%.



The mass concentration of surfactant for sophorolipids-SDBS-Na2SiO3 was 10 g·L−1. First, 0.12 g of sophorolipids, 9 g of Na2SiO3, and 0.9 g of SDBS were dissolved in 1 L of pure water solution. After dilution, surfactant solutions of different mass concentrations were prepared.



Soil samples were taken from the 20–40 cm soil layer in the suburbs of Beijing, China. They were air-dried for 7 days, tapped to break aggregated soil, and homogenized before sieving to remove gravel larger than 2 mm. Selected physical and chemical properties of the soil samples are listed in Table 2.



High-concentration polluted soil: First, 80 mg of anthracene were weighed, completely dissolved with acetone solution, and the solution mixed with 200 g of spare soil evenly. Then, the mixture was put in at room temperature, and dried in a fume hood until the acetone was completely volatilized to obtain polluted soil with a high pollution concentration of 400 mg·kg−1.



Low-concentration polluted soil: First, 40 mg of anthracene was weighed, completely dissolved with acetone solution, and the solution was mixed with 200 g of spare soil evenly. Then, at room temperature, the mixture was dried in a fume hood until the acetone was completely volatilized to obtain a polluted soil with a low pollution concentration of 200 mg·kg−1.




2.2. Soil Washing Using Mixed Surfactants


PAH-contaminated soil was washed in a small stirring reactor with a total loading volume of approximately 20 L. The high-concentration polluted soil was washed with a liquid–soil ratio (L/S) of 6:1 at a speed of 160 rpm for 8 h. The low-concentration polluted soil was washed with a liquid–soil ratio (L/S) of 8:1 at a speed of 160 rpm for 8 h. An ultrasonator (Shenzhen Xingde Trade Co., Ltd., Shenzhen, China) was used to extract PAHs from soil samples. PAH concentrations were determined with an HPLC system (Agilent Technologies 1200 Series).




2.3. Eluant Using Alkali-Activated Sodium Persulfate


Sodium hydroxide, calcium hydroxide, calcium oxide, and potassium hydroxide were selected as the bases to activate sodium persulfate. Aqueous solutions of sophorolipids, SDBS, Na2SiO3, and their mixtures were respectively put in a 150-mL conical glass flask with a stopper. Excess sodium peroxydisulfate and alkali were added to the flasks, which were then centrifuged at 160 rpm for 24 h. PAH concentrations were determined with an HPLC system (Agilent Technologies 1200 Series).




2.4. Removal Effectiveness Evaluation


In order to evaluate the soil eluting efficiency, the anthracene removal ratio was determined as the concentration of residual anthrancene in soil divided by the concentration of original anthrancene in soil:


   Elution   efficiency   ( % )  =   (  C 0  −  C e  ) × 100    C 0    ,  



(2)




where    C 0    (mg/L) and    C e    (mg/L) are the initial and equilibrium soil anthracene concentrations, respectively.



In the present study, a full 24 factorial design was performed to evaluate the interactions of the eluting time, mixed-surfactant concentration, and the concentration of NaCl and KCl, with the response of the anthracene elution efficiency.




2.5. Analytical Methods


PAHs in the aqueous phases were also measured by HPLC (Agilent, mod. 1200) coupled with an Agilent 1290 Infinity Diode Array Detector. The column used was a ZORBAX Eclipse XDB 80Å C18 in 4.6 × 150 mm and a 5-µm particle size. The column temperature was 35 °C. Analysis was carried out under isocratic mode at a flow rate of 1.0 mL·min−1, selecting as the mobile phase a mixture of 60% acetonitrile and 40% water; the selected injection volume was 10 μL. The operation time of the liquid phase was 18 min. The wavelengths chosen were 254 nm for anthracene. The detection limit was less than 50 ppbs.



The calculation formula of anthracene in aqueous solution is as follows:


   ρ i  =    ρ  xi   ×  V i   V  ,  



(3)




where    ρ i    is the mass concentration (mg/L) of component  i  in the sample,    ρ  xi     is the mass concentration (mg/L) of component  i  found from the marking line,    V i    is the volume (mL) of the concentrated extract, and  V  is the volume of the water sample (mL).



