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Abstract

:

Surfactant enhanced aquifer remediation is a common treatment to remediate polluted sites with the inconvenience that the effluent generated must be treated. In this work, a complex mixture of chlorobenzene and dichlorobenzenes in a non-ionic surfactant emulsion has been carried out by volatilization. Since this techhnique is strongly affected by the presence of the surfactant, modifying the vapour pressure,    P v 0  ,   and activity coefficient,  γ , a correlation between    P   v j   0   γ j    and surfactant concentration and temperature was proposed for each compound, employing the Surface Response Methodology (RSM). Volatilization experiments were carried out at different temperatures and gas flow rates. A good agreement between experimental and predicted remaining SVCOCs during the air stripping process was obtained, validating the thermodynamic parameters obtained with RSM. Regarding the results of volatilization, at 60 °C 80% of SVCOCs were removed after 6 h, and the surfactant capacity was almost completely recovered so the solution can be recycled in soil flushing.
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1. Introduction


The contamination of soil and groundwater by, among others, chlorinated organic compounds has become a severe environmental issue [1]. These pollutants present a high oil/water distribution coefficient and a low water solubility. The accidental release or intentional dumping of hydrophobic organic liquid phases into the environment has resulted in a separate liquid phase, termed non-aqueous phase liquids (or NAPLs), that persists in the subsurface [2].



One of the remediation treatments that was successfully applied to remove the NAPLs mass in the subsurface in a short time is Surfactant Enhancement Aquifer Remediation (SEAR) [3,4]. The surfactants enhance the removal of pollutants through two mechanisms: solubilization and mobilization. The amphoteric properties of the surfactants that reduce interface tension facilitate the transport of hydrophobic pollutants to the aqueous phase [5]. This technique involves injecting an aqueous solution containing a surfactant into the contaminated area with further extraction of the fluid injected containing the solubilized–mobilized pollutants [4,6,7].



The SEAR technique presents significant benefits compared to other technologies, such as pump and treat [8], since it increases the efficiency in remediating areas contaminated with NAPLs. However, the SEAR process moves the contamination from the subsurface into the aqueous phase but does not eliminate the contaminant, resulting in a secondary contamination [3]. The emulsion extracted is composed of a complex mixture of organic compounds and the surfactant used and must be treated to eliminate the organic pollutants. Moreover, the recovery of the surfactant is highly desired in a circular economy perspective.



Selective oxidation of organic contaminants in the emulsion has been proposed and tested successfully [9,10,11,12]. Still, the cost of reagents and the loss of surfactant capacity after treatment can decrease the sustainability of this treatment. Organic compounds are not mineralized, and the loss of surfactant stability is associated with the unproductive consumption of the oxidant by the surfactant [13]. The more refractory the contaminant is to oxidation, the higher the unproductive consumption of the oxidant. Selective adsorption of the organic pollutants in the emulsion on activated carbon and selective organic compound retention by membranes have also been proposed to treat contaminated emulsions [10,14,15,16,17]. However, membrane fouling and surfactant adsorption decrease the effectiveness of these methods.



The air stripping of volatile or semivolatile chlorinated organic compounds in soil (VCOCs–SVCOCs) has been reported at the field scale [18,19,20]. Still, this topic has been scarcely studied in the scientific literature. This technique transfers the volatile compound from an aqueous solution to an air stream. The volatilized chlorinated organic compound (COC) can be more selectively adsorbed on activated carbon. This process is effective when the organic compounds are volatile or semivolatile [21]. However, the volatility of COCs in the emulsion should be affected by the surfactant presence, being that this topic is not studied in the literature. Moreover, the loss of surfactant capacity during air stripping has not been considered.



This work aims to study and model an air stripping process to eliminate a mixture of chlorobenzene and dichlorobenzene isomers in a non-ionic surfactant emulsion (Emulse-3® as surfactant). These chlorinated compounds are often used as solvents or reagents, and leaks from storage tanks result in soil and groundwater contamination [22,23,24].



The temperature applied during the volatilization process could modify the surfactant stability, and this aspect has also been studied in this work. The volatility of chlorinated organic compounds in the emulsion has also been determined. From our knowledge this topic has not been studied in the literature. The influence of the surfactant presence in the aqueous phase on SVCOCs volatility has been analyzed determining the    P   v j   0   γ j    values at different surfactant and SVCOCs concentration and temperatures. The volatilization of SVCOCs in the emulsion by air streaming at different conditions has been modelled and validated.




2. Materials and Methods


2.1. Chemicals


The mixture of SVCOCs used in this work consisted of chlorobenzene (CB), 1,2-dichlorobenzene (1,2-DCB), and 1,4-dichlorobenzene (1,4-DCB) prepared from commercial compounds (Sigma Aldrich, Darmstadt, Germany, analytical grade). The distribution of each compound, expressed as molar percentage, was 53% of CB, 29% of 1,2-DCB, and 18% of 1,4-DCB.



