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1. Introduction
Soils and aquifers contamination by Non-Aqueous Phase Liquids (NAPLs) is a serious problem on a global scale, due their strong toxicity [1, 2]. NAPLs are hydrophobic organic pollutants, characterized by a very low solubility and immiscibility in water and a high tendency to accumulate in the soil organic fraction [3]. NAPLs are classified into dense (DNAPLs) and light (LNAPLs) if the density is greater or less than water, respectively [4]. Among the DNAPLs, chlorinated solvents (ethanes, ethenes and chlorinated methanes) are certainly the compounds most widely identified, while LNAPLs are complex petroleum hydrocarbon mixtures [5, 6].
After a spill, NAPLs migrate downward through the vadose zone and remain trapped in the pore space at residual saturation by capillary forces in the form of separate phase droplets or ganglia [7]. Light NAPLs float at the water table, while DNAPLs can penetrate the water table and migrate downward the aquifer [8]. The groundwater flowing in contact with non-aqueous organic liquid phase causes a slow dissolution of pollutants, generating an aqueous plume that moves in the same direction of groundwater, resulting in long-term persistent sources of aquifers contamination [9]. Moreover, particularly in cases of historical contamination by NAPLs, become relevant the processes of molecular diffusion and adsorption of contaminants (present in a separate phase or dissolved in water) in low permeability layers. These layers can act as slow-release secondary sources due to slow back-diffusion and desorption processes which cause the return of contaminants in aqueous phase, triggering the so-called rebound phenomenon [10]. Therefore, the chemical-physical properties of NAPLs, the presence of a trapped and immobile non-aqueous phase, the heterogeneity of the subsoil and the rebound effect make the efficiency of conventional remediation technologies, such as Pump and Treat (P&T) very low [11]. In this regard, during the last years a great attention has been given to the development of innovative technologies that can greatly increase the mobilization of pollutants and, among these, the Surfactant-Enhanced Aquifer Remediation (SEAR) technology, based on in-situ soil flushing or ex-situ soil washing processes enhanced with surfactants solution, has been proved to be an efficient method for remediation of source areas containing hydrophobic organic compounds, such as NAPLs [12].  Surfactants are able to increase NAPLs mobilization by reducing interfacial tension between immiscible fluids and increasing apparent solubility of poorly soluble compounds by micellation at or above critical micelle concentration (CMC) [14, 15]. Thanks to these properties, SEAR technology may offer several advantages compared with P&T, like the greater efficiency in NAPLs recovery, lower costs, and greater activity on low permeability areas with the possibility of overcoming the rebound effect [16, 17].
The present work is focused on the operative context of contaminated aquifer remediation using SEAR technology. The aim of the research is the evaluation of potential applicability of two selected surfactants as mobilizing agents for adsorbed NAPLs in conditions representative of a real technological approach.  In this regard, a continuous column test was carried out in which, under laboratory-controlled condition, a soil flushing process was simulated. In the experimentation toluene for LNAPLs and perchlorethylene (PCE) for DNAPLs were used as reference contaminants. Two sugar-based surfactants, belonging to the families of synthetic alkyl-polyglycosides (APG) and natural rhamnolipids (RL) was investigated, because in a previous study they had shown very low CMC values (7 10-3 %wt and 1.73 10-2 %wt, respectively) and high capacity to reduce the adsorption of NAPLs on a reference adsorbent material. 
2. Methods
For continuous test, plexiglas (PMMA) columns (13 cm height × 2.6 cm internal diameter) equipped with two sampling points, door IN and OUT, respectively at the entry and the exit of the column, were used. Pine-wood biochar (PWB) was selected as reference sorbent material. It was mixed with silica sand in quantities equal to 4 wt% (equivalents to about 2 g of reactive material). In detail, the first and the last 3 cm of the column were filled only with sand to make the liquid phase front homogeneous in the central reactive zone (7 cm of bed height). A peristaltic pump was used to feed the column upwards at 0.6 mL min−1 as flow rate. Figure 1 illustrates a schematic draw of the experimental configuration. A total of six columns were set up, differentiated by type of used contaminant and flushing solution. Table 1 summarizes the test conditions in terms of contaminant and mobilizing agent used.
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Figure 1. Experimental configuration of the fixed-bed column.
Table 1. Details of the set-up fixed-bed systems in terms of contaminant and flushing solution used.
	Columns
	Contaminant
	Flushing solution

	Toluene-APG
	Toluene
	APG2 (C=5x CMC), synthetic

	Toluene-RL
	Toluene
	RL2 (C=5x CMC), natural

	Toluene-H2O
	Toluene
	Tap water (reference)