The calculation formula of anthracene in soil is as follows:


   ω i  =    ρ i  × V   m ×  W  dm     ,  



(4)




where    ω i    is the content of component  i  in the sample (μg/kg),    ρ i    is the concentration of component  i  calculated from the standard curve (μg/mL),  V  is the constant volume (mL),  m  is the sample volume (kg), and    W  dm     is the dry matter content in the soil sample (%).




2.6. Data Analysis


The factorial experimental design and statistical analysis were conducted using Design Expert 8.0.6 (Stat-Ease Inc., Minneapolis, MN, USA). The OriginPro 8.5 software (OriginLab Corporation, Northampton, MA, USA) was used for the elution analysis of the experimental data.





3. Results and Discussion


3.1. Experiment of Single Surfactant Remediation of Anthracene-Contaminated Soil


After configuring different concentration gradients of sophorolipids and SDBS solution to elute and repair petroleum-contaminated soil, the results are shown in Figure 1a,b. As the concentration of surfactant increases, the elution efficiency reaches a certain value and becomes stable. The elution efficiency of sophorolipid solution can reach 67.03%, and the optimal elution efficiency of SDBS can reach 76.96%. The elution ratio of surfactants to PAHs is inversely proportional to the octanol/water partition coefficient of PAHs. Subsequent experiments are based on the combination of these two surfactants, and the additive sodium silicate (Na2SiO3) is added to the system to improve its elution efficiency.




3.2. Effect of Mixed Surfactants on the Single Factor of Anthracene-Contaminated Soil Eluting


3.2.1. Effect of Eluting Time


If the elution time is too short, the surfactant cannot fully contact with the pollutant, resulting in a weak elution effect. When the elution time reaches a certain value, most of the soluble pollutants will enter the surfactant solution. On the one hand, oil droplets or surfactants that have been desorbed from the surface of soil particles can be re-adsorbed to the surface of particles; on the other hand, the oil-water mixture may form an emulsion, which increases the cost of elution and increases the difficulty of subsequent elution [36,37]. Therefore, the elution time should be selected within a reasonable range. The low- and high-concentration PAH-contaminated soil were repaired with mixed surfactants at different shaking times. It can be seen clearly from Figure 2 that in the PAH-contaminated soil, regardless of the low-concentration contaminated soil or the high-concentration contaminated soil, the eluting rate reached a maximum at 8 h, while the elution efficiency showed a decreasing trend after 8 h. Therefore, it is determined that the optimal elution time of surfactant eluting and eluting PAH-contaminated soil was 8 h.




3.2.2. Mixed Surfactant Concentration


It can be seen from Figure 3 that the elution efficiency of 1200 mg·L−1 surfactant is the highest, 77.49% for low-concentration PAH-contaminated soil, and 85.27% for high-concentration PAH-contaminated soil. As the concentration of surfactant increases, the elution efficiency does not increase but decreases. Similarly, for polycyclic aromatic hydrocarbon-contaminated soils, as the concentration increases, the polycyclic aromatic hydrocarbons adsorbed by the surfactants are excessively depleted, so that they are re-desorbed into the soil solid phase. Therefore, selecting a suitable surfactant concentration can not only improve the elution efficiency and reduce the waste of the surfactant but also reduce the surfactant concentration in the cleaning solution and reduce the subsequent wastewater treatment load. Surfactant can reduce the interfacial tension between oil substances and soil particles, and make oil substances roll away from the soil surface, which can occur when the concentration is lower than the CMC [38]; when the concentration reaches or is higher than the CMC, surfactant forms micelles in the solution, and solubilizes the insoluble diesel substances, which are desorbed from the soil and distributed into the aqueous phase, increasing the diesel removal rate [39,40].




3.2.3. Effect of Ion Concentration


The effect of the NaCl and KCl concentration on the elution experiment was studied. From Figure 4, the elution efficiency of the high-concentration contaminated soil is significantly higher than that of the low-concentration contaminated soil. The results show that, when the concentration of NaCl is 100 mmol/L (Figure 4a), the effect of sophorolipids-SDBS-Na2SiO3 on anthracene is obviously increased. For ionic surfactants, when inorganic salts with the same anti ions as surfactants are added (such as Cl− and Na+), the double electron layer will be effectively compressed and reduce the mutual exclusion of surfactant ions. For ionic surfactants, the surface activity increases and the critical micelle concentration decreases [41]. When the concentration of KCl is 50 mmol/L (Figure 4b), the addition of K+ can promote the remediation of anthracene in soil to a certain extent but it cannot be over added.