The quantification of SVCOCs was carried out using calibration curves prepared from standard samples of known concentration in methanol from commercial compounds (Sigma Aldrich, analytical grade). Additionally, the limonene ((R)-(+)-Limonene, Sigma Aldrich) (cosolvent of surfactant) was also calibrated. Bicyclohexyl (   C  12    H  22    , Sigma Aldrich) and tetrachloroethane (   C 2   H 2  C  l 4   , Sigma Aldrich) were used as internal standards (ISTD) for quantification by gas chromatography (GC). The chromatographic method is explained elsewhere [25].



The surfactant selected to carry out the experiments was E-Mulse 3® (E3) (EthicalChem), which is a non-ionic surfactant with a critical micelle concentration (CMC), measured of   80   mg ·  L  − 1    . This surfactant has been successfully applied in the solubilization of 28 different chlorinated organic compounds present in a real dense non-aqueous phase liquid (DNAPL) to the aqueous phase, including CB and DCBs [26].



The air employed to perform the air stripping experiments was supplied by Carburos Metálicos, with an air purity of 99.999% (  A l p h a g a  z  T M     1   A R ,   A i r   L i q u i d  ). The aqueous solutions were prepared with high-purity water from a Millipore Direct-Q system with resistivity >18 MΩ·cm at 25 °C.




2.2. Experimental Procedure


The experimental procedure comprised three experiment blocks. In the first one (B1), the surfactant stability was studied at different temperatures. In the second one (B2), the influence of surfactant concentration, temperature, and chlorinated compounds concentration on each COC (CB, 1,2-DCB, and 1,4-DCB) volatility was analyzed. The product of vapour pressure by the activity coefficient   (  P   v j   o   γ j  )   was obtained and correlated with the variables studied. Finally, SVCOCs volatilization in the emulsion (B3) was carried out by passing an airstream through the aqueous emulsion at several temperatures and air flow rates.



2.2.1. Surfactant Stability (B1)


Surfactant stability experiments were performed in batch mode employing sealed 20 mL glass vials for gas chromatography without headspace closed with PTFE (polytetrafluoroethylene) caps in the absence and presence of SVCOCs. In the last case, the aqueous phase was saturated with the mixture of VCOCs, adding the corresponding amount of SVCOCs to obtain a saturated emulsion of organic phase in the aqueous surfactant emulsion. The amount of VCOCs added was calculated from the molar solubilization ratio MSR (amount of SVCOCs that can be solubilized in the surfactant solution when saturation is reached) obtained elsewhere for a complex mixture of chlorinated compounds in this surfactant [26] (MSR =    4.33    mmol   SVCOCs  ·  g  surf   − 1    ). The emulsions were agitated during 4 h and left to settle 24 h without agitation, checking the total solubilization of VCOCs added.



The vials were prepared with 19 mL of surfactant emulsion (with or without contaminant). Vials were heated in a thermostatic bath to obtain the desired temperature (25–60 °C) and agitated using a magnetic stirrer for up to 48 h. Zero time was considered when the desired temperature was reached. The experimental conditions are summarized in Table 1 (runs E1 to E6).



The remaining surfactant concentration was analyzed by sacrificing a vial at the corresponding time, including zero. In the experiments carried using emulsion saturated in SVCOCs, the remaining surfactant concentration was calculated from the remaining SVCOCs in solution, considering the MSR value as shown in Equation (1).


   C s   (     g   L    − 1    )  =    C  S V C O C s      (  mM  )    4.33    (      mmol   SVCOCs      g  surf      )     



(1)




where CS is the surfactant concentration (   g  surf   ·  L  − 1   )  ,    C  S V C O C s     is the concentration of the sum of the three chlorinated organic compounds    (    mmol   VCOCs   ·  L  − 1    )  ,     and 4.33 is the solubilization mass solubilization ratio of E3 with the chlorinated compounds in      mmol    VCOCs   ·  g  surf   − 1    .



In the absence of pollutant, the remaining surfactant concentration at each time was calculated by dissolving 1,2,4-trichlorobenzene (1,2,4-TCB), measuring the solubilized concentration of this compound in the aqueous phase and using Equation (1) taking into account that   M S  R  1 , 2 , 4 − T C B   = 4.33     mmol   1 , 2 , 4 − TCB     ·  g  surf   − 1    . All the experiments were replicated, with differences among experimental results lower than 7%. The average values were used as the experimental results.




2.2.2. B2. Estimation of    P   v j   o   γ j    (B2)


This set of experiments was proposed to estimate the product of    P   v j   o   γ j   , of CB, 1,2-DCB, and 1,4-DCB in the presence of surfactant at several temperatures.