	PCE-APG
	Perchloroethylene (PCE)
	APG2 (C=5x CMC), synthetic

	PCE-RL
	Perchloroethylene (PCE)
	RL (C=5x CMC), natural

	PCE-H2O
	Perchloroethylene (PCE)
	Tap water, (reference)


A tracer test with Br− was first performed to obtain the residence time (HRT), the porosity (ε), and the pores volume for each column. The experimental procedure was carried out in two consecutive steps. In the first contamination phase, each column was fed with a synthetic solution of toluene or PCE at concentration of 100 mg L-1 until the exhaustion of bed adsorption capacity when the outlet concentration (Cout) was equal to that of the input (Cin). In flushing phase columns feeding was a surfactant solution at concentration five time of CMC or tap water as reference test (details in Table 1). Flushing phase was stopped when the outlet concentration was about 5-6% respect the inlet in previous contamination phase. To monitor the system, samples of influent and effluent were daily collected and analyzed in gas chromatograph with FID detector. 
3. Results and discussion
The contamination phase was monitored by reporting the concentration at the outlet normalized with the concentration in the inlet (Cout/Cin) as a function of the pore volume of contaminated water passed through the system. Then, the breaktrough curve was obtained (Figure 2a). Whereas, for the flushing phase curve (Figure 2b and 2c), the concentration at the outlet (Cout) is reported against the pore volume. From the area over the breaktrough curve and the area under the flushing curve it was possible calculate adsorbed and mobilized contaminant mass, respectively. Lastly the yield of removal (%R) was calculated for all columns. from the ratio between the amounts of mobilized and adsorbed contaminant.
When flushing is carried out with surfactants, it be possible to see a rapid increase in the outlet concentration, as shown in Figure 2b, due to the increase in the solubility of insoluble compounds and to decrease in interfacial tension between immiscible phases. This behavior demonstrates, therefore, the positive contribution to the mobilization of hydrophobic compounds by surfactants. Instead, as can be seen in Figure 2c, the flushing with tap water led to a continuous slow decrease in the outlet concentration and no maximum point is observed.
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Figure 2. Breaktrough curve (a) and flushing curves using surfactant (b) or water (c) as mobilizing agent
All obtained results from continuous test, in terms of fluid-dynamic parameters pore volume needed for both process phases, the total amount of adsorbed and mobilized contaminant and yield of removal, are summarized in Table 2. 

Table 2. Experimental results obtained from each set-up system
	
	Contamination Phase
	Flushing Phase

	Column
	HRT (min)
	ε (%)
	Pore Volume
	Adsorbed mg
	Pore Volume
	Cout max
(mg L-1)
	Mobilized mg
	Yield (%)

	Toluene-APG
	65
	57.5
	145
	296
	150
	238
	204
	69

	Toluene-RL
	50
	43.5
	117
	274
	102
	316
	225
	82

	Toluene-H2O
	65
	57.5
	202
	305
	160
	/
	126
	41

	PCE-APG
	60
	50.4
	339
	405
	190
	325
	373
	92

	PCE-RL
	50
	42.7
	293
	372
	229
	323
	361
	97

	PCE-H2O
	50
	42.7
	349
	405
	458
	/
	218
	54


4. Conclusions
This work has been focused on the evaluation of the two investigate surfactants (APG and RL) mobilizing capacity towards NAPLs adsorbed through a continuous column test. Also, in this way it was also possible to carry out a comparative assessment and verify any possible difference in the mobilization capacity of the pollutants according to different origin of surfactant (synthetic and natural). The high capacity of surfactants to facilitate contaminants mobilization has been demonstrated by a significant increase in the effluent concentration of contaminant after a few hours of feeding of flushing solution, compared to a water-only feed where only a slow decrease in the output concentration was observed. Both surfactants investigated have guaranteed good removal yields, with both PCE and toluene. Specifically, the experimental results showed that the biosurfactant RL2 was particularly efficient in the mobilization of both PCE and toluene, compared to the synthetic surfactant APG2. In fact, it has been seen how the columns flushing with the solution of RL2 (5x CMC) has determined a removal of 97% and 82% for PCE and toluene, respectively. While the flushing with APG2 solution (5xCMC) resulted in a removal of 92% and 70% for PCE and toluene, respectively.
The results obtained from continuous test have amply confirmed the validity of the use of surfactants, in particular of the biosurfactant RL2, in soil-flushing processes for the remediation of NAPLs contaminated sites using SEAR technology approach. Moreover, it should be considered that the RL2 biosurfactant, as produced by the secondary metabolism of microorganisms (Pseudomonas Aeruginosa), is completely biodegradable, and therefore able to offer a high environmental compatibility and reduce the effect of secondary contamination.
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