3.2.4. Effect of Granularity


The eluting rate of polycyclic aromatic hydrocarbon pollutants in the soil is closely related to the properties of the soil, among which the soil texture is the most affected, followed by the properties of soil minerals and the content of organic matter. The smaller the soil particles, the larger the specific surface area of soil is, and the stronger the adsorption of pollution is, so the eluting efficiency of pollutants will be greatly suppressed [42,43]. As can be seen from Figure 5, as the mesh number increases, the soil particle size is gradually decreasing, and the pollutant of the polycyclic aromatic hydrocarbon in the soil gradually increases. Regardless of the concentration of pollutants, the decrease of the soil particle size is beneficial to the separation of difficult eluting substances from the surface of soil particles, so as to achieve the purpose of eluting.





3.3. Effect of Mixed Surfactants on the Eluting Interaction of PAH-Contaminated Soils


3.3.1. Design Scheme of Mixed Surfactant on Eluting PAH-Contaminated Soil


Factorial design is a multi-factor and multi-level cross-grouping design method for a comprehensive test. It can study the effects of multiple levels of two or more factors, and can provide more experimental information than single factor experiments. It can be used to analyze the main effects of all factors and the interaction between factors at all levels. It is comprehensive and balanced. The effect of the compound reagent concentration, eluting time, KCl concentration, and NaCl concentration on the remediation of anthracene-contaminated soil by the sophorolipids-SDBS-Na2SiO3 mixed-surfactant system was studied by using a four-factor and two-level factor design scheme to explore the interaction between the factors.



The formula of the model function was as follows:


    LnR =  b 1  +  b 2  × A +  b 3  × B +  b 4  × D +  b 5  × A × B +  b 6  × A × C +  b 7  × A × D     +  b 8  × B × C +  b 9  × B × C +  b  10   × C × D +  b  11   × A × B × C +  b  12   × A × B × D +      b  13   × A × B × C × D    



(5)







In the formula, R represents the response value; A, B, C, D represents the four factors; AB, AC, BC, CD, AD, ABC, ABD, ABCD represents the interaction between the factors; and bi is the constants matching with the single factor and interaction. The factors and their interactions are expressed in the form of code, that is, the high-level code is 1, and the low level is −1. The experimental design and levels of independent variables considered in this study are presented in Table 3.



In this experiment, the dependent variable is the elution efficiency (R) of anthracene. The empirical relationships between anthracene removal (R) and four test variables in coded units (A, mixed surfactants concentration; B, effect of eluting time; C, the concentration of NaCl; D, the concentration of KCl) obtained by the application of factor analysis are given by the following models:


    LnR = − 0.14 + 0.011 × A + 0.028 × B + 0.029 × D + 0.015 × A × B − 0.045 × A × C + 7.063 ×  10  − 0.003   × A × D     + 0.025 × B × C − 0.057 × B × C + 0.023 × C × D + 0.015 × A × B × C + 0.018 × A × B × D − 0.039 × A × B × C × D    



(6)







The Pareto analysis of this model is shown in Figure 6a, with a positive correlation between the significance level of the factor and the length of the column. The red and gray line in the Pareto chart stand for the “Bonferroni limit” and “t-value limit”, respectively, which are two levels of significance on the Pareto chart of effects. The value of the “Bonferroni limit” is a kind of significance indicator calculated based on the input data into Design Expert software in accordance with the Bonferroni test methodology, which is a type of multiple comparison test used in statistical analysis. The “t-value limit” is another kind of the significance indicator based on t-test methodology. The t-value is a test statistic for t-tests that measures the difference between an observed sample statistic and its hypothesized population parameter in units of standard error. It can be seen from the graph that the interaction effect of the oscillation time with the sodium chloride is the most significant factor, followed by the effect of the concentration of the compound medicament and the concentration of the potassium chloride, and finally the interaction effect of the four factors was selected.