Firstly, certain amounts of CB and DCB isomers were solubilized in an aqueous solution of the surfactant at the corresponding concentration. The emulsion was prepared in 100 mL flasks, without headspace, to avoid the volatile loss. Surfactant E3 concentration ranged from   1.5    g  ·  L  − 1      to    15    g  ·  L  − 1    . The amount of SVCOCs was varied from   3.1    mmol  ·  L  − 1      to    62.8    mmol  ·  L  − 1     being always less than that required for saturation at the surfactant concentration used. After 2 h of agitation, the solution was settled, checking that all the SVCOCs added were dissolved by GC-FID. Following, 10 mL of the emulsion was transferred to 20 mL glass vials for gas chromatography, closed, and agitated at different temperatures (30–60 °C) for 1 h in the incubator of HeadSpace Gas Chromatography (HS-GC), Agilent GC Sampler 120. This time was enough to reach the equilibrium between liquid and vapour phases generated. The SVCOCs in the vapour phase were analyzed by HeadSpace coupled with GC/FID/ECD. Table 1 summarizes the conditions of the experiments carried out (runs P1 to P4).




2.2.3. Volatlization Tests (B3)


The volatilization of volatile chlorinated organic compounds from aqueous surfactant emulsion passing an air flow rate was performed in the experimental setup schematized in Figure 1. The air was bubbled in the aqueous emulsion from pressurized air in a cylinder, and the gas flowrate was controlled using a mass flow controller (  E L − F L O  W ®    Select Series Mass Flow Meters/Controllers for gases,      Bronkhorst   ®   ). The air was introduced into the emulsion by a diffuser to favour the gas–liquid equilibrium. The system temperature was regulated with a hotplate (IKA C-MAG HS 7) and controlled with a thermometer with a PID (Proportional Integral Derivative) controller (IKA ETS-D5). The gas phase leaving the emulsion was saturated in SVCOCs, conducted through an iron mesh (100 µm) to prevent excessive foams formation, and bubbled in MetOH, which acted like a liquid trap. The MetOH traps were introduced into an ice bath to avoid volatile loss. Samples were taken periodically from the emulsion to monitor the remaining amount of VCOCs and the surfactant concentration. The surfactant concentration in the aqueous phase with time was measured employing 1,2,4-TCB as explained in B1.



The volatilization experiments were maintained for 8 h when the airflow was stopped. The experiments were carried out at   3.5   g ·  L  − 1     of surfactant,   23.5   mmol ·  L  − 1     of initial VCOCs concentration in a volume of 0.30 L. Table 1 provides a summary of the conditions of the experiments carried out (runs V1 to V3).





2.3. SVCOCs Analysis


The concentration of SVCOCs in emulsion was analyzed by gas chromatography (Agilent 8860) with autosampler (Agilent GC Sampler 120) coupled with a flame ionization detector and an electron capture detector (GC-FID/ECD). The column was Agilent HP5-MSUI (19091S-433UI, 30 m × 0.25 mm ID × 0.25 µm). Two microliters of samples were injected using helium as carrier gas (flow rate of   2.9   mL ·      min    − 1    ). The GC injection port temperature was set at 250 °C, and GC oven worked at a programmed temperature gradient, starting at 80 °C and raising the temperature at a rate of   15   ° C ·   min   − 1     until 180 °C, and then keeping it constant for 15 min. Additionally, a split ratio of 10:1 was employed in the analysis. The samples were previously diluted 1:10 with methanol.



The SVCOCs concentrations in the vapour phase in B2 experiments were measured by HeadSpace Gas Chromatography (HS-GC). Twenty millileter glass vials for gas chromatography closed with PTFE caps, were filled with 10 mL of the emulsion of SVCOCs mixture. The vials were agitated and heated at constant temperature (depending on the experimental conditions tested from 30 °C to 60 °C) for 1 h, ensuring the equilibrium between liquid and vapour was reached. After this time, 2.5 mL of the vapour phase was to the GC using a 10:1 split ratio. The column and the method conditions employed were the same as described for analyzing SVCOCs dissolved. More details of the method are shown in Table S1.





3. Results and Discussions


3.1. Surfactant Stability


The experiments summarized in Table 1 for the B1 experiment set were carried out to study the surfactant stability. The results obtained are expressed as the evolutions of Surfactant Capacity Loss (SCL) with the time. SCL is calculated with Equation (2) and refers to the fractional remaining surfactant capacity express in percentage.


  S C L =  (  1 −    C S     C  S o      )  · 100  



(2)




where    C S    is the surfactant concentration at each time by Equation (1)     (  g ·  L  − 1    )    and    C  S 0     is the initial surfactant concentration    (  g ·  L  − 1    )   . Figure 2 shows the results obtained from the experiments without SVCOCs (a) and with SVCOCs (b).



As shown in Figure 2, the SCL obtained for all the experiments is lower than 10% after 40 h, even at the maximum temperature used, 60 °C, indicating the stability of the surfactant in the operation range studied. The presence of SVCOCs slightly modifies the surfactant stability. The SCL values without SVCOCs range from 2% to 4% at 40 °C and 60 °C, respectively. In the presence of SVCOCs, the SCL ranges from 7 % to 9% at 40 °C and 60 °C, respectively. The differences found in the experiment carried out with and without SVCOCs can be attributed to the modification of the partial pressure of the surfactant, being higher in the presence of organic compounds.