In general, the effect of the interaction on the elution rate of polycyclic aromatic hydrocarbons is greater than that of a single factor. The residual graph of the model, as shown in Figure 6b, is evenly distributed on both sides of the straight line, indicating that the residual meets the normal distribution. The error analysis of the model was used to evaluate the correlation between the equation of the model and the experimental data. The p value of the model is lower than 0.05, which indicates that this factor has a significant effect on the remediation of anthracene-contaminated soil with compound agents [44]. The error analysis of the experimental model is shown in Table 4, and the p value is less than 0.0018, which indicates that the model is significant. The R2 is 0.99971, which indicates that the regression model has good reliability. Among them, the interaction between the concentration of the compound reagent and the amount of ion is obvious.




3.3.2. Main Effect Analysis


Through Design-Expert analysis, the main effect results of these factors are shown in the Figure 7. According to ANOVA statistics, the order of significance among the single factors is D > B > A. The effects of the compound agent concentration (Figure 7a), oscillation time (Figure 7b), and NaCl (Figure 7c) concentration on the eluting effect of polycyclic aromatic hydrocarbons (PAHs) have a positive and significant effect, while the effect of the KCl concentration on the eluting effect is insensitive. The slope of the compound reagent concentration is smaller than the other two factors, which indicates that the slope of the compound reagent concentration has little effect on the other two factors.




3.3.3. Interaction Analysis


It can be seen from the graph that the slope of the two straight lines is not the same, which means that there is a certain interaction between the two factors on the response value. According to ANOVA statistics, the influence of interaction is BD > AC > BC > CD > AB. The factor A and the factor B are obtained at the left to the left of Figure 8a, while a high level of the factor B is always higher than the low level of factor B, and when the compound agent concentration changes from a low level to a high level, the linear slope becomes large, which indicates that a high level of factor b is beneficial to the elution of the polycyclic aromatic hydrocarbons.



The factor A and the factor C are also taken at the left to the left of Figure 8b and a higher elution rate can be obtained when the factor A is at a low level and C is at a high level. With the increase of the concentration of factor A, the low factor c is gradually occupying the advantage. As can be seen in Figure 8c,d, the intersection of factor B and factor C on the right, and the slope of the two straight lines is positive, and it has a positive significant effect.



However, the slope of the low-level factor D is positive and the slope of the high factor D is negative, indicating that the low level of factor D is dominant after a high level of factor B is reached. The factor C and the factor D can be seen in Figure 8e to have a clear interaction, with the intersection point on the left. The high level of the factor D is always higher than the low level of factor D. When the concentration of factor C changes from a low level to a high level, the linear slope becomes large, indicating that the high level of factor D is beneficial to the elution of the polycyclic aromatic hydrocarbons.





3.4. Removal of Anthracene from Eluent by the Base/SPS


3.4.1. The Oxidation Effects of Different Types of Alkali Activation on the Eluent


In the experiment, sodium hydroxide, calcium hydroxide, calcium oxide, and potassium hydroxide were selected as the bases to activate sodium persulfate, and the optimal removal efficiency could reach more than 50%. It can be seen from Figure 9 that the removal rate of PAHs in elution waste liquid from high to low is potassium hydroxide, calcium oxide, sodium hydroxide, and calcium hydroxide, which may be related to the dissociation capacity of the substance. Chengdu Qi et al. [33] studied the effect of alkali-activated peroxic monosulfate on the degradation of organic pollutants, and the results were consistent. Therefore, potassium hydroxide was used as the activator in the subsequent oxidation experiment.



The efficiency of alkali-activated sodium persulfate has a certain relationship with the concentration of added alkali. Figure 10 shows the analysis of base-activated persulfate decomposition kinetics. The pseudo-first-order loss of persulfate in solutions with a range of base:persulfate molar ratios is shown in Figure 10. As can be seen from Figure 10, after adding different concentrations of sodium persulfate, the degradation rate of persulfate increases with the increase of the potassium hydroxide concentration at different times, indicating that the decomposition rate of persulfate is a function of the alkalinity. OLHA S [37] also reached the same conclusion by measuring the relationship between the ultrasonic time and ln (C/C0), where C is the persulfate ion concentration after adding the oxidizing agent, and C0 is the concentration of persulfate ions before oxidant treatment. These results also indicate that alkali-catalyzed hydrolysis of persulfate is the first step of persulfate activation under alkaline conditions and the decomposition rate of persulfate increases with an increasing KOH concentration.