Nevertheless, the SCL is always less than 10% in the time interval, and the temperature range studied being considered negligible. Therefore, the active surfactant concentration with time corresponds to the the initial value,    C S  =  C  S o    .




3.2.     P   v j   o   γ j     Estimation and Correlation


The estimation of    P   v j   o   γ j    of each SVCOC j was carried out from data obtained in the surfactant presence in set B2 summarized in Table 1. The vapour–liquid equilibrium (VLE) of the component j can be described by modified Raoult’s law Equation (3), assuming the vapour phase is an ideal gas phase and the effect of the surfactant and VCOCs in the liquid phase is taken into account with the values of the product of the vapour pressure,    P   v j     , and the activity coefficient,    γ j   .


   P T  ·  y j  =  P   v j   o  ·  γ j  ·  x j   



(3)




where    P T    is the total pressure in the vial (bar) at the temperature T, yj is the molar fraction of chlorinated organic compound j in the vapour phase;    P   v j   o    is the saturation vapour pressure (bar) of compound j; xj is the molar fraction of compound j in the liquid phase;    γ j    is the activity coefficient of the j compound.



In Equation (3), the total pressure in the vial (bar) is calculated assuming that at the conditions tested water and air are the main compounds in the gas phase in the vial, according to Equation (4).


   P T  ≈  P  a i r   +  P w  =  P  o   a i r   +  P  w    ( T )   o     



(4)




where    P T    is the sum of the air pressure (   P  a i r   ,   b a r  ) which can be considered the atmospheric pressure at 20 °C (   P  o   a i r   ,   b a r  ) and water pressure (   P w  ,   b a r  ) which is equals to water vapour pressure at T (   P  W  ( T )   0  ,   b a r  ), assuming that the molar fraction of water in the liquid phase is almost the unity.



In the literature, there is scarce information regarding how the surfactants modify the ideality of the liquid phase. For that, experimental values of    P   v j   o   γ j    for each compound j at different temperatures, surfactant, and SVCOCs concentrations in the liquid phase were determined according to Equation (5), after measuring the gas phase composition of the vial by GC, as explained in SVCOCs analysis section.


   P   v j o     γ j  ≈      n j     n  g a s      P T     x j       



(5)




where    n j    is the moles of j compound in the vial gas phase,    n  g a s     is the sum of moles of all compounds (including organic, air, and water) in the vial gas phase, respectively,    P T    is the total pressure (bar) calculated with Equation (4), and    x j    is the molar fraction of the compound j in the liquid phase.



The experimental results of the   ln  (   P   v j   o   γ j   )    are shown in Figure S1. The effect of temperature, SVCOCs, and surfactant concentrations on the value of   ln  (   P   v j   o   γ j   )    were studied. The red points correspond to the values of   ln  (   P   v j   o   γ j   )    under different conditions. As can be seen, SVCOCs concentration did not affect   ln  (   P   v j   o   γ j   )    values at the same surfactant concentration and temperature. For this reason this variable was not taken into account in the estimation of   ln  (   P   v j   o   γ j   )   . On the other hand, the higher the temperature, the higher the   ln  (   P   v j   o   γ j   )    values under the same conditions of surfactant concentration. In this way, the compounds have a major tendency to pass to the vapour phase. Lastly, regarding surfactant concentration, when keeping a constant temperature, the values of   ln  (   P   v j   o   γ j   )    decrease with the increase in CS. By raising the surfactant concentration, a higher concentration of micelles is generated [5], which results in the DNAPL being more protected. Therefore, the higher the surfactant concentration, the lower the volatilization of the compounds.



The interaction between surfactant concentration and temperature to   ln  (   P   v j   o   γ j   )    was modelled using the response surface methodology (RSM). In the RSM, the parameters in Equation (6) were fitted to the experimental   ln  (   P   v j   o   γ j   )    data in Figure S1.


   P   v j o     γ j  = exp  (  a + b ·  C S  + c · T + d ·  C S    2  + e ·  T 2  + f ·  C S  · T  )   



(6)




where T is the temperature (°C), a-f are the parameters obtained from response surface methodology (Figure S1), and CS is the surfactant concentration (  g ·  L  − 1    ) when VLE is reached (1 h).    C S    is the initial surfactant concentration since the surfactant does not lose capacity.



The results of the parameters a-f in Equation (6) and the statistical parameters obtained from the analysis of variance (Coefficient of variation (R2), Fischer’s test value (F-value), and probability (p-value)) obtained from the fitting are summarized in Table 2. As can be seen, the value of R2 is close to one for all the compounds present in SVCOCs, indicating the good compromise between the data obtained by experiments and those predicted by the model. Additionally, the F-values are large (>>1), and the p-values are small enough (<0.05) for the compounds, then, the model proposed for    P   v j   o   γ j    estimation can be considered valid and the values can be estimated accurately for a given surfactant concentration and temperature regardless of initial SVCOCs concentration.