3.4.2. Effect of Different Ultrasound Times on the Base of Sodium Persulfate


This mixed surfactant solution only transfers contaminants from the soil to the aqueous phase. From Figure 11, we can conclude that in different ultrasonic time ranges, the removal effect of alkali-activated sodium persulfate on anthracene pollutants in eluent increased from 28.41% to 61.77% in the range of 20–60 min. With the increase of the time, the removal efficiency of anthracene tends to be gentle or even decreases. Due to the action of the ultrasonic wave, anthracene pollutants dissolved in eluent are dissociated from the soil. After 60 min, the eluting efficiency no longer increases, which may be due to the existence of a large number of surfactants in the waste eluent, which has a certain competitive effect on the sulfate radical [45], so it will further affect the removal efficiency of pollutants in the waste eluent.




3.4.3. Effect of Different Activation Ratios on the Base of Sodium Persulfate


Oxidant/pollutant ratios were selected according to previous studies in the literature with alkaline persulfate in diesel and PAHs abatement [46,47]. The molar ratio of activator/oxidant in the literature ranges from 2 to 6 [35]. As shown in Figure 12, it was shown that the ratio of oxidant to activating agent is 1:2 when sodium persulfate is activated by alkali, which is consistent with the above research contents and ensures that it can be carried out in an alkaline environment.




3.4.4. Effect of Turbidity of Eluent


After centrifugation, the turbidity value of the soil contaminated by PAHs eluted with complex surfactants was about 200–400 nephelometric turbidity unit (NTU), which was relatively high. This is because of the soil remains in the aqueous solution, or when the centrifugal solution is poured out, some of the fine particle suspensions flow out with the washing solution [48,49]. The solubilization and emulsification of the surfactant during the washing process results in the presence of oil-in-water, dispersed oily substances, and micelles in the liquid phase. In the filtration process, there are different filtration states, small soil particles are intercepted, and the oil substances and macromolecular micelles attached to the particles may also be intercepted. This is an unavoidable problem in the process of operation, so it will have a certain impact on the turbidity of the water. As shown in Figure 13a, after the elution waste solution was treated with alkali-activated oxidant, the turbidity changed significantly and decreased to below 100 NTU. For the results of different activation ratios, as shown in Figure 13b, that is, the turbidity of eluent waste solution before and after alkali addition significantly changed from 346–440 NTU to 39–72 NTU under the condition of different alkali concentrations, indicating that the turbidity of the solution changed significantly under different alkali activations and treatment times.




3.4.5. Results and Analysis of Elution Waste Liquid by Infrared Spectrum


The infrared spectra of eluent without oxidant treatment is shown in Figure 14a. Here, 3183 cm−1 is the C-H stretching vibration absorption peak (-C≡C-H), 1276 cm−1 is the C-O (ester) absorption peak, and 692 cm−1 is the C-H surface bending vibration absorption peak of aromatic hydrocarbon. As shown in Figure 14b, the infrared spectrum after oxidation treatment increased by 1726 cm−1 as ester (non-cyclic), 1037 cm−1 as the absorption peak of bending vibration in the C-H plane, 918 cm−1 as the absorption peak of bending vibration outside the C-H plane, and 724 as the absorption peak of bending vibration outside the C-H plane.



Anthracene is a thick cyclic aromatic hydrocarbon containing three rings. Through the analysis of infrared spectroscopy, the inner part of eluent waste liquid underwent a ring-opening reaction, and the ring-opening reaction also occurred in the part of the cyclic ester group of the surfactant, which changed from a ring to non-ring. The results show that the oxidant had a significant effect on the removal of the elution waste liquid containing surfactant and anthracene.






4. Conclusions


The use of surfactants to repair PAH-contaminated soil is an economical and efficient method with environmental sustainability. The present study showed that the sophorolipids-SDBS-Na2SiO3 could remove anthracene from soil to a certain extent. Alkali-activated sodium persulfate also has a good effect on the removal of anthracene pollutants from eluting wastewater.



	(1)

	
In the single factor experiment, the best concentration of sophora and SDBS was 40 and 100 mg/L, respectively, that is to say, the removal efficiency was best at the critical micelle concentration. At the same time, the additive sodium silicate can react with the acidic components of oil to form salt, which increases the water solubility of oil and improves the removal efficiency of the composite surfactant.




	(2)

	
When the elution time was 8 h, the concentration of the compounded surfactant was 1200 mg/L, the particle size was 60 mesh, the concentration of NaCl was 100 mmol/L, and the concentration of KCl was 50 mmol/L, thus the effect of the PAH-contaminated soil eluted by the composite surfactant was the best; externally added NaCl and KCl salt ions had a more obvious promotion effect on the polycyclic aromatic hydrocarbon-contaminated soil.




	(3)

	
In the factorial design experiment, the residual plot of the regression equation conformed to the normal distribution, and the p value of the error analysis was less than 0.0018, which showed that the regression equation simulation was significant. It can be seen from the Pareto analysis chart that single factor B (elution time) and D (NaCl concentration) have a significant main effect. There is also a certain interaction between factor A (concentration agent concentration) and factor D, factor B, and factor C (KCl concentration).




	(4)

	
The ultrasonic oxidation technology was used, combined with alkali-activated sodium persulfate, to explore the influence of the ultrasonic time, activation ratio, turbidity, and other factors on the oxidation effect. When the optimal ultrasonic time was 60 min and the ratio of oxidant to activator was 1:2, the removal rate of contaminants in the eluent could reach 63.7%. At the same time, the turbidity of the eluent was significantly lower than that of the liquid after centrifugal separation, indicating that oxidants can not only remove the pollutants in elution water but also remove the residual soil particulate matter.




	(5)

	
By comparing the infrared spectrum of the eluted waste liquid before and after oxidation, it was seen that during the oxidation process, the inner part of eluent waste liquid underwent a ring-opening reaction, and the ring-opening reaction also occurred in the part of the cyclic ester group of the surfactant, which changed from a ring to non-ring.







Through the eluting of soil pollutants and the removal of pollutants from wastewater, organic matter can be mostly removed. This complete removal process is suitable for the field of surfactant eluting soil and polluted wastewater. However, there are still some deficiencies in the current research, such as: (1) The elution effect of the composite surfactant studied in this paper on PAHs in the actual contaminated site was not measured, and the subsequent research should start from the actual contaminated site to determine the elution effect; (2) some basic water quality parameters should be measured after the treatment of the elution wastewater, so that the removal method is more practical; and (3) the removal mechanism of PAH eluting wastewater should be further studied.
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Figure 1. Elution efficiency of surfactants with different concentrations. (a) Elution efficiency of sophorolipids with different concentrations. (b) Elution efficiency of sodium dodecylbenzene sulfonate (SDBS) with different concentrations. 
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Figure 2. Effect of elution time on high- and low-concentration anthracene-contaminated soil. 
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Figure 3. Effect of mixed surfactants on high- and low-concentration anthracene-contaminated soil. 
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Figure 4. Effect of ion concentration on high- and low-concentration anthracene-contaminated soil. (a) Effect of NaCl concentration on high- and low-concentration anthracene-contaminated soil; (b) Effect of KCl concentration on high- and low-concentration anthracene-contaminated soil. 
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Figure 5. Effect of granularity on high- and low-concentration anthracene-contaminated soil. 
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Figure 6. Factorial experimental error analysis diagram. (a) Pareto chart, (b) Normal plot of residuals. 
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Figure 7. Analysis of the main effect of the factorial experiment. (a) Relationship between elution efficiency (R) and surfactant concentration; (b) Relationship between R and eluting time; (c) Relationship between R and NaCl concentration. 
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Figure 8. The interaction between four test variables. (a) The interaction between surfactant concentration and eluting time; (b) The interaction between surfactant concentration and KCl concentration; (c) The interaction between eluting time and KCl concentration; (d) The interaction between eluting time and NaCl concentration; (e) The interaction between KCl concentration and NaCl concentration. 
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Figure 9. The oxidation effects of different types of alkali activation. 
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Figure 10. The relationship between ultrasonic time and ln(C/C0). 
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Figure 11. Effect of different ultrasound times on the base of sodium persulfate (SPS). 
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Figure 12. Effect of different activation ratios on the base of SPS. 
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Figure 13. Changes in the turbidity of anthracene elution wastewater. (a) Turbidity of anthracene elution wastewater in different ultrasonic times; (b) Turbidity of anthracene elution wastewater in different rations of oxidant and activator. 
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Figure 14. Infrared spectra before and after oxidation treatment. (a) The infrared spectra of eluent without oxidant treatment; (b) The infrared spectra of eluent after oxidant treatment. 
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Table 1. Physical and chemical properties of anionic and nonionic surfactants.
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	Surfactant
	Purity
	Molecular Formula
	CMC (mg/L)