3.3. Volatilization of SVCOCs from Emulsion


Volatilization of SVCOCs in the emulsion can be modelled considering those values that influence the volatility of the chlorinated organic compounds. These variables are temperature, airflow, and surfactant concentration in the aqueous phase. The molar balance of each chlorinated organic compound j in the emulsion in the batch experiment schematized in Figure 1 can be calculated using Equation (7).


  −   d  n j    d t   = −    V L   C T  d  x j    d t    



(7)




where    n j    is the moles of j in the emulsion;    V L    is the volume of the aqueous emulsion (L);    C T    is the total molar concentration of the emulsion (approximately corresponding to water: 55   mol ·  L  − 1    ), and    x j    is the molar fraction of the compound j in the liquid phase.



The gas flow rate which leaves the bottle (Figure 1) is assumed to be in equilibrium with the emulsion by applying Raoult’s law. The molar fraction of j compound in the gas phase is calculated with Equation (8).


   y j  =    P v o   γ j  ·  x j     P T     



(8)







The molar flow rate of the j compound disappearing from the emulsion is the same as the molar flow of this j compound that leaves the bottle in the gas phase (both phases in equilibrium), as described in Equation (9).


  −    V L  ·  C T  · d  x j    d t   =    F  g a s   ·  P v o   γ j  ·  x j     P T     



(9)




where    F  g a s     is the gas molar flow rate (  mol ·  h  − 1    ) fed to the system.



The molar fraction of j in the emulsion with time can be predicted by integrating Equation (9) as shown in Equation (10), where K is a constant defined in Equation (11).


     x j     x  j o     = exp   ( −  K j  · t )  



(10)






   K j  =    F  g a s   ·  P   v j   o   γ j     V L  ·  C T  ·    



(11)







The value of    P v o   γ j    at each time is obtained by Equation (6), considering that surfactant concentration is the initial one since it keeps constant with the time.



The ratio    x j  /  x  j o     also corresponds to the concentration ratio of j compound in the emulsion (Equation (12)).


     x j     x  j 0     =    C j     C  j 0      



(12)







The consistency of    P   v j o     γ j    obtained in the surfactant presence was validated by comparing the experimental and predicted values of each compound in the emulsion obtained in runs in Table 1 (set B3). Experimental values with time of each time in emulsion (as symbols) and those predicted with Equation (10) (as lines) are shown in Figure 3.



In Figure 3, either experimental values (as symbols) or simulated ones (as lines) have been plotted. As can be seen, the values of    x j  /  x  j 0     for each compound j (j = CB, 1,4-DCB, 1,2-DCB) are in good agreement with the experimental results, so the model is validated.



The effects of temperature and flow of air were studied. Experiments V1 and V2 were carried out at different temperatures. The higher the temperature (V2 experiment), the lower the fraction of SVCOC that remained in the aqueous emulsion, as was shown in Figure 3. Under the most favourable temperature conditions (60 °C), the CB removal was completed, whilst the values for 1,4-DCB and 1,2-DCB were 0.23 and 0.41, respectively. The temperature increase from 40 to 60 °C yielded an improvement of 89, 67, 44% value of the remaining ratio of SVCOCs after 8 h of volatilization treatment.



On the other hand, experiment V3 was carried out using a two-fold air flow rate, compared to the one used in V1. This variable presented a lower impact than the temperature increase in the remaining ratio of SVCOCs after 8 h. The improvement performed using a higher air flow were 81, 37, and 30% for CB, 1,4-DCB, and 1,2-DCB, respectively. As concerns each SVCOC, chlorobenzene is the compound that is more easily volatilized because it has the highest value of    P v o  γ   (Figure S1), reaching almost complete elimination of the emulsion for experiments V2 and V3 in 8 h of treatment. For 1,2-DCB and 1,4-DCB, the results obtained are very similar between them, where the volatilization treatment was slightly more efficient for 1,4-DCB because of its slightly higher values of    P v o  γ   (Figure S1). After 8 h of aeration, the values reached were 0.2 for 1.4-DCB and 0.3 for 1,3-DCB for the V3 experiment. Therefore, to obtain an increase in the volatilization of SVCOCs, ot is necessary to use higher temperature and air flow, controlling the surfactant capacity loss and costs.



The surfactant capacity loss (SCL) during volatilization has also been measured and estimated for runs in Table 1. These aim to analyze if the surfactant can be reused in SEAR remediation treatments. The results obtained are summarized in Figure 4:



As observed in Figure 4, the SCL caused in the SVCOCs air stripping is lower than 12% for all the experiments, indicating that the surfactant can be reused. This surfactant would be employed in a new cycle of SEAR treatment (in situ), reducing the operational costs. The use of E-Mulse® in SEAR treatment has been successfully applied in a real soil polluted with DNAPL. This DNAPL is formed by a complex mixture of chlorinated compounds among which are chlorobenze and dichlorobenzene isomers [8].



The emulsion extracted from the new SEAR cycle will be treated by SVCOCs volatilization, which will have better results since the    P v  γ   values increase with a decrease in surfactant concentration. However, it is important to point out that with each new cycle of volatilization, the surfactant capacity will decrease around 10%, so the dissolved SVCOCs in the next SEAR treatment will also decrease, taking into account that the MSR is   4.33      mmol   SVCOCs     g   surfactant     . This process can be repeated until the quantity of SVCOCs dissolved does not support the reuse of the surfactant.



It is important to point out that the volatilization process results forms the need to treat the resulting effluent after SEAR treatment, as it contains chlorinated compounds that require elimination.





4. Conclusions


In this work, the mixture of semi-volatile chlorinated organic compounds has been successfully volatilized from a non-ionic surfactants emulsion, reducing remarkably the concentration of SVCOCs in the emulsion, but keeping the surfactant capacity for recycling the emulsion in further SEAR treatments.



Regarding surfactant stability, it has been observed that surfactant capacity keeps constant at temperatures up to 60 °C during 48 h, with Surfactant Capacity Loss lower than 10%.



From the experimental results, the thermodynamic behavior of the SVCOCs in the emulsion was remarkably affected by surfactant concentration and temperature.    P  v j  o   γ j    estimated values were correlated with surfactant concentration and temperature using surface response methodology. SVCOCs concentration does not affect the    P v o  γ   values. It has been concluded that    P v o  γ   is increased with the temperature due to the significant tendency of the organic compounds to pass to the vapour phase and reduce with the surfactant concentration.



The model proposed to simulate the evolution of SVCOCs in the emulsion during the air stripping process was successfully to predict the experimental values. Therefore, the estimated    P  v j  o   γ j    values were validated. The SCL, after eliminating more than 80% of COCs in the emulsion, was lower than 10%, and the resulting emulsion could be used in further soil flushing in a circular economy scenario.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijerph19127547/s1, Table S1. HS-GC conditions. Values of    P   v j   o   γ j    for the experiments summarized in Table S1 (red points) and the response surfaces for the different compounds.





Author Contributions


Conceptualization: A.S. and D.L.; Methodology: P.S. and R.G.-C.; Software: D.L.; Investigation: P.S. and R.G.-C.; Data curation: P.S., R.G.-C. and D.L.; Writing-original draft preparation: P.S.; Writing-review and editing: D.L. and A.S.; resources: A.S. and A.R.; supervision: D.L. and A.S.; project administration: A.S. and A.R.; funding acquisition: A.R. and A.S. All authors have read and agreed to the published version of the manuscript.




Funding


Through the project, this work was supported by the Regional Government of Madrid through the CARESOIL project (S2018/EMT-4317), the Spanish Ministry of Economic, Industry and Competitiveness PID2019-105934RB, and for the EU Life Program (LIFE17 ENV/ES/000260). Raúl García-Cervilla acknowledges the FPI grant from the Spanish Ministry of Economy, Industry and Competitiveness (ref. BES-2017-081782).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank the Department of Agriculture, Livestock and the Environment, Government of Aragon, Spain, as well as EMGRISA, for kindly supplying the samples.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Payá Perez, A.; Rodríguez Eugenio, N. Status of Local Soil Contamination in Europe; European Comission: Brussels, Belgium, 2018. [Google Scholar]

	



Siegrist, R.L.; Crimi, M.; Simpkin, T.J. In Situ Chemical Oxidation for Groundwater Remediation; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2011; Volume 3. [Google Scholar]

	



Huo, L.; Liu, G.; Yang, X.; Ahmad, Z.; Zhong, H. Surfactant-enhanced aquifer remediation: Mechanisms, influences, limitations and the countermeasures. Chemosphere 2020, 252, 126620. [Google Scholar] [CrossRef] [PubMed]

	



Ramezanzadeh, M.; Aminnaji, M.; Rezanezhad, F.; Ghazanfari, M.H.; Babaei, M. Dissolution and remobilization of NAPL in surfactant-enhanced aquifer remediation from microscopic scale simulations. Chemosphere 2022, 289, 133177. [Google Scholar] [CrossRef] [PubMed]

	



Rosen, M.J.; Kunjappu, J.T. Surfactants and Interfacial Phenomena; John Wiley & Sons: Hoboken, NJ, USA, 2012. [Google Scholar]

	



Babaei, M.; Copty, N.K. Numerical modelling of the impact of surfactant partitioning on surfactant-enhanced aquifer remediation. J. Contam. Hydrol. 2019, 221, 69–81. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.W.; Wei, K.H.; Xu, S.W.; Cui, J.; Ma, J.; Xiao, X.L.; Xi, B.D.; He, X.S. Surfactant-enhanced remediation of oil-contaminated soil and groundwater: A review. Sci. Total Environ. 2021, 756, 144142. [Google Scholar] [CrossRef]