	Sophorolipids
	AR
	C34H56O14
	40



	SDBS
	AR
	C18H29NaO3S
	100



	Na2SiO3
	AR
	Na2SiO3
	-
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Table 2. Properties of the soil studied.
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	pH (H2O)
	Organic Matter Content (%)
	Moisture Content (%)
	Cation Exchange Capacity (cmol/kg)
	Salinity (%)
	Particle Diameter (mm)





	8.59
	0.75
	2.63
	7.73
	0.55
	2
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Table 3. Experimental design matrix and dependent variables attributed to the factor analysis design.
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Run

	
Mixed-Surfactant Concentration/mg·L−1

	
Eluting Time/h

	
KCl/mol·L−1

	
NaCl/mol·L−1




	
A

	
B

	
C

	
D




	
Coded

	
Actual

	
Coded

	
Actual

	
Coded

	
Actual

	
Coded

	
Actual






	
1

	
1

	
1500

	
1

	
12

	
1

	
0.05

	
1

	
0.1




	
2

	
1

	
1500

	
−1

	
6

	
1

	
0.05

	
1

	
0.1




	
3

	
1

	
1500

	
−1

	
6

	
−1

	
0

	
−1

	
0




	
4

	
1

	
1500

	
1

	
12

	
1

	
0.05

	
−1

	
0




	
5

	
1

	
1500

	
−1

	
6

	
−1

	
0

	
1

	
0.1




	
6

	
−1

	
500

	
1

	
12

	
1

	
0.05

	
−1

	
0




	
7

	
−1

	
500

	
−1

	
6

	
1

	
0.05

	
−1

	
0




	
8

	
−1

	
500

	
1

	
12

	
1

	
0.05

	
1

	
0.1




	
9

	
−1

	
500

	
1

	
12

	
−1

	
0

	
1

	
0.1




	
10

	
−1

	
500

	
−1

	
6

	
−1

	
0

	
1

	
0.1




	
11

	
−1

	
500

	
1

	
12

	
−1

	
0

	
−1

	
0




	
12

	
1

	
1500

	
1

	
12

	
−1

	
0

	
1

	
0.1




	
13

	
1

	
1500

	
−1

	
6

	
1

	
0.05

	
−1

	
0




	
14

	
1

	
1500

	
1

	
12

	
−1

	
0

	
−1

	
0




	
15

	
−1

	
500

	
−1

	
6

	
−1

	
0

	
−1

	
0




	
16

	
−1

	
500

	
−1

	
6

	
1

	
0.05

	
1

	
0.1
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Table 4. ANOVA report for factorial model on anthracene removal.
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	Source
	Sum of Square
	df
	Mean Square
	F-Value
	p-Value





	model
	0.167
	12
	0.014
	86.77
	0.0018



	A
	0.002
	1
	0.002
	12.34
	0.0391



	B
	0.012
	1
	0.012
	75.67
	0.0032



	D
	0.013
	1
	0.013
	83.58
	0.0028



	AB
	0.003
	1
	0.003
	21.13
	0.0194



	AC
	0.032
	1
	0.032
	200.37
	0.0008



	AD
	0.001
	1
	0.001
	5.77
	0.0957



	BC
	0.010
	1
	0.010
	60.90
	0.0044



	BD
	0.052
	1
	0.052
	324.18
	0.0004



	CD
	0.008
	1
	0.008
	51.62
	0.0056



	ABC
	0.003
	1
	0.003
	21.72
	0.0186



	ABD
	0.005
	1
	0.005
	30.97
	0.0114



	ABCD
	0.025
	1
	0.025
	152.99
	0.0011



	Cor Total
	0.167
	15
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