	



Santos, A.; Domínguez, C.M.; Lorenzo, D.; García-Cervilla, R.; Lominchar, M.A.; Fernández, J.; Gómez, J.; Guadaño, J. Soil flushing pilot test in a landfill polluted with liquid organic wastes from lindane production. Heliyon 2019, 5, e02875. [Google Scholar] [CrossRef] [PubMed]

	



Dominguez, C.M.; Romero, A.; Santos, A. Selective removal of chlorinated organic compounds from lindane wastes by combination of nonionic surfactant soil flushing and Fenton oxidation. Chem. Eng. J. 2019, 376, 120009. [Google Scholar] [CrossRef]

	



Hanafiah, S.A.; Mohamed, M.A.; Caradec, S.; Fatin-Rouge, N. Treatment of heavy petroleum hydrocarbons polluted soil leachates by ultrafiltration and oxidation for surfactant recovery. J. Environ. Chem. Eng. 2018, 6, 2568–2576. [Google Scholar] [CrossRef]

	



Huang, K.; Liang, J.; Jafvert, C.T.; Li, Q.; Chen, S.; Tao, X.; Zou, M.; Dang, Z.; Lu, G. Effects of ferric ion on the photo-treatment of nonionic surfactant Brij35 washing waste containing 2,2′,4,4′-terabromodiphenyl ether. J. Hazard. Mater. 2021, 415, 125572. [Google Scholar] [CrossRef]

	



Li, Y.; Hu, J.; Liu, H.; Zhou, C.; Tian, S. Electrochemically reversible foam enhanced flushing for PAHs-contaminated soil: Stability of surfactant foam, effects of soil factors, and surfactant reversible recovery. Chemosphere 2020, 260, 127645. [Google Scholar] [CrossRef]

	



García-Cervilla, R.; Santos, A.; Romero, A.; Lorenzo, D. Compatibility of nonionic and anionic surfactants with persulfate activated by alkali in the abatement of chlorinated organic compounds in aqueous phase. Sci. Total Environ. 2021, 751, 141782. [Google Scholar] [CrossRef]

	



Ahn, C.K.; Woo, S.H.; Park, J.M. Selective adsorption of phenanthrene in nonionic-anionic surfactant mixtures using activated carbon. Chem. Eng. J. 2010, 158, 115–119. [Google Scholar] [CrossRef]

	



Rosas, J.M.; Santos, A.; Romero, A. Soil-Washing Effluent Treatment by Selective Adsorption of Toxic Organic Contaminants on Activated Carbon. Water Air Soil Pollut. 2013, 224, 10. [Google Scholar] [CrossRef]

	



Ahn, C.K.; Lee, M.W.; Lee, D.S.; Woo, S.H.; Park, J.M. Mathematical evaluation of activated carbon adsorption for surfactant recovery in a soil washing process. J. Hazard. Mater. 2008, 160, 13–19. [Google Scholar] [CrossRef]

	



Virga, E.; Parra, M.A.; de Vos, W.M. Fouling of polyelectrolyte multilayer based nanofiltration membranes during produced water treatment: The role of surfactant size and chemistry. J. Colloid Interface Sci. 2021, 594, 9–19. [Google Scholar] [CrossRef] [PubMed]

	



Cao, W.; Zhang, L.; Miao, Y.; Qiu, L. Research progress in the enhancement technology of soil vapor extraction of volatile petroleum hydrocarbon pollutants. Environ. Sci. Processes Impacts 2021, 23, 1650–1662. [Google Scholar] [CrossRef] [PubMed]

	



Ma, J.; Yang, Y.; Dai, X.; Li, C.; Wang, Q.; Chen, C.; Yan, G.; Guo, S. Bioremediation Enhances the Pollutant Removal Efficiency of Soil Vapor Extraction (SVE) in Treating Petroleum Drilling Waste. Water Air Soil Pollut. 2016, 227, 465. [Google Scholar] [CrossRef]

	



Lee, J.H.; Woo, H.J.; Jeong, K.S. Removal of non-aqueous phase liquids (NAPLs) from TPH-saturated sandy aquifer sediments using in situ air sparging combined with soil vapor extraction. J. Environ. Sci. Health A Toxic Hazard. Subst. Environ. Eng. 2018, 53, 1253–1266. [Google Scholar] [CrossRef]

	



Huan, J.C.; Shang, C. Air Stripping. In Advanced Physicochemical Treatment Processes. Handbook of Environmental Engineering; Wang, L.K., Hung, Y.T., Shammas, N.K., Eds.; Humana Press: Totowa, NJ, USA, 2006; Volume 4. [Google Scholar] [CrossRef]

	



Pitt, R.; Shirley, C.; Field, R. Groundwater contamination potential from stormwater infiltration practices. Urban Water 1999, 1, 217–236. [Google Scholar] [CrossRef]

	



Braeckevelt, M.; Mirschel, G.; Wiessner, A.; Rueckert, M.; Reiche, N.; Vogt, C.; Schultz, A.; Paschke, H.; Kuschk, P.; Kaestner, M. Treatment of chlorobenzene-contaminated groundwater in a pilot-scale constructed wetland. Ecol. Eng. 2008, 33, 45–53. [Google Scholar] [CrossRef]

	



Lin, X.; Xu, C.; Zhou, Y.; Liu, S.; Liu, W. A new perspective on volatile halogenated hydrocarbons in Chinese agricultural soils. Sci. Total Environ. 2020, 703, 134646. [Google Scholar] [CrossRef]

	



Santos, A.; Fernandez, J.; Guadano, J.; Lorenzo, D.; Romero, A. Chlorinated organic compounds in liquid wastes (DNAPL) from lindane production dumped in landfills in Sabinanigo (Spain). Environ. Pollut. 2018, 242, 1616–1624. [Google Scholar] [CrossRef] [PubMed]

	



García-Cervilla, R.; Romero, A.; Santos, A.; Lorenzo, D. Surfactant-enhanced solubilization of chlorinated organic compounds contained in dnapl from lindane waste: Effect of surfactant type and ph. Int. J. Environ. Res. Public Health 2020, 17, 4494. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 19 07547 g001 550] 





Figure 1. Scheme of the installation used for volatilization tests. 
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Figure 2. SCL profiles with time.    C  S o   =   10   g ·  L  − 1    , temperature = (20, 40 and 60) °C (a) absence of SVCOCs; (b) presence of SVCOCs. 
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Figure 3. Volatilization of SVCOCs in the emulsion for (a) CB; (b) 1,4-DCB; (c) 1,2-DCB. Conditions CSVCOCs = 23.5   mmol ·  L  − 1    ; CS0 = 3.5   g ·  L  − 1    ; Vaq = 0.3 L. SVCOCs distribution (as molar percentage) was 53% of CB, 29% of 1,2-DCB, and 18% of 1,4-DCB. Symbols depict experimental results and line values predicted using Equation (10). 
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Figure 4. SCL values for each volatilization experiment. 
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Table 1. Experimental conditions for the experimental set. SVCOCs distribution (as molar percentage) was 53% of CB, 29% of 1,2-DCB, and 18% of 1,4-DCB.
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Set B1






	
Exp

	
T (°C)

	
     C  S 0      (  g  ·   L   − 1   )   

	
CSVCOCs (    m m o l  ·   L   − 1     )




	
E1

	
20

	
10

	
0




	
E2

	
40

	
10

	
0




	
E3

	
60

	
10

	
0




	
E4

	
20

	
10

	
94.11




	
E5

	
40

	
10

	
94.11




	
E6

	
60

	
10

	
94.11




	
Set B2




	
Exp

	
T (°C)

	
     C  S 0      (  g  ·   L   − 1   )   

	
CVCOCs (    m m o l  ·   L   − 1     )




	
P1

	
30, 40, 60

	
1.5

	
3.1, 6.3




	
P2

	
30, 40, 60

	
3.5

	
7.5, 19.6




	
P3

	
30, 40, 60

	
7.0

	
7.8, 23.5, 39.2




	
P4

	
30, 40, 60

	
15.0

	
15.6, 31.3, 62.8




	

	

	
Set B3

	




	
Exp

	
T (°C)

	
     C  S 0      (  g  ·   L   − 1   )   

	
     C  S V C O C s      (  m m o l  ·   L   − 1   )   

	
     Q  g a s      (  L  ·   h   − 1   )   

	
V emulsion (L)




	
V1

	
40

	
3.5

	
23.5

	
1.8

	
0.3




	
V2

	
60

	
3.5

	
23.5

	
1.8

	
0.3




	
V3

	
40

	
3.5

	
23.5

	
3.6

	
0.3
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Table 2. Parameters obtained from the fitting of    P   v j   o   γ j    to Equation (6). The statistical parameters were obtained from variance analysis. Coefficient of variation (R2), Fischer’s test value (F-value), and probability (p-value) are also shown.
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	a
	b
	c
	d
	e
	f
	     R 2     
	F-Value
	p-Value





	CB
	2.86
	−0.27
	0.06
	8.73 × 10−3
	−1.32 × 10−4
	−6.74 × 10−5
	0.99
	414
	1.86 × 10−22



	1,4-DCB
	0.29
	−0.30
	0.09
	1.21 × 10−2
	−2.85 × 10−4
	−8.10 × 10−4
	0.99
	473
	3.73 × 10−23



	1,2-DCB
	0.31
	−0.30
	0.08
	1.19 × 10−2
	−2.34 × 10−4
	−8.13 × 10−4
	0.99
	666
	6.52 × 10−25
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